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Abstract

Antibiotic resistant bacteria pose a serious threat to human and animal health. Therefore 

the mechanisms that lead to the selection of resistant bacteria need to be investigated. 

One possible mechanism is that the silver and mercury in amalgam dental restorations 

may select for bacteria that contain heavy metal and antibiotic-resistance determinants 

leading to the spread of these resistances, particularly if they are contained on the same 

mobile genetic element.

In this work the genetic basis for mercury and antibiotic resistance in Enterococcus 

faecium isolate 664.1 H1 was investigated. This organism encodes transferable resistance 

to mercury, tetracycline and streptomycin. The mercuric reductase protein, MerA, encoded 

on the mer operon confers mercury resistance and the sadK gene product confers 

streptomycin resistance. Both determinants are encoded on a large plasmid, pMERI, 

which has homology to three broad host range conjugative plasmids from the IncIS 

incompatibility group, including pRE25 isolated from Enterococcus faecalis RE25.

The tetracycline resistance determinant was identified as fef(S) which is located upstream 

of sequence homologous to orf6, orf9, orf7 and orfd of conjugative transposon Tr\916. 

Filter mating studies show that pMERI is capable of transfer independent of the tet{S) 

element into E. faecalis and Bacillus subtilis recipients. No transfer of the tet{S) element 

could be achieved in the absence of pMERI suggesting there is interaction between these 

elements.

This work also investigated whether silver resistant bacteria can be isolated from teeth. 

Two silver resistant Enterobacter cloacae isolates were isolated from infected teeth 

containing dental restorations. Both isolates are also resistant to ampicillin, erythromycin 

and clindamycin. s/VE, which is encoded on the silver resistance operon, has been 

sequenced from both isolates.



This work provides further evidence of the link between antibiotic and heavy metal- 

resistance in bacteria. These findings also highlight the composite nature of both the mer 

operon and enterococcal mobile elements.
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1.1 Aim

To isolate and characterise bacteria encoding heavy metal and antibiotic-resistance from 

the oral cavity.

1.2 Overview

The control of antibiotic resistant bacteria has become a major problem for the medical 

community. There are three key issues involved in this problem; 1) the potential increase 

in selective pressure; 2) the transfer or resistance determinants and 3) the mechanisms of 

resistance. This work is based on these three points as they relate to bacteria isolated 

from the mouth. A current concern is that the presence of heavy metals in amalgam dental 

restorations may provide an indirect selective pressure for antibiotic resistance in both oral 

and gastrointestinal bacteria. The reasons for these concerns are based on the 

observation of mercury and silver-resistance genes encoded on mobile elements that also 

encode antibiotic resistance (Richmond and John, 1964; Novick et al., 1979; Choudhury 

and Kumar, 1998; Nisen et a!., 1977; Rice and Carias, 1998; McHugh et a!., 1975; Gupta 

et a!., 1999). Should mercury or silver select for such resistant strains it would also provide 

an indirect selection for antibiotic resistant bacteria.

To date there are no mobile elements conferring mercury resistance characterised from 

Gram-positive oral isolates. Whether amalgam restorations select for silver resistant 

bacteria or even if silver resistant bacteria can be isolated from teeth is as yet untested. 

The aim of this work is to isolate and characterise bacteria carrying heavy metal and 

antibiotic resistance from the oral cavity.
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1.3 Links Between Amalgam Dental Restorations and Antibiotic-Resistant Bacteria

1.3.1 Mercury Amalgam Dental Restorations

Every year in the UK, 22 million amalgam fillings are placed by the National Health Service 

(Dunne et al., 1997). Amalgam dental restorations are composed of: 50% Hg; 35% Ag; 

13% Sn and 2% Cu (Lorscheider et a!., 1995a). The average filling contains 750-1 GOOmg 

of Hg and has an average life span of 7-9 years (Lorscheider et a!., 1995a). There has 

been much debate concerning the quantity of Hg given off by restorations. Initial studies of 

Hg levels in the oral cavity of people with fillings showed that levels of Hg vapour in 

expired air increased 10 fold, from 0.88 ± O.IOjig ml'  ̂to 13.74 ± 3.04pg ml' ,̂ after chewing 

(Svare et a/., 1981). Later studies of intra-oral air showed a six fold increase in Hg levels 

after chewing for thirty minutes, from 4.91 ± 0.90pg ml'^to 29.10 ± 6.07pg ml'®, though the 

basal level was actually higher (Vimy and Lorscheider, 1985). The later study explained 

that the difference in values was due to the different sampling methods used. A 

subsequent study stated that the measuring techniques used In previous studies were 

flawed and did not accurately represent the actual daily Hg dose a person would receive 

from amalgam restorations (Mackert, Jr., 1987). They stated that the studies failed to take 

into account the release rate of the Hg vapour and also the amount of time the air sampled 

was in contact with the restorations (Mackert, Jr., 1987). This study reported that the daily 

dose of mercury from amalgam fillings was in fact 16 fold lower than Lorscheider’s study 

(Mackert, Jr., 1987). There is now concurrence that the average daily body retention of 

mercury from amalgam restorations is 3-17pg day'  ̂ (World Health Organisation, 1991). A 

more recent study of mercury levels in dental plaque reported that amalgam restorations 

aged for two years did not release mercury, even when supporting streptococcal biofilms 

(Lyttle and Bowden, 1993). They explained this was due to a passive tarnish layer. This 

study also reported that the average level of mercury released into plaque was 2pg day'  ̂

(Lyttle and Bowden, 1993).
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The form of mercury given off by amalgam fillings and its subsequent metabolism should 

be considered. The form of mercury released from amalgam restorations is predominantly 

Hg° in mercury vapour (Lorscheider et al., 1995a). In this form it is less toxic to bacteria. 

However, 80% of the inhaled Hg° is absorbed across the lung and converted to Hĝ  ̂

Intracellularly by peroxidase oxidation (Lorscheider et al., 1995a). Hĝ "̂  is more toxic to

bacteria than Hg° and should be more selective. However, at this point it is unlikely to 

affect oral bacteria and the selective effect of this source of converted Hĝ "" on non-oral 

bacteria has not been determined.

1.3.2 Linkage of Heavy Metal and Antiblotlc-Resistance

Reports of mercury or silver-resistant isolates that are also resistant to one or more 

antibiotics are numerous (Richmond and John, 1964; Wireman et a!., 1997; Nakahara et 

a!., 1977b; Nakahara et a!., 1977c; Summers et a!., 1993; Choudhury and Kumar, 

1998)(Pike et a!., 2002a). Often these isolates are not characterised beyond their identity, 

however characterised examples of such strains are shown in table 1.1. Some of the 

mobile elements that encode heavy metal resistance have been characterised (table 1.1). 

Fourteen transposons belonging to the Tn2f subgroup have been shown to encode 

resistance to mercury and more than one antibiotic (Grinsted et a!., 1990). Whilst there are 

numerous reports of silver resistant bacteria (Annear et al., 1976; Choudhury and Kumar, 

1998; Gadd et al., 1989; Haefeli et ai, 1984; Markowitz et ai, 1983; Starodub and Trevors, 

1990), few elements encoding silver resistance have been characterised. This may be 

because the silver resistance determinant was not characterised until relatively recently 

(Gupta et ai, 1999).
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Isolate Mobile Element Resistance Reference

Staphylœoccus

aureus

Mercury chloride and penicillin. 

Believed to be cotransferred via phage 

transduction.

(Richmond and 

John, 1964)

S. aureus pl258 p-lactam and erythromycin antibiotics. 

Mercury, arsenic, arsenite and 

cadmium. There is no evidence that 

pl258 is conjugative.

(Novick et al., 

1979)

Klebsiella

pneumoniae

Silver nitrate, ampicillin, penicillin and 

erythromycin

(Choudhury and 

Kumar, 1998)

Shigella

flexineh

Tn2t Mercury chloride, sulphonamides and 

streptomycin. Tn21 is a non- 

conjugative transposon.

(Nisen et al., 

1977)

E. faecalis 

CH116

Tn5385 Erythromycin, gentamicin, mercuric 

chloride, streptomycin, tetracycline and 

penicillin. Tn5385 is a composite 

conjugative transposon.

(Rice and Carias, 

1998)

Salmonella

typhimurium

pMGIOI Silver nitrate. Resistance to mercuric 

chloride, ampicillin, chloramphenicol, 

tetracycline, streptomycin, and 

sulphonamides are cotransferred with 

this plasmid. pM G IOI is either 

conjugative or mobilisable.

(McHugh eta!., 

1975; Gupta et 

al., 1999)

Table 1.1. Examples of characterised heavy metal and antibiotic-resistant bacterial 

isolates and the mobile elements that encode the resistance determinants.
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1.3.3 Co-selection of Mercury and Antibiotic-Resistance

Early studies attempted to show a correlation between mercury resistant and antibiotic 

resistant bacteria. One such study in a Japanese hospital investigated the relationship 

between heavy metal resistance, including mercury, and antibiotic resistance. They 

showed a correlation between mercury and antibiotic-resistance and that often these 

resistances were cotransferable (Nakahara et al., 1977a; Nakahara at a!., 1977b; 

Nakahara at a!., 1977c). A later study showed that of 356 people without recent exposure 

to antibiotics, those with a high prevalence of mercury resistant bacteria were also likely to 

have resistance to two or more antibiotics (Summers at a/., 1993).

1.3.3.1 Do Amalgam Dental Restorations Select for Mercury and Antibiotic-Resistant 

Bacteria?

Numerous studies have been carried out in an attempt to answer this question.

A longitudinal study of primates showed a statistically significant increase in mercury 

resistant oral and intestinal bacteria post-placement of amalgam dental restorations. From 

this study, isolates conferring transferable mercury resistance were shown to also co

transfer antibiotic resistance (Summers at a/., 1993). The mercury resistance determinant, 

the mer operon, of isolates collected from the human and primate studies (Summers at a/., 

1993) was investigated at the molecular level. The study showed that certain mer loci were 

associated with highly multiresistant strains, with resistance to up to seven antibiotics. 

PCR screening showed that the majority of these contained genes characteristic of an 

integron, a genetic element that enables the formation of tandem arrays of antibiotic 

resistance genes (Wireman at a!., 1997). However, the location of the mar operon on 

these intergrons was not proven.
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In humans, levels of mercury in saliva and faecal samples have been shown to correlate 

with the number of amalgam restorations present (Ediund et al., 1996). This study 

monitored the frequency of mercury and antibiotic-resistant intestinal bacteria in 10 

patients after they had amalgam restorations removed. A negative control group of 10 

patients without amalgam restorations was used and samples were taken just before and 

at regular intervals for 60 days after removal. There was no difference in the resistance 

profiles of oral bacteria seen between the two groups. However, there was an increase in 

mercury and antibiotic-resistant intestinal bacteria, though this difference was not 

statistically significant (Ediund et a/., 1996). However, this work studied the effect the 

removal of amalgam restorations had on the frequency of mercury and antibiotic-resistant 

oral and intestinal bacteria. It did not measure the frequency of mercury and antibiotic- 

resistant bacteria present before the placement of amalgam restorations. This study was 

also flawed by the use of blood agar in the selection for mercury resistant bacteria. Blood 

agar is inappropriate for the selection of mercury resistant bacteria as it chelates mercury; 

this limits its selective effect (Pike et el., 2002b).

A study by Leistevuo et ai. (2000) concentrated on mercury and antibiotic-resistance in 

Streptococcus mutans from 209 human subjects. Of these subjects, 52% had amalgam 

fillings or had had amalgam fillings removed. The remaining 48% had no exposure to 

amalgam dental restorations. No significant difference in the resistance patterns between 

isolates from amalgam and non-amalgam group was found (Leistevuo eta!., 2000).

More recently two studies have been carried out; a cross sectional study on children with 

and without amalgam restorations (Pike et a!., 2002a) and a longitudinal study of children 

before and one month after the placement of amalgam restorations (Pike et a!., 2003c) . 

The cross sectional study found that mercury resistant bacteria were common in both 

groups of children and there was no significant difference in the prevalence and proportion 

of mercury resistant bacteria between both groups (Pike et a!., 2002a) . The longitudinal
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study showed that the placement of fillings did not induce a significant increase in the 

number of children harbouring mercury and antibiotic-resistant bacteria (Pike et al., 

2003c). Interestingly the study did show that the placement of amalgam restorations alters 

the species composition of oral bacterial communities, with an increase in mercury and 

antibiotic resistant Streptococcus oralis isolates (Pike et al., 2003c).

The question of whether amalgam dental restorations select for mercury and antibiotic- 

resistant bacteria in humans is still not fully resolved. Whilst there is evidence of this 

occurring in primates there is as yet no positive evidence that this occurs in humans.
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1.4 Bacterial Antibiotic Resistance

Bacterial resistance to antibiotics is not a recent development. Microorganisms have 

produced antimicrobials, and evolved mechanisms to resist them, long before antibiotics 

were ever used clinically. A retrospective study of clinical samples taken during the “pre

antibiotic” era identified tetracycline and penicillin resistant strains of enteric bacteria 

isolated as far back as 1919 (Hughes and Datta, 1983).

1.4.1 Reasons For an Increased Prevalence of Antibiotic Resistance

The speed at which bacteria have disseminated antibiotic resistance determinants has 

become a major concern for the medical community (reviewed by Neu, 1992). For 

example, in 1941 virtually all strains of Staphylococcus aureus were sensitive to penicillin 

G, by 1945 the first cases of S. aureus resistance to penicillin were emerging and now 

95% are resistant to penicillin and ampicillin (Lyon and Skurray, 1987). Production of a 

semisynthetic penicillin, methicillin, has met much the same response with methicillin 

resistant S. aureus (MRSA) emerging in the 1980s (Lyon and Skurray, 1987).

It has been proposed that the main cause of increased antibiotic resistance is the over use 

of antibiotics (Neu, 1992). For example, a study in Iceland showed that antimicrobial use 

strongly influenced the naso-pharyngeal carriage rate of penicillin resistant pneumococci in 

children (Arason eta!., 1996).

Another source of increased antibiotic resistance is the increased use of antibiotics in 

animal husbandry. A seven year study of Campylobacter in Iceland showed that the use of 

enrofloxacin in the poultry industry led to an increase (from 0% to 14%) in quinolone 

resistant Campylobacter (Endtz et a/., 1991). During this period the prevalence of 

quinolone resistant Campylobacter in man increased from 0% to 11% (Endtz et a/., 1991).
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In response to such reports the key aim of the European health community, much like 

medical communities through out the world, is to reduce the selective pressure on bacteria 

resulting from the misuse of antibiotics (Mevius et al., 1999).

1.4.2 Mechanisms of Antibiotic Resistance

There is now a considerable range of antibiotics produced by the pharmaceutical industry 

(Neu, 1992). These antibiotics either inhibit cell wall or protein synthesis or inhibit DMA 

synthesis (Neu, 1992). However, there is an equally extensive range of resistance 

mechanisms documented in bacteria. Bacteria use three main mechanisms to resist 

antimicrobial agents:

1 ) modification or destruction of the antibiotic;

2) prevention of access to the target site and;

3) alteration of the target site.

1.4.2.1 Bacterial Modification of Antibiotics

An example of modification of antibiotics is bacterial resistance to aminoglycosides, 

examples of which are gentamicin and streptomycin. Aminoglycosides inhibit bacterial 

protein production by inhibition of one or more of the biochemical steps involved in 

translation (reviewed by Davies and Wright, 1997).

The treatment of serious enterococcal infections has been impaired by the increased 

prevalence of high-level aminoglycoside resistant isolates, which is generally mediated by 

aminoglycoside-modifying enzymes (Chow, 2000). These enzymes are not exclusive to 

enterococci and fall into three groups: aminoglycoside /V-acetyltransferase (AAC); 

aminoglycoside 0-adenyltransferase (ANT) and aminoglycoside O- phosphotransferase 

(APH) (Shaw et a!., 1993). The most clinically important in enterococci is a bi-functional 

enzyme Aac(6')-le-Aph(2”)-la encoded by the aac(6’)-le-aph(2”)-la gene (Ferretti et a!., 

1986). This encodes resistance to virtually all clinically available aminoglycosides except
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streptomycin (Ferretti et a/., 1986). Streptomycin resistance in Enterococcus faecalis has 

been observed and shown to be encoded by the aadK gene (also called ant(6)-lb) 

(Schwarz et al., 2001). aadK encodes streptomycin 6-adenyltransferase which is a 

member of the ANT group of aminoglycoside-modifying enzymes.

1.4.2.2 Prevention of Antibiotic Access to Target Sites

Tetracyclines inhibit bacterial protein synthesis by preventing the association of aminoacyl- 

tRNA with the ribosome (Roberts, 1996). The main mechanisms for tetracycline resistance 

have been reviewed extensively (Chopra and Roberts, 2001; Roberts, 1996). They fall into 

three main groups: efflux; ribosome protection and enzymatic inactivation (though this is 

extremely rare).

Ribosome protection effectively prevents the access of tetracycline to its target site e.g. 

tet{M) and tet{S). The exact mechanism by which the TetM protein confers resistance is 

not fully characterised, although the N-terminal region shares similarity to the elongation 

factors Tu and G (Sanchez-Pescador et a!., 1988; Taylor and Chau, 1996). It has been 

proposed that TetM may act as tetracycline resistant elongation factors or may block the 

binding of tetracycline to the ribosome (Sanchez-Pescador et a!., 1988).

1.4.2.3 Alteration of Antibiotic Target Sites

Resistance to aminoglycosides can be conferred by alteration of their target site, the 308 

ribosome. Point mutations in the rpsL gene (which encodes the 812 ribosomal protein) or 

in the rrs gene encoding 168 rRNA confer streptomycin resistance (reviewed by Poole, 

2002).
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1.4.3 Antibiotic Resistance in Oral Flora

Antibiotic resistance in the oral flora is well documented and has been reviewed (Roberts, 

1998a; Roberts, 1998b). Studies of children have proven informative due to the high 

proportion receiving antibiotics. A study of Canadian children reported that 80% had been 

given antibiotics by the age of three (Erickson and Herzberg, 1999). This study 

concentrated on the viridans group of streptococci, as they are a major taxon of human 

oral flora, and showed that 60% of children that had received antibiotics harboured 

antibiotic resistant streptococci (Erickson and Herzberg, 1999).

1.4.4 Horizontal Gene Transfer and Antibiotic Resistance

The importance of horizontal gene transfer in the acquisition of new genes across the 

bacterial kingdom has been reviewed extensively (Davison, 1999; Jain et ah, 1999). The 

extent of this transfer was shown in a comparison of E. coll and Salmonella entehca that 

diverged from a common ancestor about 100 million years ago (Lawrence and Ochman,

1998). All the phenotypic differences between E. coll and S. entehca are due to 

chromosomal genes that have been acquired since their divergence. It was estimated that 

17.6% of the genes in E. coll have been acquired by horizontal transfer (Lawrence and 

Ochman, 1998).

It has been proposed that the emergence of clinically relevant antibiotic resistant bacteria 

is generally associated with the acquisition of new genes as opposed to mutation or 

creation of mosaic genes (Roberts, 1998b). In enterococcal isolates transferable antibiotic 

resistance is well documented (Table 1.2). It is now accepted that horizontal gene transfer 

is a key mechanism for the spread of bacterial antibiotic resistance (Mazel and Davies,

1999).
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Isolate Mobile element Antibiotic resistance Reference

E. faecalis DS16 Conjugative transposon 

Tn916

Tetracycline (Tomich et al., 1979)

E. faecalis DS16 Non-conjugative transposon 

Tn9f7

Erythromycin (Tomich et al., 1979)

E. faecalis DS5 Conjugative plasmid pAMp1 Erythromycin (Swinfield et al., 1990)

E. faecalis DS5 Mobilisable plasmid pAMal Tetracycline. pAMa1 is mobilised by conjugative plasmid 

pAMyl.

(Clewell et al., 1975; 

Bogdanova et al., 1998)

E. faecalis RE25 Conjugative plasmid pRE25 Kanamycin, neomycin, streptomycin, clindamycin, lincomycin, 

azithromycin, clarithromycin, erythromycin, roxithromycin, 

tylosin, chloramphenicol and nourseothricin sulfate.

(Schwarz et al., 2001)

E. faecalis CH116 Conjugative transposon 

Tn5385

Erythromycin, gentamicin, mercuric chloride, streptomycin, 

tetracycline and penicillin.

(Rice and Carias, 1998)

E. faecalis CH116 Conjugative transposon 

Tn5381

Tetracycline resistance is conferred by Tn5381 which is 

integrated into transposon Tn5385.

(Rice et al., 1992)

E. faecalis CH116 Tn4001-\\ke composite 

transposon in Tn5385.

Gentamicin resistance is conferred by a Tn4001-like 

composite transposon flanked by inverted copies of IS256. 

This composite transposon is not conjugative but is inserted 

into conjugative transposon Tn5385.

(Rice et al., 1995)

E. faecium 

BM4147

Non-conjugative transposon 

Tn 1546

Vancomycin (Arthur and Courvalin, 

1993)

Table 1.2. Examples of antibiotic resistance in enterococci in which resistance is contained on a mobile genetic element.
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1.4.5 Conjugative Elements and the Dissemination of Antibiotic-Resistance

Bacteria can acquire novel DNA by three ways; transformation (the uptake of naked 

DNA); transduction (transfer of DNA mediated by bacteriophage) and conjugation (direct 

transfer of DNA from the cytoplasm of one cell to the cytoplasm of another). Conjugation 

is the most commonly observed mechanism in the horizontal transfer of antibiotic 

resistance. The process is mediated by specialised conjugative genetic elements.

1.4.5.1 Plasmids

Plasmids are extrachromosomal elements capable of autonomous replication. Some 

plasmids encode the machinery to transfer themselves from a host cell to a recipient cell 

by means of conjugation. Such plasmids are termed conjugative plasmids. In some 

cases non-conjugative plasmids may be mobilised by a conjugative element, these are 

termed mobilisable plasmids. These plasmids utilise the conjugative function encoded 

on the mobilising conjugative element to transfer to a recipient cell.

1.4.5.2 Transposable Elements

Transposable elements are a heterogeneous group of genetic elements that are able to 

insert into the genome of a host independently of the host homologous recombination 

mechanism. These elements can be split into three groups: Insertion sequences, 

transposons and conjugative transposons.

1.4.5.2.1 Insertion Sequences

Insertion sequences (IS) are the simplest form of transposable elements. They only 

encode the genes required for their own insertion. However, when two IS elements flank 

a region of DNA the two IS elements can transfer as one unit, transferring the
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intervening sequence with them. This composite element is then termed a composite 

transposon.

1.4.5.2.2 Transposons

Transposons are defined as genetic elements that carry recognizable genes, other than 

those required to insert into the host genome. Some transposons have been shown to 

be mobilised by conjugative elements and are termed mobilisable transposons.

1.4.5.2.3 Conjugative Transposons

Conjugative transposons are transposons that also encode the machinery to transfer 

themselves from a host cell to a recipient cell by means of conjugation.

1.4.5.3 Interaction and Mobilization of Mobile Elements

There are examples of interaction between all the mobile elements described above. For 

example, a transposon/ insertion sequence/ composite transposon or plasmid may insert 

into a conjugative plasmid or conjugative transposon.

Examples of conjugative, mobilisable and integrated elements are shown in table 1.2. 

Antibiotic resistance genes have been isolated on all of the mobile elements listed, this 

means there is a huge opportunity for the dissemination of antibiotic resistance amongst 

the bacterial kingdom.
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1.4.6 Transfer of Antibiotic Resistance in the Oral Cavity

The oral cavity contains a wide variety of microhabitats. These in turn are filled with a 

huge range of microorganisms. There is also a constant flow of transient bacterial 

strains introduced via ingestion or from the gastrointestinal tract. This provides a 

constant supply of novel genes and means there is a huge potential for the transfer of 

antibiotic resistance in the oral cavity. That this does actually occur has been shown in 

model oral biofilms using a constant-depth film fermentor (CDFF). A CDFF can be used 

to simulate the oral environment by growing biofilms to defined depths whilst imposing 

sheer forces and a constant flow of saliva. Transfer of tetracycline resistance encoded 

on Tn976-like elements has been demonstrated in model oral biofilms both from oral 

and non-oral donors (Roberts et al., 2001a).

Therefore the potential is there for heavy metal and antibiotic-resistant transient, 

possibly non-oral bacterial isolates, to transfer their resistance determinants to bacteria 

in the oral cavity.
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1.5 The Enterococci

The majority of the work in this thesis concerns the characterisation of mercury and 

antibiotic-resistance in an enterococcal isolate. The enterococci are a diverse and 

important group of bacteria in terms of their interactions with humans. They are 

commonly found in alimentary tracts of humans and in other animals, in food products, 

in soil and water (Facklam et a/., 2002).

Enterococci are Gram-positive cocci that occur singly, or in pairs of very short chains. 

They are generally non-motile, non-spore forming and are catalase and oxidase- 

negative. They are facultative anaerobes, have a growth range of 10-45°C and an 

optimum growth temperature of 35°C. The type species is E. faecalis NCTC 775 (Cowan 

and Steele, 1993; Facklam eta!., 2002).

Streptococcus faecalis was first isolated in 1906 (Andrews and Horder, 1906). 

Streptococcus faecium was later isolated and grouped with S. faecalis in 1919 (Orla- 

Jensen, 1919). Both species were later split from the Streptococcus to form the genus 

Enterococcus (Schleifer and Kilpper-Balz, 1984). There are currently 23 enterococcal 

species (Facklam et al., 2002).

The enterococci have become an increasing problem to the health care community due 

to their intrinsic resistance to many antibiotics such as p-lactams, aminoglycosides and 

sulphonamides (Leclercq, 1997). The advent of multidrug resistant and vancomycin 

resistant enterococci have compounded this problem (Schwarz et al., 2001; Moellering, 

Jr., 1998). Vancomycin-resistant enterococci have emerged as significant nosocomial 

pathogens and some feel the current low concentration of Enterococcal research is
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disproportionate to the problems they pose to the medical community (Moellering, Jr., 

1998; Gilmore, 2002). To meet this need for information, the genome of a vancomycin 

resistant E. faecalis isolate V583 has been sequenced and made publicly available 

(www.tigr.org/tigr-scripts/CMR2/Genome Page3.spl?database=gef).

1.6 Mobile Elements and Horizontal Gene Transfer in Enterococci

The reason the enterococci pose such a problem to the medical community is due to 

their propensity for the horizontal transfer of resistance and virulence determinants. The 

main mechanism for gene transfer Is conjugation; there are no well-established 

examples of transformation or transduction in enterococci (Clewell and Dunny, 2002). As 

illustrated in table 1.2 there are numerous conjugative elements that encode antibiotic 

resistance in enterococci.

1.6.1 Enterococcal Plasmids

There are three main classes of plasmids known to be capable of replication in 

enterococci: the pheromone responsive; the rolling circle replicating (RCR) and the 

Inc18 plasmids.

1.6.1.1 The Pheromone Responsive Plasmids

The pheromone responsive plasmids, represented by tetracycline resistant pCFlO and 

pADI, are capable of conjugal transfer. They transfer efficiently in broth matings and 

have a narrow host range (reviewed in (Clewell and Dunny, 2002)). Recipient (plasmid 

free) cells secrete numerous pheromones that induce the aggregation of donor cells 

(containing pheromone responsive plasmids) and recipient cells where conjugal transfer 

occurs (Dunny at a/., 1995). The production of hair like aggregation substance 

expressed on the surface of the pheromone-induced donor cells appears to be
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instrumental in the production in mating aggregates (Olmsted et ai, 1993). However, the 

actual mechanisms of conjugal transfer have not yet been characterised.

1.6.1.2 The Rolling Circle Replicating (RCR) Plasmids

The RCR group of plasmids is large (Weaver et ai, 2002). These plasmids replicate via 

a rolling circle method of replication, they tend to be small, non-conjugative and are 

maintained at high copy numbers. An example first isolated from E. faecalis is the 

pAMa1 tetracycline resistant plasmid, (Clewell et ai, 1975). There are also mobilisable 

RCR plasmids such as pVA380-1 which was first isolated in Streptococcus ferus 

(Macrina et a!., 1980; LeBlanc et ai, 1993). The mechanism of rolling circle replication 

has been reviewed in depth by Weaver et ai (2002), however only a basic overview is 

given here and shown in figure 1.1. Replication starts by a single stranded nick at a 

specific origin in the plasmid by an initiator protein. A DNA helicase and DNA 

polymerase III then displace the non-template strand whilst synthesizing a new strand 

from the template strand. After a single replication cycle from the template strand, the 

displaced single stranded (SS) non-template strand is cleaved off and recirularised. This 

SS circular DNA then acts as template for the synthesis of a second strand to produce a 

double stranded plasmid.
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Origin

Non
template
strand Template

s t r a n d \

Displacement of 
^  non-template 

strand
Nicking

Synthesis of new non
template strand

Cleavage of original non
template strand

Complete synthesis of 
new non-coding strand

Religation of original non
template strand

Complete synthesis 
new coding strand

Figure 1.1. Basic overview of rolling circle mechanism of plasmid replication, see text 

for more detail. Dotted lines represent newly synthesised DNA.

39



1.6.1.3 The Inc18 Plasmids

The Inc18 plasmids are larger than the RCR plasmids, ranging from 25 to 50kb and are 

maintained at a relatively low copy number (Weaver et ai, 2002). Many of the Inc18 

plasmids are self-conjugative, for example pAMpi can transfer to a broad range of 

Gram-positive species (Clewell, 1990). Recently a broad host range conjugative plasmid 

pRE25 was isolated from E. faecalis and sequenced (see tables 1.2 & 1.3 and figures

1.2 and 6.16)(Schwarz et ai, 2001). This plasmid contained a 30.5kb region which 

shared homology with pAMpI and also two streptococcal Inc18 plasmids plP501 and 

pSM 19035 (Schwarz et ai, 2001). All four of these plasmids replicate via a theta mode 

of replication (Bruand et ai, 1993; Schwarz et ai, 2001). An outline of this mode of 

replication is given by del Solar et ai (1998) a brief overview is described here and 

shown in figure 1.3.

Theta-type DNA synthesis is initiated from a specific origin {oriV) and it should be noted 

that plasmids may contain several origins. The double stranded DNA is melted at this 

point and an RNA primer (pRNA) synthesized. DNA synthesis then occurs by extension 

from the pRNA. DNA synthesis is continuous on one of the strands (leading strand) and 

discontinuous on the other (lagging strand). Discontinuous synthesis occurs because 

DNA is only synthesised in a 5’ to 3’ direction. As only short sections of the 3’ to 5’ 

(lagging) strand are accessible to polymerase proteins, DNA must be synthesised as 

short RNA primed fragments.
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[56] truncated IS 

(55] ISRE251 

[54] truncated IS 

[53] resoivase 

[52] cell filamentation protein

151] IS1216V-3

[49]

[48] ATPase

[46] aph(3>

[45] sat4

[58] prgP [2] prgN

[1]repR| [3]IS1062

[5]IS1216V-1 

6] repS

[44] aadK

50237

41 IS1216V-2

[40] CopS

28]trsE

[8] resoivase 

{9] topoisomerase I-NN2 

[10] cat 

[11]

[12] toposomerase l-COOH

[13] enn(B)-leader 

[14] emn(B)

[16] ATPase

[33] trsK

[36)trsL [22]

onT

^  [24] nickase

[25] trsB 

126] trsC 

27] trsD

Figure 1.2. A circular map of plasmid pRE25. Antibiotic-resistance genes are indicated in pink, IS elem ents are in turquoise, a 

putative transfer region is in orange, remaining O RFs are coloured dark blue and grey. The putative open reading frames are  

numbered as in table 1.3. (Figure taken from Schwarz eta !., 2001).
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Table 1.3. Table of pRE25 ORFs and the amino acid similarity of their predicted proteins 

to sequences in public databases. (Table derived from Schwarz et al., 2001).

ORF Identification (highest homology) aa identity 

{%)

Accession
No.

0RF1 RepR of pIPSOI (Sfrepfococcus aga/acf/ae) 50.6 X17655

0R F2 PrgN (Enterococcus faecalis) 49.5 U38590

0R F3 IS 1062 (E. faecalis) 76.5 X96976

0R F4 Hypothetical protein

0R F5 \S 1216V-1 (Enterococcus faecium) 100 U49512

0R F6 RepS of p S M I9035 (Streptococcus pyogeaes) 99.8 X I6803

0R F7 ORFa of pSM 19035 (Sfr. Pyogenes) 94.6 X64695

0R F8 ORFp (Resoivase) of p S M I9035 (Sfr. pyogenes) 100 X64695

0R F9 Truncated ORFy (N-terminal end of topoisomerase I) of 98.7 X64695

pSM19035 (Str. Pyogenes)

ORF10 Chloramphenicol acetyl transferase (CAT) of plP501 (Str. 100 X65462

agalactiae)

0RF11 Hypothetical protein of plP501 (Sto aga/act/ae) 98.4 U00453

0RF12 Truncated ORFy (C-terminal end of topoisomerase I) of 97.0 X64695

pSM19035 (Str. pyogenes)

0RF13 MLS leader protein of plP501 (Sfr. aga/acf/ae) 100 X72021

0RF14 23S rRNA methyltransferase (ErmB) of plP501 (Str. 100 X72021

agalactiae)

0RF15 0R F6 of piP501 (Sfr. aga/acf/ae) 100 X72021

0RF16 ORF298 (ATPase) (Clostridium difficile/perfringens) 98.0 AF109075

0RF17 ORF® of pSM 19035 (Sfr. pyogenes) 100 X66468

0RF18 Hypothetical protein of plP501 (Sfr. aga/acf/ae) 97.8 L07895

0RF19 O R F; pSM 19035 (Sfr. pyogenes) 91.6 X64695

ORF20 ORF63 of pMRCOI (Lacfococcus/acf/s) 61.9 AE001272

0RF21 Hypothetical protein (E. faecium) 95.7 AF242872

ORF22 ORF03 of pMRCOI (La./acf/s) 52.2 AE001272

ORF23 Hypothetical protein

ORF24 0RF1 (Nickase) of plP501 (Sfr. aga/acf/ae) 100 L36769

ORF25 0R F2 of plP501 (Sfr. aga/acf/ae) 100 L36769

ORF26 0R F3 of plP501 (Sfr. aga/acf/ae) 100 L36769

0RF27 0R F4 of piP501 (Sfr. aga/acf/ae) 100 L36769
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ORF Identification (highest homology) aa identity 

(%)

Accession
No.

ORF28 0R F5 of piP501 rSfr. aga/acf/ae) 100 L36769

0RF31 Hypothetical protein

ORF32 Hypothetical protein

ORF33 TrsK of pMRCOI fLa./acf/s) 39.7 AE001272

ORF34 Hypothetical protein

ORF35 Hypothetical protein

ORF36 TrsL of pMRCOI f/.a./.acf/s) 23.0 AE001272

ORF37 ORFri of pSM 19035 (Sfr./^ogenes) 98.0 X66468

ORF38 0RF8 of pSIV119035 (Sfr Pyogenes) 100 X66468

ORF39 ORFt of pSM19035 (Sfr pyogenes) 96.3 X66468

ORF40 CopS of pSMl 9035 (Sfr Pyogenes) 100 X66468

0RF41 \S1216V-2(E. faecium) 100 U49512

ORF42 O R FXofTn5405 (Staphylococcus aureus) 100 U73025

ORF43 Hypothetical protein

ORF44 Aminoglycoside 6-adenylyltransferase (AADK) (Bacillus 58.2 M26879

subtilis)

ORF45 Streptothricin acetyltransferase (SAT4) (Campy/oibacferco//) 99.4 U01945

ORF46 Aminoglycoside phosphotransferase Type III (APH(38)-III) 100 V01547

(E. faecalis)

ORF47 Hypothetical protein of Tn5405 (Sfapf). anret/s) 100 U73027

ORF48 ORF298 (ATPase) (Cl. difficile/perfhngens) 100 AF109075

ORF49 Hypothetical protein of plP501 (Sfr agalactiae) 96.7 L07895

ORF50 Truncated ORFÇ of p S M I9035 (Sfr pyogenes) 81.4 X64695

0RF51 \S1216V-3 (E. faecium) 100 U49512

ORF52 Cell filamentation protein (Neisseria meningitidis) 57.5 AE002382

ORF53 Resoivase of pK214 (La./acf/s) 49.7 X92946

ORF54 Truncated transposase of pEFI (E. faec/wm) 94.9 Y16413

ORF55 \S1485 (E. faecium) 99.5 AF029727

ORF56 Truncated transposase of pEFI (E. faec/an?) 100 Y16413

ORF57 PrgO (E. faeca//s) 81.3 U38590

ORF58 PrgP (E. faecalis) 79.2 U38590
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Origin

Melting of origin Synthesis of RNA primer

Discontinuous DNA 
synthesis from lagging 
strand

Continuous DNA 
synthesis from leading 
strand

Production of two double 
stranded plasmids

Figure 1.3. Basic overview of unidirectional theta type plasmid replication. See text for 

details.
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1.6.2 Enterococcal Transposons

1.6.2.1 Non-Conjugative Transposons

Numerous transposons have been isolated from enterococci, examples of which are 

given in table 1.4. Whilst these transposons are not directly responsible for their 

horizontal transfer in enterococci, many have been observed to integrate into 

conjugative elements.

Transposon Encoded

Resistance

Associated Conjugative Element(s) Reference

Tn917 erythromycin

resistance

pAD2 (encodes streptomycin and kanamycin 

resistance) from E. faecalis isolate DS16. £. 

faecalis DS16 also contained the pheromone 

responsive plasmid pADIand conjugative 

transposon Tn916. pAD2 has been shown to be 

mobilisable by pADI and also to frequently 

integrate into pA D I.

(Tomich et 

al., 1979)

Jr)5281 gentamicin

resistance

Pheromone responsive conjugative plasmid 

pBEMIO (p-lactamase encoding) from E. faecalis 

HH22.

(Hodel- 

Christian and 

Murray, 1991)

Tr\5382 vancomycin

resistance

130-160kb fragment of chromosomal DNA 

(encoding high level amplicillin resistance), 

which has been shown to transfer into other 

enterococci.

(Carias et al., 

1998)

Table 1.4. Examples of non-conjugative transposons isolated from enterococci, the 

antibiotic resistance they confer and the conjugative elements they have been shown to 

interact with.
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1.6.2.2 Conjugative Transposons

The paradigm conjugative transposon (cTn) in enterococci is the tetracycline resistance 

encoding Tn9f6. Tr\916 was first isolated in E. faecalis DS16, which also contained 

pAD1, pAD2 and Tr\917 (Tomich eta!., 1979; Gawron-Burke and Clewell, 1982). Tr\916 

confers tetracycline resistance via the fef(M) determinant (Flannagan et a/., 1994). The 

Tn916 family of transposons is ubiquitous and has an extremely broad host range 

extending to 50 species including 35 different genera (Rice, 1998). Conjugation of 

Tn916 involves an excision event resulting in a circular intermediate (Scott et al., 1988), 

conjugal transfer then occurs in a plasmid-like process whereupon the transposon 

inserts into the recipients’ genome (Scott et al., 1994).

Further examples of enterococcal conjugative transposons are given in table 1.5.
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Transposon Resistance Genes Reference

Tr\916 (Tetracycline) fef(M). (Gawron-Burke and Clewell, 1982)

Tn919, first isolated in 

S. sanguis

(Tetracycline) tet{M). (Fitzgerald and Clewell, 1985)

Tr\1545, (Tn9f 6-like) first 

isolated in S. pneumoniae

(Tetracycline) fef(M), (kanamycin) aphA-3 and (erythromycin) 

ermAM.

(Courvalin and Carlier, 1986)

Tn925 (Tn9f6-like) Tetracycline resistance determinant uncharacterised. (Christie et al., 1987)

Tn3702 (Tn9f 6-like) Tetracycline resistance determinant uncharacterised. (Horaud eta!., 1990)

Composite transposon, 

Tn5385

(p-lactams) 6/a, (Erythromycin) ermAM, (Gentamicin) aac6- 

aph2’’ (inorganic mercury) mer operon, (streptomycin) aadE 

and (tetracycline) /ef(M).

(Rice and Carias, 1998)

Tn5482 contains 

Tn1546..\S1251

(Vancomycin) vanA encoded on Tn1546..\S1251. (de Lencastre et al., 1999; Handwerger and 

Skoble, 1995)

Table 1.5. Examples of conjugative transposons able to transfer into enterococci. All of these examples, unless otherwise stated, 

were first isolated from enterococcal hosts. The antimicrobial resistance conferred by each determinant is given in brackets.

47



1.6.3 The Interaction of Mobile Elements in Enterococci

There are numerous examples of interaction between enterococcal mobile elements. 

The interaction of non-conjugative transposons and plasmids with conjugative elements 

has been discussed. The interaction of mobile elements is also seen through the 

production of large composite elements from numerous smaller mobile elements. 

Composite transposon Tn5385 is a perfect example of this (Figure 1.4, Table 1.2 and 

1.5). Tn5385 comprises of regions homologous to: staphylococcal and enterococcal 

Inc18 group plasmids (pSM19035); numerous transposons ÇTn4001 and Tn552); a 

conjugative transposon {Jn5381) and insertion sequences (IS256, IS257 and \S1216) 

(Rice and Carias, 1998). The final composite element encodes resistance to numerous 

antibiotics and also to inorganic mercury.

In conclusion, the enterococci are hosts to a diverse range of mobile elements encoding 

antimicrobial resistance determinants. Some of these elements are transferable to wide 

range of recipients. These elements clearly contribute to the emergence and 

dissemination of antibiotic resistance amongst enterococci and other genera.
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Tn5385
(65 Kb)

M -------------------- -------------------------------- ►

[TZ7I Sm Tc 1 . 1  r— , Gm  ,------ , Em / \  M er / \ f— 1 Bla 1

Tn5381 Tn5384
1

Jn4001 Tn 552

Kev of resistance dete rm in an ts  and m obile  e lem ents

1 1 Transposon Sm - Streptomycin^ Em - Erythromycin^

l / / / j  I S Ï 2 Ï 6 Tc - Tetracycline-minocycline^ Mer - Mercury^

1 1 IS256 Gm - Gentamycin'^ Bla - Penicillin'^

\S 257

Figure 1.4. Diagram of composite transposon Tn5385. The locations of transposons, insertion sequences and resistance 

determinants are included. The arrow delineates Tn5385 (Adapted from Rice & Carias, 1998).
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1.7 Bacterial Silver Resistance

Silver is used in a wide range of products throughout the world (Gupta and Silver, 1998). 

Numerous products take advantage of the antimicrobial nature of silver. These include 

water purification systems, from domestic filters, to hospital distribution systems to those 

used on the space shuttle. It is also used in agriculture, cosmetics and medicine. Silver 

sulfadiazine is used in a topical cream on burns and silver or silver coated catheters are 

used to prevent infections. Relevant to this work is the use of silver in amalgam fillings 

which are composed of 35% Ag (Lorscheider et al., 1995a).

1.7.1 Silver Toxicity in Bacteria

Silver is toxic to all microorganisms. It is believed that silver ions poison the respiratory 

electron chain (Slawson et a/., 1992) and complex with components of DMA replication 

(Russell and Hugo, 1994). This is due the high binding affinity of silver ions for electron 

donor groups containing nitrogen, oxygen and sulphur, which are found in microbial cells 

as amines, hydroxyls, phosphates and thiols (Slawson ef a/., 1992).
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1.7.2 Epidemiology of Siiver Resistance

Numerous clinical and environmental silver resistant isolates have been documented. 

Environmental isolates have been found in silver mines (Haefeli et al., 1984), sludge 

from industrial plants that reprocess photographic film (Belly and Kydd, 1982), foodstuffs 

(Grewal and Tiwari, 1990) and sewage polluted waters (Choudhury and Kumar, 1998). 

Silver resistant clinical isolates have been documented from numerous bums wards, 

where silver sulfadiazine or silver nitrate was used in a topical cream, and from patients 

with silver tracheotomy tubes (Annear et a/., 1976; Markowitz et a/., 1983; Hendry and 

Stewart, 1979; McHugh et a/., 1975). These silver resistant isolates were all members of 

the enterobacteriaceae, were frequently isolated in significant numbers and often also 

encoded antibiotic resistance. For example 97 silver resistant strains were isolated from 

230 isolates of enterobacteriaceae taken from a burns unit in USA. Many of these 

isolates were shown to be sulphonomide resistant (Hendry and Stewart, 1979). Twelve 

silver resistant Enterobacter cloacae isolates were isolated from a similar outbreak in a 

burns unit and seven E. cloacae isolates from a later outbreak. Many of these isolates 

were resistant to cephalothin, carbenicillin, ticarcillin, kanamycin and mafenide acetate 

(Markowitz et al., 1983).
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1.7.3 Mechanisms of Silver Resistance

Whilst there may be more than one mechanism for silver resistance in bacteria only one 

such mechanism has been characterised at the molecular level, in Salmonella 

typhimunum containing plasmid pMGIOI (Gupta et al., 1999). pMGIOI, confers 

resistance in E. coll to media containing 600 pM Ag"̂ , compared to a sensitive strain, 

which will survive in media containing up to 100 pM Ag^ (Gupta et al., 1998). The silver 

resistance determinant of pMGIOI has been cloned and sequenced. It consists of a 

14.2kb region of DNA containing nine ORFs arranged in three transcriptional units sllE, 

silRS and silCBAP. (figure 1.5A) (Gupta et ai, 1999).
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P-type Czc-like Membrane Outer Two-component Periplasmic
cation chemiosmotic fusion membrane transcription metal-binding

ATPase antiporter protein protein regulator protein

Outer membrane

SilB

SilPSilAInner membrane

SilS

ATP
ATP

ADPADP
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DNA

Figure 1.5 A). Diagram of the sil operon of p M G IO I .  Line arrows denote m RNA transcripts 

with the open circles denoting potential promoter regions. Box arrows denote genes and their 

orientation. B). Proposed model of silver resistance and Ag derived regulation of sil genes  

(derived from diagram in Gupta et a!., 1999). The hatched box represents putative SilR 

binding operator sites in the s/7 operon.
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The putative function of predicted proteins from seven ORFs has been determined via 

homology to known protein sequence (figure 1.5B.) silE encodes a periplasmic protein 

that has been purified and characterised. It is Ag^ binding specific though it lacks any 

metal binding cysteine residues. silS and silR encode a putative two-component sensor 

kinase and transcriptional regulator. It is believed that silA, silB and silC encode a three- 

component chemiosmotic, cation/proton antiporter system. SilB brings the inner and 

outer membrane together where SilA acts as the inner membrane cation/proton 

antiporter and SilC is the outer membrane protein. The predicted SilP protein is 

homologous to P-type ATPase’s. P-type ATPase’s are a class of membrane bound ion 

transport proteins and are ubiquitous amongst animals, plants and bacteria (Adams et 

al., 2002). Heavy metal efflux proteins responsible for cadmium, copper and zinc efflux 

also share homology with P-type ATPase’s (Silver and Phung, 1996). The function of the 

two remaining ORFs between silC -  silB and silA -silP  have not been determined.

The predicted model is that SilE bound Ag^ triggers the SilS sensor/ SilR regulator 

system which up regulate transcription of the two parallel efflux pumps, effluxing Ag^ out 

of the cell (Gupta eta!., 1999).
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1.7.4 Epidemiology of the sil Operon

To date the sil operon has been identified on six plasmids from the IncHi incompatibility 

group (See table 1.6). With the exception of plasmid pMGIOI none of these plasmids 

conferred resistance to silver nitrate. The si! operon has not been identified on the 

chromosome of any isolates, though homologues of the sil genes have been identified 

on other enterobacterial genomes (Gupta et al., 2001).

Isolate Plasmid Resistance genes on 
plasmid

Reference

S. typhimunum pMGIOI Ag, Hg, Am, Cl, Te, Sm, S3 (Gupta et al., 1999)

Serratia marcescens R476b Sm, As, Te, Hg (Taylor and Summers, 

1979)

Salmonella ohio MIP233 Sc (Roussel and Chabbert, 
1978)

Salmonella
tennessee

pWR23 Ter (Hale et ai., 1984)

Salmonella

oranienburg

MIP235 Sm, Cm (Taylor and Summers, 
1979)

Serratia marcescens R478 Cm Km Te Hg (Taylor and Levine, 
1980)

Table 1.6. Plasmids shown to encode sequence from the sil operon, the organisms they 

were isolated from and the resistance they confer. Ag= silver, Am= ampicillin, As= 

Arsenic, Cl= chloramphenicol, Hg= mercury, Km= kanamycin, Sm= streptomycin, Sc= 

spectinomycin, S3= sulphonamides, Te= tetracycline Ter= tellurium. Data taken from 

(http://www.uic.edu/depts/mcmi/individual/gupta/index.htm).
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1.8 Bacterial Resistance to Mercury

Mercury can exist in three states of valency: Hg° or in two oxidised forms as monovalent 

or divalent (Hĝ "̂ ); as ionic salts e.g. mercuric chloride (HgCb), as partially covalent 

salts or as organometallic alkyl and aryl derivatives.

1.8.1 Mercury Toxicity

Mercury is highly toxic to living systems due to its high affinity for thiol groups in proteins 

(Leach, 1960) and its ability to pass through and bind to biological lipid bilayer 

membranes (Bremner, 1974; Gutnecht, 1981; Ganser and Kirschner, 1985). This leads 

to damage to the membrane and the inactivation of the mercury bound proteins. 

Mercuric ions are also able to bind nucleotides (Gruenwedel and Davidson, 1966) and 

are genotoxic (De Flora etal., 1994).

1.8.2 Mechanisms of Resistance to Mercury

Five types of detoxification/resistance mechanisms to mercury compounds have been 

reported. These were reviewed by (Osborn etal., 1997; Hobman and Brown, 1997).

1. Reduced uptake of mercuric ions.

A strain of Enterobacter aerogenes has been reported with reduced cellular permeability 

to Hĝ "̂  ions, which may correlate with the expression of two plasmid-encoded outer 

membrane proteins (Pan-Hou etal., 1981).

2. Inactivation of Inorganic Mercury With Hydrogen Sulphide.

Resistance to inorganic mercury in Clostridium cochlearium T-2P is conferred by 

reacting HgCL with H2S to form insoluble mercuric sulphide (Pan-Hou and Imura, 1981; 

Pan-Hou and Imura, 1982).
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3. Sequestration of methylmercury.

Methylmercury is kept at subtoxic levels in Desulfovibrio desulfuricans by the constant 

production of hydrogen sulphide, which reacts with methylmercury (CHsHg^) to form 

insoluble dimethylmercuric sulphide (Baldi etal., 1993).

4. Mercury méthylation.

Methylmercury is generally considered to be more toxic than Hĝ "", however in some 

bacteria the opposite may be true. Méthylation has been observed in environmental and 

clinical bacterial isolates (Trevors, 1986). Methylmercury has a very high vapour 

pressure and this form of resistance may be due to subsequent volatilisation from the 

cell (Gadd and White, 1993).

5. Enzymatic reduction of divalent mercury.

The cytoplasmic flavoenzyme mercuric reductase (MerA) catalyses the reduction of Hg '̂’ 

to metallic Hg° which is chemically inert, water insoluble and volatilises due to its low 

vapour pressure. This is the most widely reported mechanism of mercury resistance, 

observed in both Gram-positive and Gram-negative bacteria from a wide range of 

environments (Misra, 1992; Hobman and Brown, 1997; Osborn et a!., 1997). It is the 

only mercury resistance mechanism investigated in this work.
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1.8.3. Inorganic Mercury Resistance vs. Organomercurial Resistance

Mercury resistance can be differentiated into two classes. Resistance to inorganic 

mercury only, is classed as “narrow-spectrum” mercury resistance. Resistance to a 

wider range of organomercurial compounds is classed as “broad-spectrum” mercury 

resistance.

1.8.4 Enzymatic Mercuric Ion Reduction

The initial molecular analyses of the mercury resistance {met) opérons were performed 

in Gram-negative isolates. The best understood of which is the mer operon of Jn501 

from Pseudomonas aeruginosa (reviewed by Hobman and Brown, 1997). The function 

of mercury resistance proteins in Gram-positive strains can be inferred by their 

homology to mer proteins from Gram-negative organisms.

1.8.4.1 The Current Model for TnSOf Encoded Inorganic Mercuric Ion Resistance

Tn501 in Pseudomonas aeruginosa encodes resistance to HgCl2 and to a limited 

number of organomercurial compounds, including merbromin, para- 

hydroxymercurobenzoate (p-HMB) and fluorescein mercuric acetate (FMA). The 

mechanism of resistance to organomercurial compounds has not been defined in this 

isolate.

A model for Tn501 encoded mercuric ion resistance has been proposed (Ni'Bhriain et 

a/., 1983; Lund and Brown, 1989; Brown et a/., 1991) and reviewed (Hobman and 

Brown, 1997). A brief description is given below and shown in diagram (figure 1.6). A 

more detailed description of the most significant genes is in sections 1.8.6 to 1.8.8.
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1.8.4.2 Passage of Mercury Across the Cell Membrane

Mercuric ions pass through the outer membrane of the cell, probably via cation-selective 

porins, and are bound to the cysteine residues of (Cys33, Cys36) of MerP, a dimeric 

periplasmic protein. It is proposed the mercuric ions are then transferred to the cysteine 

pair (Cys24, Cys25) of MerT, an inner membrane-associated protein and that the 

cysteine pair (Cys24, Cys25) are located proximal to the periplasm. The mercuric ions 

are passed from this cysteine pair to a cysteine pair (Cys76, Cys82) predicted to be on a 

cytoplasmic loop of MerT.

1.8.4.3 Reduction of mercuric ions

Having crossed the membrane, the mercuric ions may then be passed to the N-terminal 

cysteine pair (Cys10, Cys13) of the homodimeric mercuric reductase enzyme (encoded 

by merA). The Hĝ "" is then complexed with the four electron-reduced mercuric 

reductase via its active site thiols (Cys135, Cys140) and (Cys558, Cys559). Reduced 

flavin adenine dinucleotide (FADH2) acts as the reductant to the liganded Hg '̂’ with 

reduced nicotinamide adenine dinucleotide phosphate (NADPH) acting as the electron 

donor. Once the mercury is reduced to Hg° it is effectively non-toxic, has a high vapour 

pressure and passes freely through biological membranes. In this state it diffuses easily 

out of the cell as mercury vapour. This is described in more detail in section 1.8.8.3.
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Figure 1.6. Model of reductive mercuric ion resistance in Gram-negative bacteria (derived 
from Osborn et al. (1997) and Hobman and Brown (1997)). Mercury resistance 

determinants conferring narrow spectrum resistance lack the organomercurial lyase 
protein, MerB shown here in the dashed box. Cysteine residues are represented by black 
dots.
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1.8.4.4 Organomercurial Resistance

In some bacteria "broad-spectrum" resistance is conferred by the organomercurial-lyase 

enzyme, MerB (Schottel, 1978). MerB has a broad substrate specificity for primary, 

secondary and tertiary aikylmercuric halides as well as aryl, alkyl and vinylmercuric 

halides (Begley et al., 1986a; Begley at a!., 1986b). It is proposed that MerB catalyses 

the protonolytic cleavage of organomercurial compounds leaving an organic moiety and 

a mercuric ion (Begley at a/., 1986b). The mercuric ion is subsequently reduced by 

MerA.
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1.8.5 Organisation of mer Opérons.

The structure of numerous mer opérons from both Gram-negative and Gram-positive 

bacteria have been characterised (figure 1.7). The opérons from Gram-negative 

bacteria, with few exceptions, are highly conserved. With the exception of pMERPH and 

Thiobacillus, they all encode one copy of merR, which is divergently transcribed from the 

structural genes of the mer operon. The MerR protein regulates transcription of the mer 

operon and is described in more detail below. pMERPH does not encode a copy of 

merR and the Thiobacillus mer operon encodes two. The majority encode at least one 

copy of merP, merl, merA and merD in that order, again with the exception of pMERPH 

and Thiobacillus. The position of the merB gene of those that encode it does not seem 

to be conserved. There are also extra genes present whose function can be inferred by 

protein sequence homology. These include the merC and merF genes, which contain 

homology to the transport protein MerT (Wilson etal., 2000).

Mer opérons from Gram-positive organisms differ from those in Gram-negative bacteria. 

The main structural difference is the orientation of the merR gene, which is transcribed 

in the same direction as the structural genes. A number of Gram-positive mer opérons 

also encode multiple copies of merR and merB. The amino acid sequence is less 

conserved between proteins of the same function when compared with Gram-negative 

mer encoded proteins (Hobman and Brown, 1997). In addition to the Gram-positive 

homologues of merR, merT, merP and merA there are a number of uncharacterised 

ORFs whose function can only be inferred by their homology to other proteins. It should 

be also noted that the MerT and MerP transport proteins have been characterised in 

Gram-negative bacteria, it is not known how these proteins transport mercury in Gram- 

positive bacteria.
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Figure 1.7. Organisation of the mer opérons of various Gram-negative and Gram-positive 
bacteria. merR and putative regulatory genes are coloured blue, putative transport genes are 
coloured yellow, the merP-like domain of merA is coloured black (described in section 1.8.9), 
merA is coloured red, merB is coloured green and undefined orfs are coloured grey (derived 
from Hobman and Brown, 1997)
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1.8.6 Regulation of the mer operon

Expression of the mer operon is regulated at the transcriptional level by the MerR 

protein. The merR gene is divergently transcribed from the mer structural genes in 

Gram-negative bacteria, and regulates its own expression and that of the mer operon in 

response to mercury (Foster and Brown, 1985; Summers, 1992). The MerR protein 

binds an operator/ promoter region for the mer operon both in the presence and 

absence of mercury (O'Halloran and Walsh, 1987). It then represses expression of the 

mer structural genes in the absence of mercury or up-regulates them in the presence of 

mercury (Helmann et al., 1989; O'Halloran et a!., 1989; Shewchuk et a/., 1989b). The 

mechanisms by which it does this are described in detail below. In Tn501 all the 

structural genes of the mer operon are expressed from the same promoter. The 

secondary regulator protein MerD reduces mer gene expression (Nucifora et a/., 1989) 

by binding the MerR operator/ promoter (Mukhopadhyay et a/., 1991). As expression of 

MerD is dependant on transcription of the mer operon, it has been proposed MerD acts 

as a feedback regulatory mechanism to down regulate expression of the mer operon 

(Hobman and Brown, 1997).

1.8.6.1 The mer Regulatory Protein, MerR

The existence of a trans-acting regulatory protein for the mer operon was first proposed 

after Tr\801 insertion mutagenesis and complementation of the R100 mer operon 

(Foster et a/., 1979). Mutants with 50 fold-reduced synthesis of MerA were split into two 

complementation classes, those with mutations in the merR gene, which encoded the 

trans-acting MerR protein and isolates with mutations in the c/s-acting mer operator- 

promoter sequence; both of which were mapped downstream of the merT gene. The 

activity of MerA was compared in wild-type and mutants when induced (i.e. the cells 

were first grown in the presence of sub-lethal concentrations of mercury) and uninduced.
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The induced cells showed that MerA activity from merR mutants was only 2% that of 

induced wild-type cells. This provided evidence that MerR was a positive regulator of the 

mer operon, in the presence of mercury. The results of the uninduced study provided 

evidence that MerR was also a repressor of the mer operon. The MerA activity of 

uninduced wild-type cells was 0.05% that of induced wild-type cells; compared with the 

activity of MerA from uninduced merR mutant cells, which was 2% that of induced wild- 

type cells (Foster et al., 1979). From this study it was concluded that the merR gene 

product repressed expression of the mer operon in the absence of mercury then 

activated expression of the mer operon in the presence of mercury (Foster et a!., 1979). 

This was confirmed by the insertion of phage Mu containing the lac operon into the merA 

gene of R100. p-galactosidase assays of the merA-lacZ construct showed that 

uninduced cells produced p-galactosidase at 1% of the level produced by cells induced 

with sub lethal levels of mercury. This confirmed that the expression of the mer operon 

was inducible. The activator/ repressor role of MerR was verified by inactivating the 

merR gene through the insertion of Tn5 into merR in the merA-lacZ construct. The 

resulting merR" strain was uninducible and constitutively expressed low levels of p- 

galactosidase at 12% that of an induced wild-type merR* strain (Ni'Bhriain et al., 1983). 

Further studies of the plasmid R100 merR-lac fusions showed that transcription of the 

merR gene was controlled via negative autoregulation (Ni'Bhriain et al., 1983; Lund et 

al., 1986). Studies of the Staphylococcus aureus plasmid pl258 again using p-lactamase 

as a reporter gene demonstrated that the mer operon of Gram-positive bacteria was also 

regulated in a similar manner to Gram-negative mer opérons (Chu et al., 1992).

The merR gene product and the MerR binding promoter/ operator site was shown to be 

conserved amongst Gram-negative mer opérons via frar?s-complementation studies. A 

R100 MerR mer operon was complemented with the merR gene from plasmids (from a
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variety of incompatibility groups) and transposons, including Jn501. With only one 

exception, plasmid R391 of the IncJ group, all the merR genes complemented the R100 

MerR’ mer operon (Foster and Ginnity, 1985).

1.8.6.2 The mer Operator/ Promoter In Gram-Negative Bacteria

Studies of Tn50f and Tn27 demonstrated that MerR binds to the cis-acting 

operator/promoter element, merO/P which separates the merR promoter Pr from the 

mer structural gene promoter Ptp(C)ad (Figure 1.8) (O'Halloran etal., 1989: Shewchuk et 

ai., 1989a).

I mer structural genes

Tz=]— [= r
-10 -35

merR 
^ ------------

Figure 1.8. The position of the merOiP in the mer opérons of Gram-negative bacteria. The 
arrows designate the direction of transcription and the solid line marked * depicts the 
binding region of MerR (Derived from Summers (1992)). The -10 and -35 regions are 
shaded the same colour as the genes they promote.

More specifically, MerR binds a region of dyad symmetry within the spacer region of the 

RNA polymerase recognition hexamers of the promoter for the mer structural genes 

(O'Halloran and Walsh, 1987; Shewchuk et a!., 1989a). This sequence is 

GTACnnnnGTAC and is highly conserved in both Gram-negative and Gram-positive 

bacteria (Silver and Walderhaug, 1992). When bound at this position MerR also 

occludes the +1 position of its own transcript.

The spacer regions between the RNA polymerase binding domain of the mer operon is 

sub optimal, with 19bp between the -10 and -35 domains, 2bp longer than the optimal
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length (Harley and Reynolds, 1987). This places the -10 and -35 domains about 70° out 

of phase for an optimal alignment with RNA polymerase (O'Halloran et al., 1989). This 

spacing is fundamental for the transcriptional regulation of the mer operon, as explained 

later, and as was shown when single-base deletions in the spacer region led to up- 

promoter mutations (Lund and Brown, 1989).

1.8.6.3 The mer Operator/ Promoter In G ram-positive Bacteria

As the merR gene is transcribed In the same direction as the structural mer genes there 

is no separate P r , instead the whole operon is transcribed from one promoter region 

(Helmann et a/., 1989). The spacing between the merR -10 and -35 box is 20bp 

(Helmann et a/., 1989). Sequences of merOiFs in Gram-positive bacteria are highly 

homologous to the mer operator/ promoters of Gram-negative bacteria (Silver and 

Walderhaug, 1992). Studies have shown that the MerR of Bacillus cereus RC607 can 

bind the merO/P of Jr\501 though no regulation of transcription was observed. MerR 

from Tn50f was shown to bind the 6. cereus RC607 merO/P and exhibited negative, 

though not positive, transcriptional control (Helmann et al., 1989). From these binding 

studies and from the observed homology between the Gram-positive and Gram-negative 

merO/Fs, it is assumed MerR regulates the mer opérons of Gram-positive bacteria in 

the same fashion as MerR regulation in Gram-negative bacteria. However, MerR 

regulation of mer opérons in Gram-positive bacteria has not been studied as intensely 

as in Gram-negative bacteria.
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1.8.6.4 The Structure of MerR in G ram-negative and G ram-positive Bacteria

The properties of MerR have been extensively reviewed (Summers, 1992; Misra, 1992; 

Miller, 1999). The MerR protein is a homo-dimeric protein, which binds the merO/P both 

in the presence and absence of mercury. These subunits vary slightly in length, for 

example the MerR of Tn2f is 144 amino acids long and in B. cereus RC607 the MerR is 

only 12 amino acids shorter. Whilst the three-dimensional structure of MerR has not 

been defined studies of MerR mutants revealed the protein consists of three distinct 

domains (Shewchuk etal., 1989a; Ross etal., 1989):

1) The DNA binding domain

The N-terminal region of MerR contains a DNA binding domain, approximately between 

residues 10 and 29 (Brennan and Matthews, 1989). Mutations within the helix turn helix 

motif lead to loss of MerR binding to the merO/P and subsequent loss of regulation 

(Shewchuk etal., 1989a).

2) The Coupling Domain

The central region, from residues 30 to 80, appears to convey the status of the Hĝ  ̂

binding site to the DNA binding site and thus convey the signal for the conformational 

change from repression to activation (Comess et al., 1994). Mutation of this region 

produced repression deficient MerR protein with wild type binding affinity to the merO/P 

(Comess etal., 1994).

3) The Hĝ * binding domain and dimer interface

The C-terminal end of MerR is helical in structure, approximately residues 80 to 128, 

and reveals a propensity to form a coiled-coil structure (Caguiat etal., 1999; Zeng et al.,

1998). The existence of this secondary structure remains to be proved. This region is 

required to form a stable dimer and confers Hĝ  ̂ binding affinity (Zeng et al., 1998). It 

has been shown in B. cereus RC607 MerR that one cysteine residue Cys^  ̂ from one 

monomer and Cyŝ '̂* and Cyŝ ^̂  from the other are required to bind Hĝ "̂  (Helmann et al.,
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1990). It has been proposed that the coiled-coil regions of each monomer are aligned 

antiparallel to the other, this would bring the Hĝ "" binding cysteine residues and the 

coupling region into the correct orientation (Caguiat et al., 1999).

1.8.6.5 Mechanism of MerR Repression / Activation

Upon binding the merO/P, MerR induces a bend in the DNA towards itself (Ansari et a!., 

1995). Prior to induction by Hg^  ̂sigma-70 RNA polymerase is also bound at the merO/P 

(Heltzel etal., 1990; Frantz and O'Halloran, 1990). This phenomenon is known as active 

repression and effectively primes the system for immediate transcription.

Upon binding Hĝ "̂ , MerR undergoes a conformational change, the MerR-Hg complex 

straightens and underwinds the merO/P DNA which is believed to realign the -10 and -  

35 hexamers to the optimal angle for access of RNA polymerase (Ansari et al., 1992; 

Ansari et al., 1995). Thus an activated open complex is formed for transcription of the 

mer operon. Characterisation of the MerR regulatory mechanism has been carried out 

predominantly in Gram-negative bacteria. It is assumed that the MerR protein in Gram- 

positive bacteria regulates expression in the same fashion as in Gram-negative 

organisms.
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1.8.7 Mercury Transport Proteins

The active transport of into the cytoplasm at first appears counter intuitive. 

However, as Hg^* binds to and is toxic to the exterior of cells, a system to rapidly import 

and direct the mercuric ions to the site of reduction is clearly beneficial. A range of 

genes encoding mercury transport proteins have been characterized in Gram-negative 

opérons, the most common combination of these is merP and merT (Osborn et al., 

1997; Morby etal., 1995).

1.8.7.1 The Mercury Transport Proteins MerP and MerT

The transport functions of MerP and MerT were shown in deletion studies of Tn501 

(Lund and Brown, 1987). Deletion of merP and merT {merR, merT, merA*) led to the 

loss of mercury resistance, whilst deletion of merA {merP*, merT, merA ) led to a 

mercury hypersensitive phenotype (Lund and Brown, 1987). Deletion studies in Tn21 

(Hamlett et al., 1992) and Tn501 (Morby et al., 1995) showed that deletion of merP 

alone was less deleterious than deletion of merT. This led to the proposal that MerP acts 

as the scavenger protein, soaking up Hĝ "̂  in the periplasm. MerT then shuttles Hg^  ̂

from MerP to MerA, protecting the cytoplasm (Hamlett etal., 1992).
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1.8.7.1.1 MerT Structure

The polypeptide sequence of Tn501 MerT deduced from DNA sequence indicates the 

protein is hydrophobic, MerT was thus predicted to be an inner membrane protein (Misra 

et al., 1984). Tn501 MerT is 116 residues long and is believed to have three membrane 

spanning regions (Brown, 1985; Brown etal., 1991).

There are two cysteine pairs in MerT, the first pair is located within the first putative 

transmembrane region and the second pair is located on the cytoplasmic loop (Morby et 

al., 1995). Site directed mutagenesis of the first cysteine pair abolished Hg '̂’ resistance, 

whilst mutation of the second cysteine pair only reduced Hĝ  ̂ resistance (Morby et al., 

1995). This suggests that the first cysteine pair is essential for high flux of Hĝ  ̂across 

the cytoplasmic membrane whilst the second cysteine pair, though involved in Hg^" 

transport, is not essential.

1.8.7.1.2 MerP Structure

The processed MerP protein is a 72-amino acid long periplasmic protein, which encodes 

two conserved cysteine residues (Barrineau etal., 1984; Summers, 1986). The structure 

of MerP from Tn21 has been derived by NMR spectroscopy. It consists of two a helices, 

four antiparallel p sheets and an unstructured loop in which the Hg^  ̂ binding cysteine 

residues are contained (Steele and Opella, 1997; Eriksson and Sahlman, 1993). Site 

directed mutagenesis of MerP from Tn21 showed that both Cys14 and Cys17 are 

required for Hĝ "" binding (Sahlman and Skarfstad, 1993). Similar studies on the MerP of 

Tn501 gave slightly different results. Mutation of Cys37 (Cys17 of Tn21) led to an 80% 

drop in mercury resistance. However, mutation of Cys33 (Cys14 of Tn21) abolished 

resistance (reviewed (Hobman and Brown, 1997)). It has been proposed that the active
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sites of MerP and MerT interact during transport (Hobman and Brown, 1997). This 

interaction was confirmed in a later study (Wilson et a/., 2000)

1.8.7.1.3 The MerF Transport Protein

The MerF of P. fluorescens pMER327/419 has also been shown to be involved in 

mercury transport (Wilson et al., 2000). MerF is a transmembrane protein with two 

transmembrane regions, unlike the three of MerT. However, like MerT, one pair of 

cysteine residues is predicted to be within the inner membrane with the second pair of 

cysteine residues on the cytoplasmic face (Wilson et a/., 2000). There are no reports of 

the merF gene in Gram-positive organisms.
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1.8.8 The Mercuric Reductase, MerA

The homodimeric protein MerA is a structural homologue of the flavin-disulphide 

oxidoreductase family of enzymes (Schiering et al., 1991; Brown et a!., 1983). These 

enzymes catalyse reversible redox reactions utilising NAD(P)H and a disulphide 

substrate. The active site consists of an electron mediating FAD cofactor sandwiched 

between the NAD(P)H binding site and two redox-active cysteine residues. MerA differs 

from the flavin-disulphide oxidoreductase family of enzymes by the addition of an N- 

terminal MerP-like region and an extended C-terminal region, both of which contain a 

pair of cysteine residues.

1.8.8.1 MerA structure

Study of the X-ray crystal structure of the B. cereus RC607 MerA protein has provided a 

major advance in our understanding of this type of protein (Schiering et a/., 1991). The 

protein consists of three domains: the N-terminal MerP like domain; the central core 

region and the C-terminal extension (Schiering etal., 1991).

1) N-terminal MerP like domain

The B. cereus RC607 MerA protein contains two MerP like N-terminal domains whilst 

the MerA of S. aureus pl258 only contains one (Wang et al., 1989). The X-ray structure 

of this region could not be modelled, as it appears to be very mobile in crystal structure 

(Schiering et al., 1991). The function of this region is unknown. It was proposed that the 

cysteine pair acted as Hg^  ̂ acceptors from MerT (Brown, 1985). However, removal of 

this region via proteolytic cleavage in Tn501 MerA has shown that its loss has no effect 

on the catalytic function of MerA in vitro (Schiering et al., 1991; Fox and Walsh, 1982). 

The fact that this region is conserved, with the exception of Streptomyoes lividans, 

suggests it does have a function.
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2) The centrai core region and the C-terminal extension

Site directed mutagenesis of the cysteines in the extended C-terminal domain located 

them at the active site and proved they are essential for mercury resistance (Moore et 

al., 1992; Miller at a!., 1989). Study of the 6. ceæus RC607 X-ray crystal structure 

revealed that a cysteine (Cys 207) and a tyrosine residue (Tyr 264) from the core region 

and a cysteine (Cys 628) and a tyrosine residue (Tyr 605) from the C-terminal domain 

were involved in the formation of the Hg^  ̂binding site (Schiering etal., 1991; Rennex et 

al., 1993). Mutation of Tyr605 had very little effect on the Hg^  ̂ binding affinity or 

reduction activity of the protein, whereas mutation of Tyr264 reduced the Hĝ "̂  binding 

affinity of the protein five fold and reduced the reductase activity of the protein 160 fold 

demonstrating that Tyr264 plays a greater role than Tyr605 in MerA enzyme activity.

1.8.8.2 Heterogeneity Between MerA From Different Bacteria

There is variation in the MerA proteins of Gram-positive and Gram-negative bacteria. 

Two immunological non-cross-reactive types of MerA have been observed in both 

Gram-positive and Gram-negative bacteria (Bogdanova et al., 1988; Bogdanova and 

Mindlin, 1989). Only 40% of the B. cereus RC607 MerA amino acid residues shared 

identity to MerA of Gram-negative bacteria (Wang et al., 1989). The deduced MerA 

protein sequence of B. cereus RC607 shared 67% amino acid identities with 

Staphylococcus aureus pl258 (Wang et al., 1989).

In Gram-positive bacteria, the presence of the MerP-like N-terminal domain has been 

shown to correlate with the G + C content (Bogdanova and Mindlin, 1991). Genera with 

a low G + C, such as Bacillus or Staphylococcus have the N-terminal domain whilst 

genera such as Micrococcus and Mycobacterium with a higher G + C lacked the N- 

terminal domain (Bogdanova and Mindlin, 1991).
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1.8.8.3 Biochemistry of Enzymatic reduction of to Hg°

Due to the high thiol content within the cell an Hg-dithiol complex is likely to form 

naturally before the Hg^  ̂is transferred to the MerA protein. As such the equation for the 

reduction of this Hg-dithiol substrate is:

NADPH + Hg(SR)2 + H" -> NADP++ Hg(0) + 2RSH

The current model of MerA catalysed mercury reduction in B. cereus RC607 (Miller,

1999) is given below and shown in figure 1.9.

1. The C-terminal pair of Cysteine residues (Cys 628, Cys 629) initially binds the 

Hg-dithiol complex, which has a more limited access to the active cysteine pair 

(Cys 207, Cys 212).

2. This cysteine pair displaces the Hg bound non-enzymic thiols.

3. Hg '̂' then transferred to the thiol groups on the active site cysteine pair (Cys 207, 

Cys 212).

4. The flavin adenine dinucleotide (FAD) then accepts electrons from NADPH 

converting it to FADH2 where upon it reduces Hĝ "̂  to Hg°.

5. The Hg° and NADP+ are released and fresh NADPH enters the active site ready 

for the cycle to restart.
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Figure 1.9. The proposed pathway for Hg(SR)2 transfer and reduction by B. subtilus RC607 MerA. Hg(SR2) is initially bound to the thiol of 0- 
terminal Cysteine 629 then transferred via subsequent thiol groups (represented by grey highlighted box) arriving at the redox active cysteine 
pair (Cys207 and Cys212) where FAD mediated reduction occurs. The boxed numbers relate to the text on the previous page. (Figure derived 
from Misra (1992) and Miller (1999)).
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1.8.9 Epidemiology of Mercury Resistance Genes

The mer operon has been characterized in a diverse range of bacteria, isolated both 

from environmental and clinical sources, throughout the world. Examples are shown 

in table 1.7.

Strains Source Reference
Acinetobacter calcoaceticus 
KHP18 pKLH2

Khaidarkan mercury mine, 
Russia

(Khesin and Karasyova, 
1984)

Alcaligenes sp. pMER334 River Mersey, UK (Jobling et al., 1988)
Bacillus cereus RC607 Boston Harbour, USA (Mahler ef a/., 1986)
Bacillus megaterium MK64.1 Kuril Islands (Bogdanova et ai, 1998)
B. megaterium MB1 Minamata Bay, Japan (Huang et ai, 1999b)
Bacillus sp. River Mersey, UK (Hartefa/., 1998)
Bacteroides ruminicola Sewage, Detroit, USA (Rudrik et ai, 1985)
Clostridium perfringens Clinical isolate, Detroit, USA (Rudrik ef a/., 1985)
E. coli and Proteus sp. Murray collection of clinical 

enterobacteria
(Hughes and Datta, 1983).

Enterobacter cloacae Clinical isolate, Dublin, Ireland (Griffin et ai, 1985)
Exiguobacterium sp. TC38-2b Carpathia, Ukraine (Bogdanova et ai, 1998)
E. faecalis CHf 9 Tn5385 Clinical isolate, USA (Rice et ai, 1991)
P. aeruginosa Tn501 Australia (Stanisich et ai, 1977)
Pseudomonas aeruginosa Clinical Isolate, Tokyo, Japan (Nakahara ef a/., 1977c)

Proteus morganii Clinical isolate, Dublin, Ireland (Griffin et ai, 1985)

Proteus vulgaris Clinical isolate, Dublin, Ireland (Griffin et ai, 1985)
S. aureus pl258 Natural isolate, USA (Novick and Roth, 1968)
Thiobacillus ferrooxidans Japan (Oison et ai, 1982)

Table 1.7. Environmental and clinical isolates containing the mer operon.

A study of 52 mercury sensitive Gram-positive environmental isolates showed (via 

Western Blotting) that a high proportion of isolates expressed MerA (Bogdanova et 

al., 1992). MerA expression was inducible in these isolates, therefore was most likely 

regulated by MerR. They concluded that mercury resistance was not conferred as 

these isolates possibly lacked mercury transport proteins. The presence of such 

phenotypically cryptic mer opérons, or at least parts of the operon, indicates that the
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genes from the mer operon may be more widely spread than the frequency of 

mercury resistant isolates suggest.

The fact that the mer operon exists in bacteria implies that at some point in bacterial 

evolution this mechanism was important for survival. One theory is that the presence 

of mercury released from volcanic activity may have led to the evolution of these 

genes (Hobman and Brown, 1997). The fact that there is conservation between the 

mer genes of Gram-negative and Gram-positive bacteria suggests that the evolution 

of the mer operon may predate the evolutionary divergence of the two groups 

(Hobman and Brown, 1997).
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1.8.10 Mobile Elements Encoding mer Opérons in Gram-Positive Bacteria

Until recently very few of the mobile genetic elements encoding Gram-positive mer 

opérons had been characterised. A study of horizontal transfer of mer genes in 

environmental isolates implicated transposons and conjugative plasmids as mediators 

of mer dissemination (Bogdanova et al., 1998). A later study confirmed the close 

association of Bacillus-mer opérons with class II transposons (Bogdanova et ai., 

2001). A conjugative transposon that confers mercury resistance has also been 

reported (Bonafede et al., 1997). Characterised mobile elements encoding mer 

opérons in Gram-positive bacteria are given in table 1.8.

Strain Location of mer Operon Reference
B. megaterium MB1 TnmerU on chromosome (Huang et ai, 1999a; Huang et 

al., 1999b)
Exiguobacterium sp. TC38-2b Tn5085 on pKLH3 (Bogdanova et al., 2001)
8. cereus RC607 In 5084 on pKLH6 (Bogdanova et ai, 2001)
8. cereus VKM684 Tn5084 on chromosome (Bogdanova et ai, 2001)
8. megaterium MK64.1 Tn5083 on pKLH304 (Bogdanova et ai, 2001)
Enterococcus faecalis Tn5384 on conjugative 

transposon Tn5385 on 
chromosome

(Bonafede ef a/., 1997)

Staphylococcus aureus pl258 (Novick and Roth, 1968) 
(Weiss et ai, 1977) (Laddaga 
et ai, 1987)

Table 1.8. Characterised mobile elements encoding mer opérons in Gram-positive 

bacteria.
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1.8.10.1 B. megaterium MB1

The mer operon of B. megaterium MB1 is encoded on a 14.5kb transposon 

designated Tnmer/7, which is located on the chromosome. TnmerU appears to 

encode a complete transposable unit including a tnpA gene, a tnpR gene and a 

putative res site. TnmerU also encodes a group II intron (Huang et ai., 1999b). 

Transposition of this element has not yet been demonstrated.

1.8.10.2 B. cereus RC607, B. megaterium MK64-1 and 

Exiguobacterium sp. TC38-2b

The mer opérons of B. cereus RC607, 6. megaterium MK64-1 and Exiguobacterium 

sp. TC38-2b are encoded on three closely related transposons.

1.8.10.3 Exiguobacterium sp. TC38-2b

The mer operon of Exiguobacterium sp. TC38-2b is encoded on a 11.8kb transposon, 

designated Tn5085, which is located on a conjugative plasmid, pKLH3 (Bogdanova et 

ai., 1998; Bogdanova et al., 2001). Exiguobacterium sp. TC38-2b was isolated a 

considerable geographical distance from B. megaterium MB1 (Bogdanova et a!., 

1998) yet Tn5085 is almost identical to TnmerU. Sequence analysis of approximately 

70% of the Tn5085 transposition unit revealed only 0.3% difference at the DNA level. 

Though the mer opérons encoded in both transposons have not yet been fully 

sequenced, their restriction maps are identical (Bogdanova et al., 2001). However 

Tn5085 does differ from TnmerU in that it does not contain a group II intron. Also, 

Tn5085 is flanked by two non-identical 38bp inverted repeats and has been shown to 

be active (Bogdanova et ai., 2001), whilst the inverted repeats of TnmerU have not 

been sequenced and it has not been shown to be transpositionally active.
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1.8.10.4 Bacillus cereus RC607

The mer operon of B. cereus RC607 is encoded on Tn5084, which is located on a 

plasmid, pKLH6. pKLH6 is estimated to be 21 kb and filter mating studies show no 

evidence of it being self-transmissible (Bogdanova et al., 2001). Restriction analysis 

and Southern blot hybridisation has shown that Tn5084 closely resembles Tn5085 

(Bogdanova et a!., 2001). The transposition module has been partially sequenced 

(60%), the majority of this sequence shows only 0.2% nucleotide substitutions in 

Tn5084 compared with Tn5085 (Bogdanova et a/., 2001). However, there is a 621 bp 

region encoding the tnpR and res region, which differs by 10% (Bogdanova et a/., 

2001). This suggests either this may be the product of a recombination event 

between Jr\5084 and a more distantly related transposon or that this region is 

heterogeneous due to genetic drift because there is no biological requirement for its 

conservation.

1.8.10.5 Bacillus cereus VKM684

The mer operon of B. cereus VKM684 is chromosomally encoded (Bogdanova et ai., 

1992; Bogdanova et al., 1998). Restriction analysis of total DNA and southern blot 

hybridisation identified a transposition module that appears to be identical to Tn5084 

(Bogdanova et al., 2001). The only difference in restriction patterns within the element 

being the loss of a Kpn\ site in the 5’ end of the mer operon (Bogdanova et al., 2001).

1.8.10.6 Bacillus megaterium MK64.1

The mer operon of B. megaterium MK64.1 is encoded on plasmid pKLH304 

(Bogdanova et al., 1998). It too is located on a transposon, designated Tn5083 

(Bogdanova et al., 2001). The res region and tnpR gene have been sequenced and 

the tnpA gene has been partially sequenced (Bogdanova et al., 2001). The overall 

organisation of the Tn5083 transposable cassette is the same as Jn5084 and Jn5085
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but very different at the DNA level, compared with Tn5085, the sequenced region 

differed by 40% (Bogdanova et al., 2001).

1.8.10.7 Enterococcus faecalis Jn5384

The 26kb composite transposon Tn5384, isolated from E. faecalis strains CH116 and 

CHI9, confers resistance to erythromycin, high levels of gentamicin and mercuric 

chloride (Rice et al., 1995). Tn5384 is a composite element with ends formed by 

directly repeated copies of the staphylococcal and enterococcal insertion sequence 

IS256(Riceefa/., 1995).

Tn5384 is located on Tn5385, which is approximately 65kb and located on the 

chromosome (Rice and Carias, 1998). Tn5385 encodes resistance to mercuric 

chloride, erythromycin, gentamicin, streptomycin, tetracycline-minocycline and 

penicillin (Rice and Carias, 1998). Tn5385 is a composite element and is made up of 

regions found previously in staphylococcal and enterococcal plasmids of the Inc18 

group, numerous transposons {Tn4001 and Tn552), a conjugative transposon 

(Tn5381) and insertion sequences (IS256, IS257 and \S1216) (Rice and Carias, 

1998).

Tn5384 has not yet been conclusively proven to be a true transposon, as mobility has 

not been shown in recombinant-deficient strains. Homologous recombination 

therefore, cannot be ruled out as the means of insertion (Rice et al., 1995). Tn5384 

has been shown to insert into target sites with no significant homology to IS256 and 

generate target duplications, which further suggests movement of Tn5384 is via a 

transposition process (Rice et al., 1995).
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1.8.10.8 Staphylococcus aureus pl258

Whilst the mer operon of pl258 is well studied, the sequence flanking the mer operon 

doesn’t appear to have been fully characterised. The plasmid confers resistance to p- 

lactam and erythromycin antibiotics as well as numerous heavy metals including 

arsenic, arsenite and cadmium (Novick et al., 1979). Erythromycin resistance has 

been shown to be encoded on Tn551 (Novick et ai., 1979). There does not appear to 

be any evidence that the mer operon is associated with a transposon.

It now seems that transposons play a major role in the dissemination of the mer 

operon in Gram-positive bacteria. What makes this particularly interesting is the fact 

that the mer opérons of B. cereus RC607, B. megaterium MK64-1 and 

Exiguobacterium sp. TC38-2b are encoded on such closely related transposons, 

when the host strains are separated by such large geographical distances. It 

suggests that this transposon at least has been involved in the dissemination of the 

mer operon for some time.
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1.9 Overview of This Project

The key aim of this project was to characterise bacteria encoding both transferable 

heavy metal (particularly mercury resistance) and antibiotic-resistance from the oral 

cavity. Once such bacteria were isolated the resistance determinants and the 

elements encoding them were to be studied. This work was split into two main 

sections.

The first and smallest section involved a preliminary study to determine whether silver 

resistant bacteria could be isolated from teeth, including teeth containing amalgam 

restorations. This was carried out by screening a collection of oral isolates, isolated 

from teeth removed due to infections associated with dental restorations.

The second section describes the characterisation of an enterococcal isolate with 

transferable resistance to mercury and more than one antibiotic. Initially the 

identification of the isolate and its resistance pattern were confirmed. Transfer of 

resistance determinants was repeated and the level of transfer enumerated. The 

resistance determinants were then characterised via cloning and sequencing projects. 

Finally the mobile elements that encode these resistance determinants were 

characterised.
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Materials and Methods
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2.0 Materials and Methods

General methods used during this work are described in this chapter. Specific 

methods are described in the relevant results chapters.

2.1 Sources of Media, Enzymes and Reagents

All bacterial growth media were purchased from Oxoid (Basingstoke, UK). Unless 

stated otherwise, general chemicals were purchased from BDH (Poole, UK) and

Sigma-Aldrich (Poole, UK). Solvents were purchased from BDH. DNA modifying

enzymes were obtained from Promega (Southampton, UK). Sequencing reagents 

were obtained from PE Biosystems (Warrington, UK). Antimicrobials were obtained 

from Sigma-Aldrich and unless otherwise stated were used at the following 

concentrations: silver nitrate 600pM; mercuric chloride (40|liM in agar, 15^M in broth); 

tetracycline 10pg mM; streptomycin 250pg m l'\ ampicillin lOOpg ml'' and 

chloramphenicol 20/ig m l'\

2.2 Bacterial Strains, Piasmids and Transposons

The bacterial strains, plasmids and transposons used during this study are listed in 

table 2.1a & 2.1b

2.3 Growth of Bacteriai Strains

All bacteria were incubated aerobically at 37°C; broths were shaken at 200rpm, 

unless otherwise stated. Silver and mercury-resistant strains were grown on Mueller 

Hinton (MH) media plus the relevant metal salt. All media containing mercury or silver 

were wrapped in aluminium foil to protect them from light. Escherichia coli strains 

were grown on Luria-Bertani (LB) media (Oxoid). Bacillus and Listeria strains were 

grown on Brain Heart Infusion (BHI) media.
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Strain Phenotype and/or 
Description Reference

Control Strains

Escherichia coli NCTC 10418 Antibiotic sensitive control (www.phls.org.uk)

Pseudomonas aeruginosa NCTC  
10662

Ag®, negative control (www.phls.org.uk)

Pseudomonas stutzeri AG259 Ag"̂ , positive control
(Haefeli etal., 1984) 
Donated by J.T. Trevors, 
(University of Guelp, Canada)

Enterobacter cloacae strain 05 Clinical isolate
Donated by P. Stapleton, 
(UCL, London)

Staphylococcus aureus (Oxford 
Strain)NCTC 6571

Hg®, negative control (www.phls.org.uk)

Staphylococcus aureus NCTC  
50581

Hg’’ , positive control (www.phls.org.uk)

Bacillus cereus RC607
Hg^, positive control for merA 
PCR

(Mahler ef a/., 1986)

Strains Studied

Enterobacter cloacae Ag703 Ag^ Amp* ,̂ Pen'’ , Ery'’ , Clin” From D. Spratt Collection, 
(EDI, UCL, London, UK)

E. c/oacae Agi 157 Ag” Amp”, Pen”, Ery”, Clin”
From D. Spratt Collection, 
(EDI, UCL, London, UK)

Enterococcus faecium 664.1 H I Hg”, Tet” , Sm” Donated by A. Summers, 
(Athens, Georgia, USA)

Enterococcus faecalis JH2-2 Rif” , recipient strain (Jacob and Hobbs, 1974)

Strains Used for Cloning and Filter Matings

Escherichia coli XL1- 
Blue MR

A(mcrA)183 A(mcrCB-hsdRMS-mn) 173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 
lac

Stratagene Ltd., 
(Cambridge, UK)

Escherichia coli JM109 F’ traD36 proA^B* lacP A(lacZ)M15/ 
A(lac-proAB) glnV44 e14  ̂gyrA96 recA1 
relA1 endA1 thihsdRU

Promega

Escherichia coli 
DH5aMCR

F  mcrA A(mrr-hsdRMS-mcrBC) 
80dlacZAM15 A(lacZYA-argF)U169 deoR 
recA1 phoA supE44 Z  thi-1 gyrA96 relAI

Gibco BrI, (Paisley, UK)

Bacillus subtilis CU2189 Recipient strain (Christie ef a/., 1987)

Listeria innocua LI 9 Recipient strain Donated by M. Teuber, 
(Zurich, Switzerland)

Table 2.1 A). Bacterial strains used during this study. Abbreviations: ”- resistant; ®- sensitive;

Ag- silver; Amp- ampicillin; Cam- chloramphenicol; Clin- clindamycin; Ery- erythromycin; Hg- 

mercury; Neo- neomycin, Pen- penicillin G and Tet- tetracycline.
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Plasmid or transposon Description Reference

Plasmids

Supercos 1 Cosmid vector Amp* ,̂ Neo'^, cosmid vector Stratagene Ltd

pUC-18 Amp" ,̂ cloning vector Invitrogen™ (Paisley, UK)

pBC SK+ Cam'’ cloning vector Stratagene Ltd

pGEM T-Easy Amp'’ , PCR cloning vector Promega

Transposons

EZ::Tn™<Tet-1>
Tet'’ , used as primer island 
for sequencing

Epicentre® (Cambio, 
Cambridge, UK)

Table 2.1B). Plasmids and transposons used during this study. Abbreviations; - resistant;

sensitive; Ag- silver; Amp- ampicillin; Cam- chloramphenicol; Clin- clindamycin;

Ery- erythromycin; Hg- mercury; Neo- neomycin, Pen- penicillin G and Tet- tetracycline.

2.4 Storage of bacterial strains

Strains were incubated in broths, containing the appropriate selective agents, at 37°C 

for 16 hours. These broths were then used to make up 20% glycerol stocks that were 

stored at -70°C.
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2.5 Agarose Gel Electrophoresis

DNA solution was mixed 5:1 with 6X blue/orange loading dye (Promega) and 

analysed by agarose gel electrophoresis (Sambrook et a/., 1989). In most gels SOOng 

of X SsfEII (Promega) DNA ladder was used as a size marker. Unless stated 

otherwise, gels were prepared at 1% agarose (Amresco, Ohio, USA) plus 0.5|ig ml'  ̂

ethidium bromide (Promega) in TAB buffer (tris base 24.2g \'\ glacial acetic acid 

5.7ml and EDTA 9.3g 1'̂  in 1 litre sterile H2O). The gels were run at a suitable 

voltage and length of time, dependant on the size of the DNA fragment. DNA was 

visualized and photographed using an Alphalmager UV transilluminator (at 320nm) 

and software (Innotech Corporation, Flowgen, Ashby de la Zouch, UK).

2.6 Antimicrobial Susceptibility Testing

The susceptibility of isolates to various antimicrobials was tested by an agar dilution 

method. The antimicrobial agent was incorporated into Mueller-Hinton agar. The 

range of antimicrobials tested is as follows: tetracycline, erythromycin, ampicillin and 

penicillin were tested at a range of concentrations from 0.008 to 512^ig ml'  ̂ with 

doubling dilutions; streptomycin was tested at 25, 250, 500, 1000 and 2000|ig m l'\ 

mercuric chloride was tested at a range of concentrations from 1 to 1024(j.M with 

doubling dilutions and silver nitrate was tested at 50, 100, 250, 600 and 1000|liM. The 

inoculum was standardised, to 0.5 McFarlens, in accordance with the criteria of the 

National Committee for Clinical Laboratories (NCCLS, 1993) and plated using a 

multipoint inoculator (Mast, Merseyside, UK). Isolates were incubated at 37°C for 16 

hours. The Minimum Inhibitory Concentration (MIC) was defined as the lowest 

concentration of the antibiotic that completely inhibited visible growth.
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2.7 Filter Mating

The protocol for filter mating experiments was derived from a protocol described by 

Roberts et al. (2001b). Donor and recipient strains were grown in separate 10ml BHI 

broths, containing the suitable selective agents, for twelve hours at 37°C shaking at 

200rpm. The incubated cultures were then spun at 1500g for 10 minutes. The pellets 

were resuspended in 1ml LB broth and lOOpI of donor and recipient were plated onto 

0.45pm nitrocellulose filters (Fisher Scientific, London, UK) on thick (40ml) BHI plates 

containing no selective agents and incubated for 16 hours at 37°C. The filters were 

then placed in pre-warmed 20ml universal bottles containing 1ml BHI broth and 

vortexed for 1 minute. The resuspended cells were plated, lOOpI per plate, on BHI 

agar containing the appropriate selective agents and incubated for 16 hours at 37°C. 

The number of donor and recipient cells on the filter was counted after serial dilution 

and the frequency of transfer calculated. Donor and recipients were plated separately 

onto BHI containing the antimicrobials used to select transconjugants, to determine 

the frequency of spontaneous mutation.

2.8 Isolation of Genomic DNA

Unless othen/vise stated genomic DNA was isolated using a PureGene Kit following 

the supplier’s instructions (Gentra Systems, Minneapolis, USA). Bacterial broths were 

incubated in appropriate media containing suitable selective agents for 16 hours at 

37°C shaking at 200rpm. DNA was isolated from 1ml of the cell culture. All 

centrifugation steps were carried out in a bench top microcentrifuge at 17000g. DNA 

was resuspended in DNA Hydration Solution for 16 hours at room temperature.
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2.9 Small Scale Enterococcal DNA Isolation Using Puregene™ DNA isolation Kit

Genomic DNA was isolated from Enterococcal strains as described in section 2.8 with 

the following alteration before alkaline lysis. Twice the recommended quantity of the 

lytic solution supplied with the kit was added (the lytic enzyme/s and its concentration 

is withheld by the suppliers) and 50)liI of mutanolysin (Sigma) at 10U 1̂'̂  (final 

concentration of 500U mM). This ensured full lysis of the cells.

2.10 Large Scale Isolation of Genomic DNA From Enterococcal Strains

Large scale isolation of genomic DNA was performed following a protocol derived 

from Sambrook et al. (1989). The enterococcal strains were grown in a 10ml LB broth 

plus appropriate selective agents, for 16 hours at 37°C, shaking at 200rpm. This broth 

was then used to inoculate a pre-warmed 250ml BHY (BHI + 5g Yeast extract 1'̂ ) 

broth. This was incubated at 37°C, shaking at 200rpm until it reached an ODeoo of 0.4, 

usually 2-3 hours. Glycine was added to final volume of 3% (7.5g) and incubated for a 

further hour at 37°C. The cells were centrifuged at 4000g for 10 minutes at 4°C 

resuspended in 30ml TE buffer (lOmM Tris-HCI, ImM EDTA at pH8 to a final pH of 

7.5). All centrifugation steps were performed in a Sorvall RC SB Plus centrifuge with 

GS-3, SS-34 and SLA-1500 rotors at 4°C (Kendro Laboratory Products, Connecticut, 

USA). The cells were transferred to a fresh centrifuge tube and recentrifuged at 

4000g for 10 minutes then resuspended in 2.7ml Tris-Glucose (50mM Tris-HCI and 

25% glucose). The cells were transferred to a sterile universal with the addition of 1ml 

mutanolysin solution (5000U ml'  ̂ in sterile H2O) and 3ml fresh lysozyme (Sigma) 

solution (lOmg mM in TES (50mM Tris-HCI, 5mM EDTA, 0.15M NaCI)). The solution 

was incubated for one hour at 37°C before the addition of 1 0)liI diethyl pyrocarbonate 

and 1ml EDTA (O.ImM, pH 8.5). This mixture was vortexed for 10 seconds and 

incubated on ice for 5 minutes. The mixture was heated to 65°C and 2.7ml of hot 

(65°C) 20% SDS was added slowly and mixed gently. The mixture was incubated at
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65°C for 30 minutes then cooled on ice for 5 minutes. 3ml of TES and 6ml chloroform: 

isoamyl alcohol (49:1) was added and mixed gently for 10 minutes then held on ice 

for 10 minutes. The solution was centrifuged at 8000g for 20 minutes. The aqueous 

phase was transferred to two sterile universels. Two volumes of pre-cooled 100% 

ethanol (at -20°C) were added to each of the universels. The DNA was spooled out 

using a sealed Pasteur pipette and dissolved in 8ml TES. RNase (Promega) (lOpI at 

Img mM) was added and incubated for 10 minutes at 37°C. Proteinase K (Promega) 

(50pl at lOmg ml'^) was added and incubated for 10 minutes at 37°C. Chloroform: 

isoamyl alcohol (10ml) was added and centrifuged as before. The aqueous layer was 

transferred and spooled as before. The DNA solution was chloroform: isoamyl 

alcohol-extracted a final time (in 10ml chloroform.isoamyl alcohol) and the aqueous 

layer transferred to a sterile centrifuge tube. Two volumes of 100% ethanol (at -20°C) 

were added and incubated for 1 hour at -20°C. The DNA solution was centrifuged at 

8000g for 20 minutes and the pellet washed with 20ml pre-cooled 70% ethanol (at - 

20°C). The solution was centrifuged at 8000g for 10 minutes then the ethanol 

removed. The pellet was left to air dry for 1-2 hours at room temperature then 

resuspended in a suitable volume of TE, usually 1ml.
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2.11 Plasmid Isolation

Unless otherwise stated plasmid DNA was isolated using QIAGEN® QIAprep Spin 

miniprep and midiprep Kits following the suppliers protocol (West Sussex, UK). 

Bacterial broths were incubated in appropriate media containing suitable selective 

agents for 16 hours at 37°C, shaking at 200rpm. Plasmid DNA was isolated from 1ml 

of the cell culture. All centrifugation steps were carried out in a bench top 

microcentrifuge at 17000g.

2.12 Plasmid Isolation From Enterococcal Isolates Using a QIAGEN® QIAprep 

Midiprep Kit

Plasmid DNA was isolated from enterococcal strains using a QIAGEN® QIAprep 

Midiprep Kit following the suppliers protocol with the following changes. A 10ml starter 

culture, in appropriate media with selective agent, was inoculated and incubated at 

37°C for 8 hours, shaking at 200rpm. A sample (0.3ml) of this culture was used to 

inoculate a pre-warmed 150ml broth (again in appropriate media with selective agent, 

pre-warmed to 37°C) and incubated for 16 hours at 37°C shaking at 200rpm. The 

cells were centrifuged at 1500g at 4°C for 10 minutes and resuspended in 12ml PI 

buffer (supplied with kit). Mutanolysin (0.6ml at 10 OOOU m l'\ final concentration of 

500U mM) and 0.6ml lysozyme (at lOmg ml'\ final concentration of 500)Lig mM) was 

added and the solution incubated for 1 hour at 37°C. The supplier’s instructions were 

followed from this point.

2.13 Restriction Digests and Ligation Reactions

DNA was digested using restriction enzymes from Promega following the supplier’s 

instructions. DNA was ligated using T4 DNA ligase (Promega) following the supplier’s 

instructions and incubated for 16 hours at 4°C unless otherwise stated.
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2.14 Preparation of Competent E.coli

Competent E. coli were prepared as described by Chung et ai. (1989). An LB broth 

(5ml) was inoculated and incubated for 16 hours at 37°C shaking at 200rpm. An 

aliquot (SOOpI) of this broth was used to inoculate 20ml LB broth, which was grown for 

1.5-2.0 hours to an ODeoo of 0.3-0.6. The cells were centrifuged at 1900g for 10 

minutes at 4°C in a refrigerated bench top microcentrifuge. The cell pellet was 

resuspended in 1ml TSB (LB +10% PEG, 5% DMSO, lOmM MgCb, and lOmM 

MgS0 4 ). The cells were incubated on ice for 10 minutes then dispensed into lOOfil 

aliquots on ice. These were stored at -70°C for up to 6 months.

2.15 Transformation of E. coli

DNA (100-1000pg) was added to lOOpI of competent cells and mixed gently. The 

cells were incubated on ice for 15 minutes. TSB (900pl) (see section 2.16) was added 

and the sample incubated at 37°C for 1 hour, shaking at 200rpm. Cells (lOOpI) were 

then plated on LB agar containing a suitable selective agent. The remaining cells 

were centrifuged for 1 minute at 17000G in a bench top microcentrifuge. The cells 

were then resuspended in lOOpI TSB and plated on selective LB agar.

2.16 Blue/White Screening Recombinant Plasmids

Recombinant plasmids containing inserts in the lacZ gene were transformed into E. 

coli JM109 and screened on LB agar containing appropriate antibiotic, the 

chromogenic agent 5-bromo-4-chloro-3-indolyl-(3-D-galactopyranoside (X-gal) at 

50mM and the lacZ inducer isopropyl-p-D-thiogalactoside (IPTG) at O.ImM. White 

colonies were analysed further.
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2.17 Oligonucleotide Primer Synthesis

Oligonucleotide primers were obtained from Sigma-Genosys (Cambridge, UK). The 

sequences of the primers used in this study are shown in appendix 1.

2.18 Standard PCR Protocol

Usually a master mix was made up for the required number of reactions then 

aliquoted into 50pl reactions. Each reaction contained: 1X PCR buffer; 1.5mM MgCl2; 

0.2mM dNTPs; 20pmoles of each primer; 0.8U Taq and 100-400ng of template DNA. 

The reaction was made up to SOpI with sterile H2O.

The Standard PCR program consisted of an initial 4-minute denaturing step at 94°C 

followed by 30 cycles of (1 minute at 95°C; 1 minute at 52°C and 1 minute at 72°C) 

then concluded with a 4-minute final elongation step at 72°C. The reactions were then 

cooled and held at 4°C. The annealing step (I minute at 52°C) was altered depending 

on the melting temperature (Tm) of the primers used. The Tm was calculated using the 

following equation: Tm= 2°C X (A+T) + 4°C X (G+C). The annealing temperature was 

derived as 5°C below the Tm of the primer with the lowest Tm. The elongation step (1 

minute at 72°C) was used for amplicons of <1.5kb. This was extended by 1 minute for 

every 1.5kb increase in amplicon length.

95



2.19 Standard DNA Sequencing PCR Protocol

Sequencing was performed using ABI BigDye Terminator Ready Reaction Mix (PE 

Biosystems) following the supplier’s instructions with the following changes. Each 

reaction contained: 2pl BigDye Terminator Ready Reaction Mix 1:4 diluted with 5X 

reaction buffer (400mM Tris-HCI, pH 9.0 and lOmM MgCW; Spmoles of primer; 200- 

400ng template DNA and made up to 7̂ 1 with sterile H2O. The cycle sequencing 

protocol consisted of 99 cycles of: a rapid thermal ramp to 95°C; 10 seconds at 95°C; 

a rapid thermal ramp to 50°C; 5 seconds at 50°C; a rapid thermal ramp to 60°C and 4 

minutes at 60°C. This was followed by a rapid thermal ramp to 4°C where the 

samples were held until ready to purify.

2.20 Purification of Sequencing Product

Sterile H2O (13^1), 3M NaAc (2|liI) and 100% ethanol (50pl, precooled to -20°C) was 

added to each reaction, these were mixed gently and held on ice for 20 minutes. 

Reactions were then centrifuged for 20 minutes at 17000g at 4°C in a refrigerated 

bench top microcentrifuge. The ethanol was removed by aspiration with a pipette and 

the reactions washed in 250|il 70% ethanol (precooled to -20°C) before centrifugation 

for 15 minutes at 17000g at 4°C. The ethanol was removed by aspiration with a 

pipette and the pellet dried for 5 seconds at 95°C. The reactions were then 

resuspended in 20 îl Template Suppression Reagent (PE Biosystems) and denatured 

at 95°C for 2 minutes. Reactions were then snap cooled on ice for 5 minutes before 

transferring to a sequencing tube. The reactions were run on a 310 ABI Genetic 

Analyser (PE Biosystems).

96



2.21 Sequence Analysis

All sequence was edited using Chromas 1.45 software (www.technelysium.com.au/ 

chromas.html) and analysed using DNAMAN 5.2.2 software (Lynnon Biosoft, Quebec, 

Canada).

Open reading frames (ORFs) were identified using DNAMAN 5.2.2 software and also 

via DNA and/or protein sequence homology using BLAST® 

(www.ncbi.nlm.nih.gov/BLAST/). In the absence of an ATG initiation codon, GTG and 

TTG initiation codons where present, were designated as putative initiation codons. 

Ribosome binding sites were identified as sequence with homology to the consensus 

Shine-Dalgarno Sequence “AAGGAGGA”. Sequence up to 20bp upstream of the 

initiation codon of each ORF was searched for this sequence.

Previously uncharacterised ORFs would not be identified from sequence using this 

method. Therefore, a search for ORFs encoding more than 25 amino acids was 

carried out using DNAman 5.2.2 software. Putative orfs lacking a possible ribosome 

binding site were discounted.
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2.22 Southern Blot Hybridisation

Southern blot hybridisation and labelling of probe was carried out using an ECL™ 

direct nucleic acid labelling and detection system kit (Amersham Life Science, Little 

Chalfont, UK) following the manufacturer’s instructions with some exceptions, as 

described below.

2.22.1 Gel Processing

The DNA in the gels was denatured, depurinated and the gel neutralised following the 

suppliers instructions.

2.22.2 Capillary blotting

DNA was transferred via capillary blotting following supplier’s instructions to Hybond 

N+ membrane (Amersham Life Science, Little Chalfont, UK). The blotting stack was 

left for 16 hours at room temperature.

2.22.3 Processing the blot

The blot was processed following the kit protocol and the DNA fixed via UV treatment 

using a UV Stratalinker 1800 (Stratagene, Amsterdam, Netherlands) following the 

manufacturer’s protocol.

2.22.4 Labelling DNA Probe

Labelling DNA probe was carried out using the ECL™ direct nucleic acid labelling and 

detection system kit (Amersham Life Science, Little Chalfont, UK) following the 

manufacturer’s instructions. DNA (lOOng in lOpI) was labelled as probe for each blot. 

In most blots 5-1 Ong of X BstEW (Promega) DNA in lOpI was also labelled in a 

separate reaction.
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2.22.5 Hybridisation and Stringency washes

Pre-hybridisation buffer was made as described in the supplier’s instructions. For 

small blots 0.25ml of pre-hybridisation buffer per cm^ of membrane was used, for 

large blots (> 80cm^) 0.125ml of pre-hybridisation buffer per cm  ̂ of membrane was 

used. Pre-hybridisation and hybridisation was carried out in sealed bags at 42°C in a 

Biometra 0V3 rôtisserie hybridisation oven (Luton, UK). The pre-hybridisation buffer 

was pre-heated to 42°C for one hour and the blots were pre-hybridised for one hour 

before the addition of probe. Blots were hybridised for 16 hours.

Blots were washed in plastic trays at 42°C, in the same hybridisation oven, for the 

primary washes. The blots were washed as described in the kit protocol, twice for 20 

minutes in pre-warmed primary wash buffer (6M Urea, 0.4% SDS and 0.5% 

SSC)(20X SSC= 0.3M Mas Citrate and 3M NaCI, at pH7.0). Primary wash buffer (2- 

5m per cm^ of membrane) was used for these washes. Stringency was varied by 

altering the SSC concentration of these washes, with 0.5% SSC being low stringency 

and 0.1% SSC high stringency. All blots were washed with primary wash buffer 

containing 0.5% SSC unless other wise stated. The blot was then transferred to a 

clean plastic tray and washed twice for 5 minutes with secondary wash buffer (2X 

SSC) at room temperature on a rotary shaker. Again 2-5ml of secondary wash buffer 

per cm^ of membrane was used for these washes.

2.22.6 Signal Generation and Detection

Signal generation was performed following the supplier’s instructions. Hyperfilm™ 

ECL™ film (Amersham Life Science, Little Chalfont, UK) was used to visualise the 

signal. This was generally exposed for 30 seconds, 2 minutes and 20 minutes before 

developing.
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Chapter 3

The Isolation and Characterisation Of Silver 

Resistant Bacteria From Teeth Containing 

Dental Restorations.

100



3.1 Introduction

Dental restorations consist of 35% Ag(0), 50% Hg(0) and 13% Sn(0) (Lorscheider et 

al., 1995b). The selection of silver resistant bacteria by these restorations has not 

been addressed and the isolation of silver resistant bacteria from the mouth has 

never been reported. In this chapter a collection of oral isolates was screened for 

resistance to silver and antibiotics. Silver resistant strains were isolated and the 

genes encoding silver resistance identified and mapped.

3.2 Methods

3.2.1 Isolation of Silver Resistant strains

A collection of bacteria isolated from eight extracted teeth was obtained from Dr D. 

Spratt (Eastman Dental Institute, UK)(Adib, 1999). The teeth were removed after 

persistent infection when attempts to restore previously infected dental restorations 

failed. Of the eight teeth: five contained ceramo-metal crowns; one contained an 

amalgam restoration; one contained a zinc-oxide based temporary restoration and 

samples from an eighth tooth lacking a dental restoration were taken as a control. 

None of the patients had received antibiotics in the previous 6 months. The patient 

and tooth details are given in table 3.1
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Tooth
Number

Type of Tooth Patient Age and Sex Type of Restoration

R1 Molar 26 year old female Ceramo-metal crown

R2 Molar 32 year old male Ceramo-metal crown

R3 Incisor 69 year old female None

R4 Molar 51 year old female Ceramo-metal crown

R5 Molar 43 year old male Amalgam restoration

R6 Molar 31 year old female Ceramo-metal crown

R7 Premolar 45 year old male Zinc-oxide based 

restoration

R8 Premolar 45 year old male Ceramo-metal crown

Table 3.1. Details of the extracted teeth and patient history from which the bacterial 

collection was isolated.

The collection was screened for silver resistance on MH agar containing 50pM, 

200pM, 300|liM and 500|liM AgNOa. Plates were incubated aerobically and 

anaerobically at 37°C for 24 hours.

The MIC of putative silver resistant strains was then determined as described in the 

Materials and Methods. Concentrations of AgNOa tested were: 0; SOpM; lOOpM; 

250)LiM; 600pM and lOOOpM.

Silver sensitive Staphylococcus aureus NCTC 6571 (Oxford strain) and 

Pseudomonas aeruginosa NCTC 10662 were used as negative controls. 

Pseudomonas stutzeri AG259 with an MIC of lOGOpM AgNOa was used as positive 

control (Donated by J.T. Trevors, University of Guelp, Canada).

3.2.2 Identification of Silver Resistant Isolates

Silver resistant isolates were identified using an API 20 E identification system 

(bioMériueux sa, Lyon, France) and sequencing of the16S rRNA gene (Lane, 1996).
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3.2.3 Antibiotic Resistance Screening

The antibiotic resistance profile of silver resistant isolates was determined using 

antibiotic disk diffusion on bacterial lawns grown on MH agar. Zones of inhibition were 

judged to be resistant according to British Society for Antimicrobial Chemotherapy 

(BSAC) guidelines (Andrews, 2001). Antibiotic sensitive E. coli NCTC 10418 was 

used as a negative control.

Antibiotics screened and the concentration of antibiotic per disk were: 

piperacillin lOOpg; trimethoprim 2.5|ig; gentamicin lOpg; ciprofloxacin 5pg; 

ceftazidine SOpg; ampicillin lOpg; erythromycin 5pg; clindamycin 2^g; cephaloridine 

5pg: tetracycline lOpg and penicillin G Ipg.

Resistance to HgCb was ascertained by streaking onto MH containing 40|iM of 

HgCl2

3.2.4 Identification and Mapping of Silver Resistance Determinants

The silE gene sequence is well conserved, with greater than 95% identity at the DMA 

level in all the s/7 opérons characterised (Gupta et a/., 2001).

PCR primers for the silE gene were derived from 5’ and 3’ primers used by Gupta et 

al., 2001 (Gupta et al., 2001). These were named silE/2F and silE/2R and used to 

screen by PCR genomic DMA from silver resistant isolates using the standard 

conditions described in the Materials and Methods.

3.2.4.1 Southern Blot Hybridisation with the silE probe

Southern Blot analysis was carried out on undigested and BamHI digested 

preparations of genomic DMA and plasmid DMA from silver resistant isolates. The 

PCR product produced with the sllE primers was gel purified using QIAquick® gel 

extraction kit (Qiagen®) and used to derive the silE probe.
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3.3 Results

3.3.1 Isolation of silver resistant bacteria

From 97 isolates screened, two were silver resistant. These were Enterobacter 

cloacae and were designated E. cloacae Ag703 and E. cloacae Ag1157. E  cloacae 

Ag703 was isolated from tooth number R2 which had a ceramo-metal crown and E  

cloacae Ag1157 was isolated from tooth number R5 which had an amalgam 

restoration. To confirm that E. cloacae are not intrinsically resistant to AgNOs, the 

MIC of AgNOa on E. cloacae strain 05 was determined (donated by P. Stapleton, 

School of Pharmacy, UGL, London)(table 3.2).

Isolate MIC of AgNOa

S. aureus NCTC 6571 250^iM

P. aeruginosa NCTC 10662 250pM

P. stutzeri AG259 lOOOpM

E. cloacae Ag703 lOOOjiM

E. c/oacae Agi 157 lOOOpM

E. cloacae strain 05 250^M

Table 3.2. Results of MIC of AgNOa on control and test isolates.

3.3.2 Antibiotic Resistance Profile

Resistance to ampicillin, penicillin G, erythromycin and clindamycin was observed 

from both E. cloacae Ag703 and Ag1157.

3.3.3 Identification of a Silver Resistance Gene

A 300bp ca PCR product was amplified from both strains. Sequence analysis 

revealed the product was homologous to the silE gene of pMGIOI (96% id over 

300bp). The SilE protein shares significant homology with an E. coli copper binding 

protein, PcoE (Silver, 1995). A multiple alignment of the predicted protein sequence 

from the E. cloacae PCR product with the predicted protein from pMGIOI silE and E.
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coli pcoE was performed. The predicted protein from the E. cloacae PCR product 

shared 84% identity with pMG101 SilE and 41% identity with the E. coli PcoE. An 

alignment of these DNA and protein sequences is given in appendix 2.

3.3.4 Location of silE gene

E. cloacae Ag703 and Ag1157 both contain the same plasmid profile (See gel in 

figure 3.1). This suggests they may be the same isolate. There are two smaller 

plasmids (marked by arrow A and B figure 3.1) and five faint bands running higher in 

the gel, some of which may be isoforms of the latter two plasmids. The silE probe 

hybridises specifically to one of these upper bands and not to the smaller plasmids in 

the uncut plasmid lanes (marked by arrow 0 figure 3.1). Suggesting silE is encoded 

on a larger plasmid. The faintness of this band suggests that this plasmid is not 

isolated in high concentrations by this method of plasmid isolation. The probe 

hybridises to a 4.8kb band c.a. in the BamHI digested DNA.

In both silver resistant isolates the same hybridisation pattern was observed in BamHI 

digested total genomic DNA as compared to BamHI digested plasmid DNA (figure 

3.1). This initially suggests the silE gene is encoded on extrachromosomal DNA in 

both isolates. However, in both isolates the hybridising band in uncut total genomic 

DNA ran slightly higher than that of uncut plasmid DNA. An explanation for this result 

could be that the plasmid DNA preparation is contaminated with chromosomal DNA. 

The extra manipulations involved in the plasmid preparation method, compared with 

the DNA preparation, may result in shearing of DNA fragments. The hybridisation 

observed in the uncut plasmid preparations may then be sheared chromosomal DNA. 

Probing this blot with a probe derived from the E. cloacae 16S rRNA gene would 

determine if these plasmid preparations are contaminated with chromosomal DNA. 

Whilst this has not been performed with this blot, it has with a Southern blot of E. 

faecium 664.1 HI genomic versus plasmid DNA preparations. Probe was derived from 

the 168 rRNA gene of E. faecium 664.1 HI. The results (not shown)
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E. cloacae  
A g703
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A g1157
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Figure 3.1. Southern blot hybridisation analysis of silver resistant isolates with silE probe. Agarose gel and Southern blot of undigested and BamHI digested 

genomic and plasmid DNA isolated from E. cloacae Ag703 and Ag1157. Hybridised with PCR amplified silE probe from E. cloacae Ag703. Positive control was 

1:20 diluted PCR amplified silE from E. cloacae Ag703. Arrows A and B highlight the two smaller plasmid bands present in the uncut plasmid lanes. Arrow C 

highlights the Upper plasmid band that probes positive for silE in the uncut plasmid lanes. Figures left of the gel refer to the size (in Kb) of the À SsfEII molecular 

weight markers.

Key To Lanes: G f  Genomic DNA P f  Plasmid DNA B f  BamHI digested + = Positive control of PCR amplified silE DNA
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showed that there was no observable chromosomal contamination in the plasmid 

preparations. Thus whilst these results suggest the silE gene is encoded on a 

plasmid in these isolates, a chromosomal location cannot be ruled out.

3.4 Discussion

This is the first time silver resistant bacteria have been isolated from teeth.

Silver resistant clinical isolates have been documented from numerous burns wards 

where silver sulfadiazine or silver nitrate was used as a topical antimicrobial (Annear 

et a/., 1976; Markowitz at a/., 1983; Hendry and Stewart, 1979; McHugh at a/., 

1975). Silver resistant isolates have also been recovered from respiratory 

specimens from patients with silver tracheotomy tubes (Hendry and Stewart, 1979). 

In all of these cases these organisms led to an outbreak leading to many deaths.

In many of these outbreaks organisms with multiple antimicrobial resistances were 

isolated (Markowitz at a/., 1983; McHugh at a/., 1975). Relevant to this work is a 

Salmonella typhimurium isolate that contains plasmid pMGIOI which encodes 

transferable resistance to silver nitrate (via the s/7 operon), mercuric chloride, 

ampicillin, chloramphenicol, tetracycline, streptomycin, and sulphonamide (McHugh 

at a/., 1975; Gupta at a/., 1999). pMGIOI is approximately 180kb and belongs to the 

incH incompatibility group of plasmids (Gupta at a/., 2001). These large conjugative 

plasmids encode multi-antibiotic resistance and are found widely in the 

Entarobactahacaaa (Gupta at a/., 2001). If, as these initial results suggest, silE is 

encoded on a plasmid in E. cloacae Ag703 & Agi 157, it would be of interest to 

determine if this plasmid belongs to the IncH group of plasmids.

Whilst E. cloacae Ag703 & Agi 157 were obtained from the site of an infection we 

cannot say if they were the causative agent. However, silver resistant E. cloacae 

have been isolated in numerous outbreaks as detailed in the introduction (Hendry 

and Stewart, 1979; Markowitz at a/., 1983). Twelve silver resistant E. cloacae
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isolates were isolated from an outbreak in a burn unit in 1976 and seven E. cloacae 

isolates from a later outbreak, 1982 (Markowitz et a/., 1983). Many of these isolates 

were also resistant to multiple antibiotics. A separate outbreak in a burn unit in 1979 

was the source of 10 silver resistant E. cloacae isolates all of which were also 

resistant to sulphonamides (Hendry and Stewart, 1979).

E. cloacae Ag703 & Agi 157 are resistant to antibiotics normally used to treat dental 

infections i.e. ampicillin and erythromycin (British Medical Association and Royal 

Pharmaceutical Society of Great Britain, 2002). This may have hindered effective 

treatment.

E. cloacae do not normally colonise the mouth and how these isolates came to 

colonise a tooth below a restoration has not been determined. It is possible that the 

isolate was introduced into the tooth during re-installation of the filling.

The collection records suggest that two different patients harbour, what appears to 

be, the same isolate. It is possible the patients came into contact with it via the same 

source, for example the same dentist. However, the collection records do not record 

details of where previous dental care was given.

3.5 Conclusions

This study shows that silver resistant bacteria can be isolated from teeth containing 

amalgam fillings. Both E. cloacae isolates were PCR positive for silE and it is 

assumed that silver resistance is mediated by the s/7 operon. Initial results suggest 

silE is encoded on extrachromosomal DNA in both isolates. Both isolates were 

resistant to multiple antibiotics.

Whether silver resistance is genetically linked to antibiotic resistance in these 

isolates and whether amalgam fillings select for silver resistance remain to be 

addressed.
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Chapter 4

Characterisation of the Genetic Basis for 

Mercury and Antibiotic-Resistance in 

Enterococcus faecium 664.1 HI
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4.1 Introduction

E. faecium 664.1 H1 was isolated from the gingiva of a cynomolgus monkey involved 

in a longitudinal study aimed at determining the effect of amalgam fillings on the oral 

and intestinal microflora (Summers et el., 1993). This study showed enrichment of 

mercury resistant oral and intestinal bacteria post-placement of amalgam dental 

restorations. Many isolates conferring transferable mercury resistance were shown 

to also co-transfer antibiotic resistance suggesting that the resistance determinants 

were genetically linked (Summers et a/., 1993). E. faecium 664.1 HI was originally 

identified as a biotype of E. faecium via biochemical tests and was described as 

resistant to mercury, streptomycin and tetracycline (Prof. A Summers, personal 

communication). An MIC of HgCl2 of 32pM for E. faecium 664.1 HI was determined 

before this work started (Pike et a/., 2002b).

As stated in section 1.4.2.2, there are numerous determinants that confer resistance 

to tetracycline in bacteria. These can be split into three groups: 1) Those associated 

with an efflux mechanism such as tet(A), (B), (0), (D), (E), (G), (H), (I), (J ), (L) and 

(Z) ; 2) those associated with a ribosomal protection mechanism fef(M), (O), (S), (Q) 

and (T): 3) and more rarely those associated with the production of a tetracycline- 

inactivating enzyme of which there is only fef(X) and tet{37) to date (reviewed by 

Chopra and Roberts, 2001; Diaz-Torres et al., 2003). In Gram-positive bacteria the 

most widespread tetracycline resistance determinant is tet{M) which is encoded on 

the conjugative transposon Tr\916.

Bacterial resistance to aminoglycosides such as streptomycin is most commonly 

associated with aminoglycoside modifying enzymes, see section 1.4.2.1. The 

cloning and sequencing of the E. faecium 664.1 HI streptomycin resistance gene, 

aadK, is detailed in chapter 5. The aadK gene is described in section 1.4.2.1.
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In this chapter the identification and antibiotic resistance profile of E. faecium

664.1 H1 were confirmed. Filter mating studies were carried out to determine if the 

resistance determinants of E. faecium 664.1H1 were transferable and possibly 

encoded on the same mobile elements. The merA gene and the tetracycline 

resistance determinant in E. faecium 664.1 HI were identified by PCR screening. In 

order to locate the mercury, tetracycline and streptomycin-resistance determinants 

and investigate their means of transfer, Southern blot hybridisation analysis was 

carried out on DNA from E. faecium 664.1 HI and from E. faecalis transconjugants 

described in this chapter.
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4.2 Methods

4.2.1 Verification of identity

The identity of the isolate was confirmed by Gram staining, sequencing of the 16S 

rRNA gene (Lane, 1996) and via various biochemical tests including:

Catalase/ oxidase test (Cowan and Steele, 1993);

Haemolysis on Columbia blood agar (Cowan and Steele, 1993);

Hydrolysis of hippurate and fermentation of raffinose (Using API rapid ID32 STREP 

(bioMérieux sa, Lyon, France);

Motility, by the hanging drop method (Cowan and Steele, 1993).

4.2.2 Verification of Antimicrobiai Resistance Profiie

MIC assays of: mercury; streptomycin; tetracycline; erythromycin; penicillin and 

ampicillin on E. faecium 664.1 HI were determined. The MIC of HgCb was tested 

using mercury resistant Staphylococcus aureus NCTC 50581 as a positive control 

and mercury sensitive S. aureus NCTC 6571 as a negative control. E. faecium

664.1 HI was also streaked onto Mueller-Hinton agar containing breakpoint 

concentrations of: AgNOs(500pM) and chloramphenicol (lOpg ml'^).
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4.2.3 Filter Mating Studies

Filter mating studies were carried out as described in Materials and Methods. 

Transfer of resistance was examined using mercury and tetracycline resistant E. 

faecium 664.1 H1 as the donor with rifampicin resistant E. faecalis JH2-2 as the 

recipient. Transconjugants were screened on Mueller-Hinton agar containing:

50pM HgCl2 (Hg) and 25 pg ml'  ̂ rifampicin (Rif) to select for mercury resistant 

transconjugants; or 12.5pg ml'  ̂ tetracycline (tet) and 25pg ml'  ̂ rifampicin to select 

for tetracycline resistant transconjugants; or 50pM HgCb, 12.5pg ml'  ̂ tetracycline 

and 25pg ml^ rifampicin to select for transconjugants that had received both 

resistance determinants.

To confirm E. faecium 664.1 HI was rifampicin sensitive and E. faecalis JH2-2 was 

mercury and tetracycline sensitive, the following negative controls were performed. 

LB broths of each strain were incubated for 16 hours at 37°C. An aliquot (lOOpI) 

from each overnight was plated on Mueller-Hinton containing either: Hg/Rif; Tet/Rif 

or Hg/Tet/Rif. These plates were incubated for 16 hours at 37°C.

4.2.3.1 Confirmation of Identification and Genotype

Putative transconjugants were identified via API rapid ID32 STREP identification 

system (bioMérieux sa, Lyon, France) and 168 rRNA gene sequencing (Lane, 

1996).

Putative mercury resistant isolates were screened by PCR with the merA/IF -  1R 

primer set (described in section 4.2.4.1).
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4.2.4 PCR Amplification and Sequencing of merA

4.2.4.1 Production of merA Oligonucleotide Primers

An alignment of merA from S. aureus pl258 and B. cereus RC607 was performed to 

identify conserved sequence (appendix 3 and figure 4.1). Two pairs of 

oligonucleotide primers: merA/IF & merA/IR and merA/2F & merA/2R were 

designed in regions of conserved sequence (appendix 3 and figure 4.1).

I.Okb 1.8kb

merA/1 R

B . cereus RC607 
merA gene.

B . megaterium MB1 
merA gene.

S. aureus p i 258
merA gene.

merA/1 F merA/2F merA/2R
Relative Position of 

Primers

Figure 4.1. Homology of merA genes in various Gram-positive isolates and 

relative position of oligonucleotide primers. Key: ^  = regions of homology >85%

and  = regions of homology <85%; 0 represents the beginning of the gene

and 1.8kb the 3’ end.

4 2.4.2 PCR and Sequencing of merA Product

PCR using the two merA oligonucleotide primer sets was carried out with genomic 

DNA from B. cereus RC607 and E. faecium 664.1 HI as template.

The PCR product was cleaned using QIAquick® PCR Purification Kit. The PCR 

products were sequenced using the primers used to amplify them.
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4.2.5 PCR Screen for the E. faecium 664.1 H1 Tetracycline Resistance 

Determinant

PCR primers specific for 14 tetracycline resistance genes have been previously 

reported and are listed in table 4.1 (Ng et al., 2001; Aminov et al., 2001). These 

primers were used in a PCR screen of E. faecium 664.1 HI genomic DNA. Plasmid 

DNA used as positive control template is listed in table 4.2. PCR product from 

positive reactions was cleaned using a QIAquick® PCR Purification Kit and 

sequenced using the PCR primers used to amplify it.

Tetracycline Resistance 

Gene
PCR Primer Set Amplicon Size (bp)

tet{A) tet(A)Fw & tet(A)Rv 210
tet{B) tet(B)Fw & tet(B)Rv 659
tet{C) tet(C)Fw & tet(C)Rv 418
tet{D) tet(D)Fw & tet(D)Rv 787
tet{E) tet(E)Fw & tet(E)Rv 278
tet{G) tet(G)Fw & tet(G)Rv 468
fef(K) tet(K)Fw & tet(K)Rv 169
tet{L) tet(L)Fw & tet(L)Rv 267
fef(M) tet(M)Fw & tet(M)Rv 406
tet{0) tet(0)Fw & tet(0)Rv 515
tet{S) tet(S)Fw & tet(S)Rv 667
tet{Q) tet(Q)Fw & tet(Q)Rv 904

fef(T) *1 tet(T)Fw & tet(T)Rv 169
te tm  *1 tet(W)Fw & tet(W)Rv 168

Table 4.1. Tetracycline resistance genes and their specific primer sets used in the 

PCR screen of E. faecium 664.1 HI. All primers were derived from (Ng et al., 2001) 

except *1 which were derived from (Aminov et al., 2001).
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Tetracycline 
Resistance Gene

Positive Control 
Plasmid/Isolate

Reference

fef(A)
tet{B)
tet{C)
tet{D)

pSL18
pRTII

pBR322
pSL106

(Guillaume et al., 2000)

tet{K) pAT102 (donated by P. Ccurvalin, 
Institut Pasteur, Paris, France)

te tm
tet{0)
fef(Q)
fef(S)
tet(T)
tet{\N)

pFD310 
pGEM-fef(O) 

pBT-1 
pAT451 

S. pyogenes A498 
pGEM-fef(W)

(Aminov et a!., 2001)

Table 4.2. The positive control template for each primer set used to screen for the 

tetracycline resistance determinant in E. faecium 664.1 H1.

4.2.6 Southern Blot Hybridisation Analysis of E. faecium 664.1 HI

4.2.6.1 Preparation of DNA

Total DNA was isolated using a Pu regene™ DNA isolation kit. Plasmid DNA was 

isolated using a QIAfilter Plasmid Midi Kit. DNA was digested with various restriction 

enzymes according to the manufacturer’s instructions.

4.2.6 2 Production of Probes

PCR products from the primer sets described in table 4.3 were cleaned using a 

QIAquick® PCR Purification Kit and used to derive probes.

Probe Primer Set Used
merA merA/1 F & merA/1 R
tet{S) tet(S)/Fw& tet(S)/Rv
aadK aadK/IF & aadK/IR

Table 4.3. Primer sets used to amplify merA, tet{S) and aadK probe.
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4.3 Results and Discussions

4.3.1 Confirmation of Identification

A Gram stain of E. faecium 664.1 H1 showed Gram-positive cocci. These were 

oxidase negative and catalase negative.

Sequence results from a total of 989bp of E. faecium 664.1 HI 168 rRNA gene were 

analysed using NCBI BlastN. It had the highest homology to E. casseliflavus (Score 

=1264 bits, E value 0.0) and E. gallinarum (Score =1248 bits, E value 0.0) 16S 

rRNA gene sequence. The sequence had lower homology with E. faecium 16S 

rRNA gene sequence (Score = 813 bits, E value 0.0). E. casseliflavus and E. 

gallinarum share 99.8% homology (Facklam et al., 2002). An alignment of the 16S 

rRNA gene sequence from E. faecium (strain CECT410T) and E. casseliflavus 

(strain LMG 10745) isolates taken from the NCBI database showed they shared 

95.9% identity over 1520bp. The 16S rRNA gene sequence of each species of 

bacteria is highly conserved. The identity of an isolate can thus be inferred by the 

homology of its 16S rRNA gene to the 16S rRNA gene of type strains. Based on 

sequence homology alone E. faecium 664.1 HI is more homologous to E. 

casseliflavus.

The identification was confirmed using the biochemical tests shown in table 4.4. 

From these results E. faecium 664.1 HI is more homologous to E. faecium.
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Test E. faecium
E.

casseliflavus

E.

gallinarum

E  faecium 

664.1 HI

Haemolysis al- ai- P a

Catalase test - + - -

Hydrolysis of hippurate - - + -

Fermentation of 

raffinose
- + + -

Motility - + + -

Table 4.4. Results of biochemical and motility tests carried out on E. faecium 

664.1 H1. The results are compared to expected results from E. faecium, E. 

casseliflavus and E. gallinarum type strains (Cowan and Steele, 1993).

Whilst the E. faecium 664.1 HI 168 rRNA sequence shares more homology to E. 

casseliflavus and E. gallinarum, E. faecium 664.1 HI is much closer to E. faecium 

phenotypically. Therefore speciating this strain is not straightforward. It is much like 

splitting isolates of the Streptococcus mitis group. This “super species” of 

streptococci are too close to easily speciate via 168 rRNA sequencing and are 

usually identified via a combination of biochemical tests or sequencing of the sodA 

gene (Poyart et al., 1998). Therefore it is appropriate to maintain the original 

identification and assume the strain is a biotype of E. faecium.
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4.3.2 Antimicrobial Resistance Profile

No growth was seen on media containing 500|iM silver or 10^g mi‘  ̂

chloramphenicol.

The MIC results are shown in table 4.5.

Antimicrobial E. faecium 664.1 HI MIC MIC judged to be resistant
Mercury 32jLiM 32pM

Streptomycin 2000|ig ml'^ >2000)ig ml'  ̂ = High Level 

^50|Lig ml^ = Low Level

Tetracycline 128)Lig mM 8pg ml'^

Erythromycin 0.5pg ml'^ 1 pg ml"'

Penicillin Ipg ml'^ 4pg ml"'

Ampicillin 2pg ml '' 8pg ml"'

Table 4.5. The MIC’s of mercury and various antibiotics on E. faecium 664.1 H1. The 

MIC of each antibiotic judged to be resistant was taken from the National Committee 

for Clinical Laboratory Standards guidelines for resistance in Enterococcus spp. 

(NCCLS, 2000).

These results confirm that E. faecium 664.1 H is resistant to mercury and high levels 

of both tetracycline and streptomycin.
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4.3.3 Transfer of Mercury and Tetracycline Resistance

E. faecium 664.1H1 was mated with E. faecalis JH2-2. Transfer of mercury 

resistance was estimated, from three filter mating studies, at 8 x 10 "̂ per donor cell. 

Transfer in the same order of magnitude was observed in ten further filter matings. 

Transfer of tetracycline resistance was estimated, from ten filter matings, at 1.3 x 

10 ® per donor cell. No mercury and tetracycline resistant transconjugants were 

isolated from a total of 1 x 10® donor cells. This indicates that tetracycline resistance 

is not encoded on the same mobile element as mercury resistance. There is no 

evidence that these elements transfer together into E  faecalis JH2-2, if they do it is 

at a frequency lower than 1x10 ® per donor cell.

No colonies of E. faecium 664.1 HI and E. faecalis JH2-2 were visible on the 

negative control plates.

The transconjugants were tested for resistance to the non-selected marker. All the 

mercury resistant transconjugants tested were resistant to streptomycin (at 250pg 

ml'^) and sensitive to tetracycline. The tetracycline resistant transconjugants were 

sensitive to mercury and streptomycin.

The identity of transconjugants was confirmed as E  faecalis JH2-2. Four mercury 

resistant, streptomycin resistant, tetracycline sensitive E. faecalis JH2-2 

transconjugants were isolated and selected for further study: Tmerl; TmerlS; 

Tmer21 and TmerSS (TmerSS was isolated from a previous filter mating (Ready D., 

unpublished data)). One tetracycline resistant, mercury sensitive, streptomycin 

sensitive E  faecalis transconjugant Ttet38 was isolated and used in further study.
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4.3.4 Amplification of merA from E. faecium 664.1 H1

Primer sets merA/1 F - 1R and merA/2F- 2R (see fig 4.1) produced amplicons of 

approximately 1.4kb and 800bp respectively from E. faecium 664.1 HI and B. cereus 

RC607 (figure 4.2).

BstEW

Primer Set 1 Primer Set 2

A B C A B C

2.3kb

1.9kb

1.2kb

700bp___

Figure 4.2. Amplification of merA E. faecium 664.1 HI. Agarose gel of PCR 

amplified merA product from B. cereus RC607 (lane B) and E. faecium 664.1 HI 

(lane 0) template using two primer sets. Negative control (lane A) did not contain 
any template DNA. Primer set 1 was merA/IF and merA/1 R, primer set 2 was 

merA/2F and merA/2R.

4.3.5 Sequence Results of E. faecium merA Amplicons

Sequence from merA/IF primer was homologous to merA of Bacillus sphaericus 

merA gene (ACCESSION Y10104) 85% over 120bp with an e value of 8e-15. 

merA/1 R primed sequence was homologous to Bacillus macroides merA 

(ACCESSION Y09906) with 81% ID over 233bp with an e value of 9e-27. 

Sequence data from merA/IF and merA/1 R primers is given in appendix 4.
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4.3.6 Southern Blot Hybridisation Analysis With merA Probe

4.3.6.1 Analysis of E. faecium 664.1 H1 and E. faecalis Tmer33 Genomic and

Plasmid DNA

In order to find the genetic location of the merA gene, genomic and plasmid DNA 

from E. faecium 664.1 H1 and the mercury resistant E. faecalis transconjugant 

TmerSS were subjected to Southern blot hybridisation with the merA probe (figure 

4.S, 4.4). Genomic and plasmid DNA from E. faecalis JH2-2 (the recipient) were 

used as negative controls. It should be noted that there are more bands in the 

plasmid DNA isolated from E. faecium 664.1 HI compared with plasmid DNA from E  

faecalis TmerSS (figure 4.S). This suggests that not all of the E. faecium 664.1 HI 

extrachromosomal elements have transferred to E. faecalis TmerSS.
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E. fat^niiim  E. faecalis   __E. faecalis
I I I JH2-2 11664.1 H1 I I JH2-2

G/H P P/H G G/H P P/H
TmerSS

G G/H P P/H

48.5kb

8.4kb

4.8kb

3.6kb

2.3kb

1.9kb

1.2kb

700b

Figure 4.3. Agarose gel of genomic and plasmid DNA preparations from E. faecium 

664.1H1, E. faecalis JH2-2, and E. faecalis TmerSS isolates. DNA was either undigested 

or H/ndlll digested. This gel was used in Southern blot analysis figure 4.4 

Key to lanes: G Genomic DNA P Plasmid DNA H Hin6\\\ digested
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48.5kb

8.4kb

4.8kb

3.6kb

2.3kb

1.9kb

E. faecium 
664.1 H1

G/H
ir

P/H

E. faecalis 
JH2-2

G/H P P/H

E. faecalis 
Tmer33

G/H P P/H

A)

B)

Figure 4.4. Southern blot of E. faecium 664.1 H1 and mercury resistant E. faecalis Trr\er33 transconjugant hybridised with merA probe.

Genomic and plasmid DNA preparations from E. faecium 664.1 HI, E. faecalis JH2-2, and E. faecalis TmerSS strains were either

undigested or Hin6\\\ digested. DNA was hybridised with XI BsfEII and E faecium 664.1 HI merA probe. Arrow A) depicts hybridised 

bands running higher than chromosomal DNA in the uncut DNA of E. faecium 664.1 HI and E. faecalis TmerSS. Arrow B) highlights 

the extra hybridised band in the Hin6\\\ digested genomic DNA of E. faecalis TmerSS.

Key to lanes: G Genomic DNA P Plasmid DNA H Hind III digested
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In undigested chromosomal and plasmid DNA from both E. faecium 664.1 H1 

and E. faecafis Tmer33 the same hybridisation pattern, with one exception, was 

observed. This hybridisation was seen to a fragment greater than 48.5kb (the 

top most band on the 7J BstEW ladder) that resolved at around the same level 

as chromosomal DNA. There was also hybridisation to a band running much 

higher than the chromosomal DNA (again >48.5kb depicted by arrow A) in 

figure 4.4), this band was not visible in E. faecium 664.1 HI undigested genomic 

DNA. This extra band most probably represents an isoform of an 

extrachromosomal element.

The same hybridisation pattern, again with one exception, was observed in 

Hind\\\ digested genomic and plasmid DNA from E. faecium 664.1 HI and E. 

faecafis Tmer33. Hybridisation was seen to two bands, one greater than 8.4kb 

and the other approximately 3.6kb. As the merA probe contains a Hind\\\ 

restriction site one would expect two hybridising fragments for each copy of the 

merA gene.

An extra band, running in the region of the chromosome was visible in the E. 

faecafis Tmer33 /-/indlll digested genomic DNA possibly due to partial digestion. 

However this extra band may represent an extra copy of merA in E. faecalis 

Tmer33 and is the subject of further analysis in section 4.6.6.3.

No hybridisation was observed to genomic or plasmid DNA from E. faecafis 

JH2-2.

The main observation from this analysis is that both mercury resistant isolates, 

E. faecium 664.1 HI and E. faecafis Tmer33, also contain merA strongly 

implying that mercury resistance is conferred via merA (and the mer operon). 

merA appears to be contained on extrachromosomal DNA in both isolates.
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4.3.6 2 Analysis of E. faecium 664.1 H1 and E. faecalis Tmerl, TmeriS and 

Tmer21 Genomic DNA

This analysis was performed to determine whether merA is encoded at the 

same locus in E. faecium 664.1 H1 and three mercury resistant transconjugants. 

Southern blot hybridisation was carried out on genomic DNA from E. faecalis 

Tmerl, TmeriS and Tmer21 transconjugants (figure 4.5). Genomic DNA was 

digested with EcoRI. There are no EcoRI sites present in the merA probe so a 

single hybridising fragment would be expected for each copy of merA. E. 

faecalis JH2-2 was used as a negative control.
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Figure 4.5 S outhern  blot analysis of E. faecium  664 .1  H1 and th ree  m ercury resistant transcon jugants  hybridised with merA  probe. Agarose gel & Southern blot 

of undigested and EcoRI digested genomic DNA from E. faecium 664.1 H I and E. faecalis JH2-2 mercury resistant transconjugants. Southern Blot is hybridised with E. 

faecium 664.1 H I merA Probe. The arrow A depicts the hybridised band running higher than chromosomal DNA in the uncut E. faecalis transconjugant DNA.

Key To Lanes

+=664.1 H I merA PCR product 3=JH2-2 undigested 6=Tmer1 EcoRI digested 9=Tmer21 Undigested

1=664.1 H I undigested 4=JH2-2 EcoRI digested 7=Tm er15 Undigested 10=Tmer21 EcoRI digested

2= 664 .1H1 EcoRI digested 5=Tmer1 Undigested 8=Tmer15 EcoRI digested
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Hybridisation to uncut genomic DNA is seen at the level of chromosomal DNA in E. 

faecium 664.1 H1 and in all transconjugants. Though this is very faint in the TmeriS 

uncut DNA, due to the low concentration of E. faecalis TmeriS DNA. Hybridisation is 

also visible to a band greater than 48.Skb, which resolves higher than the 

chromosomal DNA in the uncut E. faecalis Tmerl, and Tmer21 (shown by arrow A in 

figure 4.S). Its absence in the TmeriS lane again may be due to the low 

concentration of DNA loaded. The most likely explanation for this band is the 

presence of different isoforms of extrachromosomal DNA.

Some hybridisation is seen with uncut genomic DNA from E. faecalis JH2-2. This 

may be due to non-specific hybridisation.

Hybridisation was seen to a band, greater than 8.4kb, in the EcoRI restricted DNA of 

E. faecium 664.1 HI and all of the E  faecalis transconjugants. However an extra 

hybridising band is present in the E. faecalis Tmerl and TmeriS EcoRI digested 

DNA (again >8.4kb). This may be explained either; as non-specific hybridisation as 

also seen to the E. faecalis JH2-2 DNA or as the presence of an extra copy of merA 

in these transconjugants.

The main observation from this analysis is that hybridisation is seen to the same size 

band in all EcoRI digested DNA, suggesting merA is located at the same locus in E. 

faecium 664.1 HI and the three transconjugants. The presence of the hybridising 

band, represented by arrow A, implies that merA is located on extrachromosomal 

DNA in these transconjugants.
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4.3.6 3 Analysis of E. faecalis Tmer33 Genomic and Plasmid DNA Restricted 

with Various Enzymes

Previous results (section 4.3.6.1) suggest merA is located on extrachromosomal 

DNA and that transconjugant E. faecalis TmerSS may contain merA at multiple loci. 

In order to investigate this further, Southern blot hybridisation analysis of genomic 

and plasmid DNA of E. faecalis TmerSS cut with EcoRV, Stu\ and Xba\ was 

performed using the merA probe (which does not contain an EcoRV, Stu\ or Xba\ 

site) (figure 4.6). If merA were contained at multiple loci, multiple hybridising bands 

would be observed in restricted DNA. If merA were encoded on both chromosomal 

and extrachromosomal DNA then a difference would be observed between the 

hybridisation patterns of genomic and plasmid DNA.
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-Genomic-------
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Plasmid ,
R1 R2 Rs'

48.5kb
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1.9k
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8.4kb-
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-Genomic- Plasmid
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Figure 4.6. Agarose gel and Southern blot hybridisation of E. 

faecalis Tmer33 genomic and plasmid DNA preparations. DNA 

was digested with three different enzymes and probed with E. 

faecium 664.1 HI merA probe.

Key to Lanes: U uncut; R1 EcoRV; R2 Stu\ and R3 Xba\
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The merA probe hybridised to the same sized fragments in the genomic and 

plasmid DNA preparations digested with EcoRV (the fragment was greater than 

48.5kb) and digested with Xba\ (the fragment was greater than 8.5kb). This, plus the 

fact that single bands of hybridisation are seen in all of these lanes, strongly 

indicates that there is only a single copy of merA in the genome of E. faecalis 

Tmer33.

There are multiple bands present in the E  faecalis Tmer33 plasmid preparation. 

Only one of these hybridises with merA. This band is missing in the genomic 

preparation. This is most likely due to the nature of the preparation, which may not 

isolate low copy number plasmid DNA in high enough quantities.

It is possible that the element maybe integrating into the chromosome and the sites 

for the restriction enzymes used are all contained within the extrachromosomal 

element. However, the extrachromosomal element containing merA doesn’t seem to 

contain the Stu\ 6bp recognition sequence as it was not cut by Stu\. If this element 

was inserted into the chromosome a different hybridisation profile would be seen in 

the Stu\ restricted genomic DNA, which is not the case.

The main conclusion drawn from this analysis is that merA is contained at only one 

locus in E. faeca//s Tmer33.
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4.3.7 Identification and Location of the E. faecium 664.1 H1 Tetracycline 

Resistance Determinant

4.3.7.1 Identification of the Tetracycline Resistance Determinant

E. faecium 664.1 HI was PCR positive with the tet(S)/Fw / tet(S)/Rv primer set and 

negative with all the other primer sets (figure 4.7). Purified PCR product was 

sequenced using the tet(S)/Fw and tet(S)/Rv primers (sequence is given in appendix 

5). Sequence from tet(S)/Fw primer shared almost identical sequence at the 

nucleotide level (98% identity over 306bp, E value= e-154) with tet{S) gene of 

Listeria monocytogenes plasmid plP811 (Accession number; L09756) and the tet{S) 

gene of Lactococcus lactis plasmid pK214 (Accession number: X92946). Sequence 

from tet(S)/Rv primer also shared significant homology at the nucleotide level (99% 

identity over 116bp, E value= 2e-53) with the tet{S) gene of L. monocytogenes and 

the tet{S) gene of L. lactis plasmid pK214.

Q.
OO

tet{K) primer tet{L) primer tet{M) primer tet{0) primer tet{S) primer
set set set set set

-  664 +  - 664 +  ■ 664 +  - 664  

M E M F 'm g m r i

+  ■ 664

Figure 4.7. PCR screen of E. faecium 664.1 HI with primer sets specific for five 

different tetracycline resistance determinants. + Represents positive control 
template, - represents no template and 664 represents E. faecium 664.1 HI 

template
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4 3.7.2 Locating the Tetracycline Resistance Determinant

Genomic and plasmid DNA isolated from E. faecium 664.1H1, E. faecalis JH2-2, E. 

faecalis TmerSS and E  faecalis TtetSS was digested with Hin6\\\. This DNA was 

subjected to Southern blot hybridisation analysis with tet{S) probe to locate the tet{S) 

gene in the genome of E  faecium, 664.1 H1 and E. faecalis transconjugant TtetSS 

(figure 4.8 and figure 4.9). The tet{S) probe does not contain a Hin6\\\ restriction site. 

No bands were observed in the plasmid preparation from E. faecalis TtetSS (figure 

4.S). Hybridisation of the probe was observed only to genomic DNA from E. faecium 

664.1H1 and E. faecalis TtetSS. The probe hybridised to a fragment that resolved at 

the level of the chromosome in the undigested genomic DNA and to a fragment, 

approximately 4.Skb in size, in the Hin6\\\ digested genomic DNA from E. faecium

664.1 HI and E. /aeca//s TtetSS.

Both tetracycline resistant isolates, E. faecium 664.1 HI and E. faecalis TtetSS, 

contain the tet{S) gene whilst tetracycline sensitive E. faecalis TmerSS does not. 

This strongly suggests that tetracycline resistance in E. faecium 664.1 HI is 

conferred by the tet{S) gene product. The results of the hybridisation studies indicate 

that tet{S) is probably located on the chromosome of both E. faecium 664.1 HI and 

E. faecalis TtetSS. However, it could be encoded on a plasmid that was too large to 

be isolated in significant quantities with the method used.
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—  E. fdQCium  & jM M B  E. fdQCdHS
 ̂ I 664.1H1 II JH2-2

^  G G/H p  P/H G G/H

E. faecalis  
I I  Ttet38

£  faecalis  
Tmer33 n

P P/H G G/H P P/H G G/H P P/H

48.5kb—  

8.4kb-------

Figure 4.8. Agarose gel of genomic and plasmid DNA from E. faecium 664.1 H1, E. faecalis JH2-2, E faecalis TtetSS and E 

faeca//s TmerSS. DNA was either undigested or HindlW digested.

Key to lanes: G Genomic DNA P Plasmid DNA H Hin6\\\ digested
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E. faecium 
664.1 H1

E. faecalis 
I I JH2-2.  r

BstBl G G/H P P/H G G/H P P/H

E. faecalis 
Ttet38

i E. faecalis» 
Tmer33 n
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48.5kb

8.4kb
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#
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700b[

Figure 4.9. Southern blot analysis of E. faecium 664.1 HI, E. faecalis TtetSS and E. faecalis TmerSS with tet{S) probe. Genomic 

and plasmid DNA preparations from E. faecium 664.1 H1, E. faecalis JH2-2, E. faecalis TtetSS and E. faecalis TmerSS strains 

were either undigested or Hin6\\\ digested. The DNA was hybridised with X BsfEII and E faecium 664.1 HI tet{S) probe.

Key to lanes: G Genomic DNA P Plasmid DNA H Hin6\\\ digested
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4.3.8 Locating the Streptomycin Resistance Determinant {aadK) in E. faecium

664.1 HI

In order to locate the aadK in E. faecium 664.1 HI the same Southern blot used to 

locate the tet{S) gene (figure 4.9) was probed with E. faecium 664.1 HI aadK probe 

(which does not contain a H/ndlll restriction site)(figure 4.10). The resulting 

hybridisation profile is very similar to that seen when the merA probe is used 

(figure 4.4). The same hybridisation profile was seen in the genomic and plasmid 

DNA of E. faecium 664.1 HI and E. faecalis transconjugant TmerSS. In the plasmid 

DNA of both isolates there is a hybridising band significantly higher than 48.5kb 

(depicted by arrow A) in figure 4.10). In the Hin6\\\ digested genomic and plasmid 

DNA of E. faecium 664.1 HI and the E. faecalis transconjugant TmerSS, there is a 

hybridising fragment of greater than 8.5kb. Again an extra band was observed in 

the HindiWl digested genomic DNA from E. faecalis TmerSS (depicted by arrow B) in 

figure 4.10) which also was observed with merA probe (figure 4.4). As discussed in 

section 4.6.6.S, this initially suggests there is an extra copy of both merA and 

aadK. However, the hybridisation in figure 4.6 indicates there is likely to only be 

one copy of merA and that the extra hybridising band is probably due to incomplete 

Hin6\\\ digestion. Therefore the extra aadK hybridising band is also likely to be the 

result of incomplete Hin6\\\ digestion.

Both streptomycin resistant isolates (E. faecium 664.1 HI and E. faecalis TmerSS) 

contain aadK\ strongly suggesting streptomycin resistance is conferred via the 

aadK gene product. The cotransfer of mercury and streptomycin-resistance and 

the observed similarity between the merA and aadK hybridisation patterns 

suggests they are both contained on the same mobile element. The co-location of 

the mer operon and the aadK gene is investigated in chapter 5.
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E. faecium 
664.1H1 "

G/H P
—IF"
P/H G

E. faecalis E. faecalis
JH2-2 ...... - II---------  Ttet38

G/H P P/H G G/H P

E. faecalis 
- Tmer33

P/H G G/H P/H

" &ÎK

48.5kb

8.4kb

5.6kb

4.8kb

3.6kb

A)

B)

Figure 4.10. Southern blot analysis of E. faecium 664.1 H I, E. faecalis Ttet38 & E. faecalis TmerSS hybridised with aadK probe. Genomic & plasmid DNA  

preparations from E. faecium 664.1 H I, E. faecalis JH2-2, E  faecalis TtetSS & E. faecalis TmerSS were either undigested or Hind\\\ digested. The DNA  

was hybridised with E  faecium 664.1 H I aadK probe. Arrow A) depicts hybridised bands running higher than chromosomal DNA in the uncut DNA of E. 

faecium 664.1 H I and E. faecalis TmerSS. Arrow B) an extra hybridising band in the H/ndlll digested genomic DNA of E. faeca/zsTmerSS compared with 

HindWl digested genomic DNA of E. faecium 664.1 H I.

Key to lanes: G Genomic DNA P Plasmid DNA H Hind\\\ digested
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4.4 Conclusions

The original identification of E. faecium 664.1H1 appears to be the most appropriate 

classification. It is resistant to mercury, tetracycline and also encodes high-level 

resistance to streptomycin.

Mercury resistance in E. faecium 664.1 H1 is conferred by merA, streptomycin 

resistance by aadK. Both merA and aadK are located on a large transferable plasmid. 

Transfer of mercury resistance to E. faecalis JH2-2 is observed at relatively high 

frequencies.

Tetracycline resistance is conferred by tet{S) and is also transferable. tet{S) appears 

to be located on the chromosome of E. faecium 664.1 H1 and E. faecalis Ttet38. 

Tetracycline resistance is transferred to E  faecalis JH2-2 at a relatively low 

frequency.
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Chapter 5

Characterisation of the E. faecium 664.1 HI 

mer Operon and its Structural Support
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5.1 Introduction

The aim of the work described in this chapter was to obtain the DNA sequence of the 

mer operon and its genetic support.

5.2 Methods

5.2.1 Construction of Cosmid Library From E. faecalis Tmer33 Genomic DNA

The cosmid library was constructed using Supercos 1 Cosmid vector kit (Stratagene 

Ltd, Cambridge, UK) according to the manufacturer’s instructions with the following 

inclusions. Two partial digests were carried out on a total of 80|^g of E. faecalis 

TmerSS genomic DNA as follows: 40|ig of genomic DNA was digested with S.12 U of 

SauSAI in a total volume of 500^1; 40pg of genomic DNA was digested with 1.56 U of 

Sat/SAI in a total volume of SOOjul. Restriction digests were incubated at S7°C for 10 

minutes. The digested DNA was pooled and ligated with vector following the 

manufacturer’s protocol. DNA was packaged using Gigapack® III Gold Packaging 

Extract (Stratagene Ltd, Cambridge, UK). The cosmid packaging reaction was 

transfected into Escherichia co//XL-1 Blue MR (Stratagene Ltd, Cambridge, UK) and 

titered according to the manufacturer’s instructions. To calculate the average insert 

size of the library, 12 cosmid clones were EcoRI digested and their insert size 

resolved by agarose gel electrophoresis.

5.2.2 Screening SuperCos 1/ Tmer33 Cosmid Library

The cosmid library was plated on LB agar containing kanamycin at SOpg ml'  ̂ and 

colony blots produced according to the manufacturer’s instructions (Stratagene Ltd, 

Cambridge, UK). Hybond N+ circular membranes (Amersham Pharmacia Ltd, 

Buckinghamshire, UK) were used for the colony blots. DNA was autocrosslinked in a 

Stratalinker® UV crosslinker (Stratagene Ltd, Cambridge, UK).

Colony blots were screened using E. faecium 664.1 HI merA probe as described in 

section 4.2.6.2. Blots were washed at high stringency (0.1% SSC).
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5.2.3 Confirmation and Characterisation of Putative merA Positive Cosmid 

Clones

Cosmid DNA was isolated using Plasmid mini Kit (QIAGEN, Crawley, UK) and was 

PCR screened using primers merA/2F and merA/1 R, which are described in figure

4.1 and appendix 1 and 3.

Putative merA positive cosmids were sequenced with M4/F primer, which is internal 

to merA and T7 universal primer which fires out of the vector and into the insert. 

Cosmid DNA was digested with HincW to estimate the insert size.

5.2.4 Subcloning Cosmid Clones into pUC18

Cosmid and pUC18 DNA was restricted with EcoRI. pUC18 was treated with calf 

intestinal alkaline phosphatase (CIAP) (Promega, Madison Wl, USA) according to the 

manufacturer’s instructions. Manipulated DNA was purified using a QIAquick® PCR 

Purification Kit (QIAGEN, Crawley, UK) according to the manufacturer’s instructions. 

Cosmid and pUC18 DNA were ligated together using T4 DNA ligase (Promega, 

Madison Wl, USA) according to the manufacturer’s instructions. Ligation reactions 

were incubated for 16 hours at 4°C.

Competent E. coli XL-1 Blue MR were produced as described in the Materials and 

Methods. Ligated DNA was transformed into E. coli XL-1 Blue MR as described in 

Materials and Methods. Cells were plated on LB containing: 40pg ml'  ̂ X-Gal; 0.1M 

IPTG; 100pg ml'  ̂ampicillin and incubated at 37°C.

5.2.5 Screening for merA Positive Subclones

Plasmid DNA from putative clones was isolated using a QIAprep® Miniprep kit 

(QIAGEN, Crawley, UK) according to the manufacturer’s instructions.

To estimate insert size plasmid DNA was digested with EcoRI and Hin6\\\.

Plasmid DNA was subjected to a PCR screen with the merA/2F and merA/1 R primers 

described in figure 4.1.
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5.2.6 Further subcloning into pBC SK+

Further subcloning to pBC SK+ (Stratagene Ltd, Cambridge, UK) was performed. 

Both plasmids were digested with HincW and pBC SK+ was treated with calf intestinal 

alkaline phosphatase (CIAP) (Promega, Madison Wl, USA). The digested DNA was 

purified using a QIAquick® PCR Purification Kit (QIAGEN, Crawley, UK) and ligated 

using T4 DNA ligase (Promega, Madison Wl, USA). Ligation reactions were 

incubated for 16 hours at 4°C. Ligated DNA was transformed into E. coli JM109 

competent cells, subcloning efficiency (>10^ CFU/pg)(Promega, Madison Wl, USA) 

according to the manufacturer’s instructions. Cells were plated on LB containing: 

40fig mM X-Gal; 0.1M IPTG; 20|Lig ml'  ̂chloramphenicol and incubated at 37°C for 16 

hours.

5.2.7 Sequencing Strategies

Subclones were sequenced using an EZ::Tn™ <Tet> Insertion Kit (EPICENTRE®, 

Cambio, Cambridge, UK) using the primers supplied and according to the 

manufacturer’s instructions.

Nested deletions of pBC subclones were produced using an Erase-a-Base® System 

(Promega, Madison Wl, USA) according to the manufacturer’s instructions. pBC SK+ 

subclones were digested with Sad to produce exonuclease III resistant 3’ overhangs 

and BamHI to produce exonuclease III sensitive 5’ overhangs. These clones were 

sequenced using the T3 primer, which fires out of the pBC vector into the insert.

Gaps in the sequence were closed via primer walking.

Sequence alignments and subsequent phylogenetic analysis were performed using 

DNAMAN 5.2 software. The distance matrix (relatedness between sequence) was 

calculated using the observed divergence method. Phylogenetic trees were 

calculated and confirmed after 10000 bootstrapping trials using the same software.
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5.3 Results and Discussion

5.3.1 Isolation of merA Positive Cosmid clone pPPMA153

A cosmid library with an average insert size of 20.6kb and a titer of 4.4 cosmids lui'̂  

was produced. Screening this entire library would give 6.6-fold coverage of the E. 

faec/um 664.1 H1 genome.

The merA probe hybridised to 19 out of 300 colonies screened.

DNA from 15 of the 19 hybridising colonies was PCR positive for merA. Two clones, 

pPPMA19 and pPPMA153 were partially sequenced with merA primer M4/ F. Both 

clones contained sequence homologous to Bacillus megaterium MB1 merA. Plasmid 

pPPMA153, with an insert size of approximately 30kb, was selected for further study 

(figure 5.1)

À BstEW pPPMA153 lOObp

8.4kb — 

5.7kb — 

3 .6kb-

2.3kb — 

1.3kb —

700b —

is

Figure 5.1. Agarose gel of HincW digested pPPMA153 cosmid DNA. DNA was 

run against X BstE II and lOObp ladder.
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5.3.2 Production of pUC18 Subclone pPPMIOS

A diagram of the subcloning strategy is shown in figure 5.4. One merA positive 

subclone, pPPM105, was obtained from EcoRI-restricted pPPMA153 DNA ligated 

into pUC18. Hin6\\\ digest of pPPM105 produced four fragments of: 6.5kb; 4.5kb;

3.1 kb and 2.5kb (figure 5.2A). A Hind\\\ and EcoRI double digest cut the 3.1 kb 

fragment into a 2.6kb and a ~500bp fragment. This shows that the 3.1 kb fragment 

was the pUC18 backbone plus an approximately 500bp fragment of the insert. The 

insert was thus estimated at 14.0kb. A restriction map is given in figure 5.2B.
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PPPM105 I  BstEW PUC18 pPPM105 
H/ndlll H/ndlll H/ndlll / EcoRI

8.4kb

5.7kb

3.6kb

2.3kb

1.3kb

700b

Figure 5.2A. Agarose gel of pUC18 

and PPPM105 DNA. pPPM105 DNA 
was Hind\\\ digested and Hind\\\ / 

EcoRI double digested. The DNA 

was run against X BstEW ladder.

H / n d l l l

EcoRIEcoRI 3.2kb
SOObj

HindW

2.5kb pPPM105
6.5kb

4.5kb
H/ndlll

H/ndlll

^40bp

Figure 5.2B. A restriction map of pPPM105. HindWl and EcoRI restriction sites are 

shown. The pUC18 backbone is shown as the hatched box. Distances between 
restriction sites are given with lines with circled ends delineating each fragment.
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5.3.3 Subcloning pPPMIOS

A diagram of the subcloning strategy is shown in figure 5.4. pPPM105 was restricted 

with HincW which yielded six visible bands of approximately 6kb, 3.9kb, 1.8kb, 1.6kb, 

1.4kb and 1.1 kb (Figure 5.3). The 3.9kb, 1.8kb,1.4kb and 1.1 kb were sub-cloned into 

pBC SK+. The 6kb fragment represented the linearised pUC18 backbone plus a 

3.3kb insert. This was self-ligated to recircularise the plasmid, resulting in a deletion 

of approximately 8kb. The sub-cloned 1.8kb, 1.4kb and 1.1 kb fragments were 

sequenced via primer walking. The sub-cloned 4kb fragment was sequenced after 

constructing nested deletions. The 3.3kb fragment in pUC18 was sequenced using 

the EZ::Tn™ <Tet> Insertion Kit.

X BsiEW pPPMIOS

8.4kb

5.7kb

3.6kb

2.3kb

1.3kb

700b

Figure 5.3. HincW digested pPPMIOS run against A, BstEW ladder
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cosmid clone

pPPMA153
30kb

EcoRI digested

zzzzzza-

14kb Fragment cloned into 
pUC18

PPPM105
14kb

HincW digested

Z Z Z Z Z Z J -

i

Linearised pUC18 backbone plus 3.4kb of insert

i
pUC18 Religated with insert

i
Fragments cloned into pBC SK+

3.9kb 1.8kb © 3.4kb

Figure 5.4. Diagram of the subcloning strategy from cosmid clone pPPMA153. 

pPPMA153 was EcoRI restricted and ligated into pUC18. A 14kb insert was cloned 

and designated pPPM105. pPPM105 was HincW restricted to yield five fragments and 

the linearised pUC18 backbone still attached to 3.4kb of the original pPPM105 insert 

which was recircularised. Four of the five remaining fragments were cloned into pBC 

SK+ vector. Hatched boxes represent vector DNA. Thin black lines represent insert 

DNA. The size of the insert cloned is given in kb inside each clone
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5.3.4 Sequence Analysis of the Region of pMER1 Encoding the mer Operon

The 14.0kb pPPM105 insert was sequenced to triple coverage in both directions. The 

sequence is AT rich (66% AT). Twenty open reading frames (ORFs) were identified 

(fig 5.5 and table 5.1). As described later in this chapter the mer operon is encoded 

on a plasmid, which was designated pMERI. The sequence was submitted to the 

NCBI GenBank database (www.ncbi.nlm.nih.gov/Genbank/index.html) and assigned 

accession number AY351675.

A search for rho-independent transcriptional terminators was carried out in the 

intragenic regions by looking for stem-loop secondary structures upstream of any 

significant runs of T’s, four or more, in the respective sense strand. No transcriptional 

terminators could be identified.
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End of pRE25 
Q_ homology

merA

IRR2

aadK

955bp

lO O O b p

IR R1

IS fO insertion

Figure 5.5. Diagram  of the region of pMER1 encoding the m er operon. O R Fs with homology to sequences on the NCBI database were nam ed  

after their respective homologue. O R Fs that did not have any homologues were nam ed orf2 and orf10. The arrows indicate the direction of the 

ORFs. Predicted functional O R Fs encoding an initiation codon and a ribosome binding site are coloured blue. Predicted dysfunctional or 

truncated O R Fs are coloured red.
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ORF Nucleotide Identification via %AA Putative Accession
Position on 
pPPMIOS 
insert 5’ -> 3’

highest homology identity/
similarity

RBS number

1 71 922 aadK 63 82 AGGAG X92945
2 1448 1362 Uncharacterised AGGA
3 1575 1763 Putative repressor 

protein
50 76 AGG NC_000868

4 1852 2331 Polypeptide
deformylase

57 74 AAG NC_003995

5 2832 3332 Putative
acetyltransferase

51 69 AGGAG NC_003995

6 3459 4643 BIt-like multidrug 
efflux protein

33 54 GAGG BAA12355

4673 4680 DR
4681 4706 IRL1

7 4894 5292 merR 63 79 AAG P22853
8 5309 5527 merF 57 64 AAGGA AAD23774
9 5534 5830 merT 39 66 AAG BAA86115.1
10 5837 5989 Uncharacterised AGG
11 6011 6157 merP fragment 31 60 GAG CAA77322.1
12 6193 7830 merA 78 87 AGGAGG CAC14663
13 8074 9393 ISL3-like tnpA 46 67 AAGGA AAL02177

9394 9401 Imperfect DR-2
9402 9426 IRR2

14 9953 9513 Small multidrug export 
protein

23 49 GGAGGT BAB04893

15 10563 9988 Putative TetR-like 
regulator

29 48 AAGGA NC_003995

16 10873 11118 Truncated (C-terminal 
end) ISL3 tnpA

38 54 AGG AAL02177

11119 11126 Imperfect DR-2
11127 11151 IRR1
11152 11159 DR

17 11340 11854 ATP-GTP binding 
protein

34 52 AGGAG AAO50152

18 13042 12476 0/739 of pRE25 93 93 AAGGAG X92945
19 13470 13105 0/738 of pRE25 100 100 AAG X92945
20 13954 13502 0/737 of pRE25 83 88 X92945

Table 5.1. Positions of putative ORFs and features in the sequence in the merA region of 

pMERI (Accession AY351675). The percentage identity/ similarity of predicted 

proteinsto the nearest homologue is given.

Key: * The 5’ end of orf37 was not cloned or sequenced.
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5.3.5 The mer Operon is Linked to a Streptomycin Resistance Determinant

The first ORF at the 5’ end of the pMER1 sequence is 851 bp long it is not 

homologous to any genes in the data base at the DNA level but encodes a predicted 

protein of 284 residues, which is homologous (63% identity and 82% similarity) with 

an aminoglycoside 6-adenyltransferase, AadK, found on two E. faecalis plasmids, 

pEF418 and pRE25 (Accession AF408195 and X92945) and the chromosome of 

numerous B. subtilis strains (61% identity and 81% similarity).

AadK has been shown to confer streptomycin resistance in E. faecalis RE25 

(Schwarz et a/., 2001) and in B. subtilis (Noguchi et al., 1993).

This sequence data confirms the results of the Southern blot hybridisation studies 

with the aadK probe in chapter 4 as streptomycin and mercury-resistance are 

genetically linked on the same mobile element, pMERI, in E. faecium 664.1 HI.

5.3.6 pMERI Encodes a Novel mer Operon

The mer operon consists of merR, merF, merT and merA. The merR, merF and merT 

open reading frames showed no significant homology at the DNA level to previously 

sequenced genes. Each ORF is discussed in more detail below.
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5.3.6.1 The Regulatory Gene of the mer Operon, merR

The predicted M erR  protein was homologous (63%  ID over 124 residues) to the 

M erR I of B. cereus  R C 607 (Accession P 22853) and Clostridium butyricum  

(Accession BAA86113). All four cysteines, required for activity are conserved at the 

appropriate positions (figure 5.6).

pMERl 1 MIYRISEFAEKCGVNKETIRYYERKNLLQEPHRTEAGYRIYSYDDVKRVGFIKRIQELGF
I :  I I :  I :  I :  I I I  I  I  I  I I I  I  I I  I I .  I :  .  I I .  I  I  I I  I  I :  I  I  :  .  I  .  I  :  I  I I I :  I I I  I  I 

RC607 1 MKFRIGELADKCGVNKETIRYYERLGLIPEPERTEKGYRMYSQQTVDRLHFIKRMQELGF

pMERl 61 SLNEIYKLLGVVDKDEVRCQDMFEFVSKKQMEVQKQIEDLKRIETMLDDLKQRCPDEKSL
. 1 1 1 1  I I  I I I I  I :  I  I .  :  I  .  I I :  :  I .  I :  :  I :  .  I I  I I I  I I I I I  I I I :  I I  I  :  :  I .  :  

RC607 61 TLNEIDKLLGVVDRDEAKCRDMYDFTILKIEDIQRKIEDLKRIERMLMDLKERCPENKDI

pMERl 121 HACPIIETLIEEE 
.  I I I I I  I I  :  .  .

RC607 121 YECPIIETLMKK.

Figure 5 .6. DNAM AN alignment of the predicted M erR  proteins of p M E R I and B. 

cereus  R C 607 m erR1. The four conserved cysteine residues are shaded. I depicts 

identity, : depicts highly chemically similar amino acids and . depicts amino acids with 

lesser chemical similarity.
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S.3.6.2 The MerR Operator/ Promoter is Conserved in pMER1

The M erR protein binds a region of dyad symmetry within the spacer region of the - 

10, -35  promoter region of the m er operon (detailed in section 1.8.6). The sequence  

of the m er  O /P  is highly conserved and required for M erR  regulation of the m er  

operon. In Gram -positive bacteria the m er  O /P  is upstream of the m erR  gene and so 

controls transcription of the whole m er operon (Sum m ers, 1992).

The m erR  -1 0 ,  -35  region of p M E R I is highly homologous to that of B. licheniformis  

FA 6-12, B. cereus  R C 607,and  B. m egaterium  MB1 m erR1  (figure 5.7).

The p M E R I m erR  -1 0 , -35  region showed very limited homology to that of S. aureus  

pi 1258 (36 .5%  over 51 bp).

RC 6 0 7 TTTACCCTGTACTAAGGTACGTGGTTTATGCTGTAA
MB1_MERR1 TTTACCCTGTACTAAGGTACGTGGTTTATGCTGT
FA6-12 TTgACCCTGTACTAtGGTACagGGTTTATaaTtTAt
pMERl TTgACCgTGTACTAtGGTACacGGTTTATaaTaT t

RC607 GTGAGGTGAGACGT
MBl MERRI
LICHENIFORMIS aTGAGGTGAGAtag 
pMERl aTGgGGTGAaAtaag

Figure 5.7. Multiple alignment of the m erR  operator/ promoter regions from B. cereus  

R C 607 (Accession BAB62433), B. licheniformis  FA 6-12 (Accession C A C 14663), B. 

m egaterium  M B l m erR1  (Huang et al., 1999a) and p M E R I. Putative RN A  

polym erase recognition hexam ers are shaded. The M erR  binding palindromic  

sequence is written in bold. Putative ribosome-binding sites are underlined. Lower 

case letters denote nonmatching bases.

The p M E R I m erR  O /P  region contains the conserved M erR  binding sequence. The  

gap region between the - 1 0  and - 3 5  sequences is 20bp long, as seen in all G ram - 

positive m erR  O /P  regions. The -1 0 , -35  sequences w ere derived via homology to 

those determined from the B. m egaterium  m erR 1  O /P  (Huang et al., 1999a). The  

predicted M erR  protein and the m erR  O /P  region contain all the necessary elem ents  

required for regulation and expression of the m e r operon.
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5.3 6.3 Both Transport Proteins Appear to be Dysfunctional

The predicted p M E R I M erF protein was homologous (57%  ID over 64 residues) to 

the M erF of E. coli isolate 1312A  (Accession A A D 23774) Figure 5.8. The predicted  

M erF protein of pMER1 is 72 residues; this is shorter than the M erF of E. coli 1312A, 

which is 81 residues. More importantly, it lacks the second pair of conserved cysteine 

residues required for function. The first pair of conserved cysteines is also incomplete  

with the second cysteine replaced by a tryptophan residue. The fact that the two 

cysteine pairs are normally conserved in M erF would suggest that the p M E R I M erF  

is dysfunctional.

pMERl 1 MKHKKTFI.AGLIGTFLVLLCWATPILVILLGTLGLGAITGYLDFVLIPVLAVFLSLTFY
I I . .  I I :  :  .  :  :  I I  I I I  I I  I I  :  I I  I I I  I .  :  I  I :  I :  I I I I I :  I I :  I .  I  I :  I  :  :  I  I :  I 

1312A 1 MKDPKTLLRVSIIGTTLVALCCFTPVLVILLGVVGLSALTGYLDYVLLPALAIFIGLTIY

pMERl 60 AYSKYEKSHK..NKKM.....

1 3 1 2 A  61 AIQRKRQADACCTPKFNGVKK

Figure 5 .8. Alignment of the predicted M erF proteins of p M E R Ia n d  E. coli 1312A. 

The four conserved cysteine residues are shaded. I depicts identity, : depicts highly 

chemically similar amino acids and . depicts amino acids with lesser chemical 

similarity.

The predicted pMER1 M erT showed homology (39%  ID over 96 residues) to the  

M erT of Clostridium butyricum  (B A A 86115.1) and B. cereus  R C 607 (Accession 

B A B 62431) Figure 5.9. The conserved cysteine pair is absent from the M erT of 

p M E R I. W hilst the first cysteine is present the predicted protein is truncated to 20  

residues. Again this would suggest that the M erT protein is dysfunctional in Hg^^ 

binding.
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pMERl 1 MKERVVAIASMFSAFLASLC*IGLAILIPLGLSGLAGTLAVTFAPYRIWFIVITVVMLSF

RC607 1
|||.| ..I..IIII. . 1 >1 ||{||||.|.[|..[. ' I 1 ' » 1 
MKEKVSQVATVFSAFVMAGCCLGPLILIPLGLTGFAGAIAFYSLKYRLLFSIVTIVLLAY

pMERl 60 AHLLVWKQKNSSKKTKKLLWVSTIVSGVMLIYTLFSQGI

R c 60 7 61 SFYMVYGRKGKRKSSVIGLWITTFLVFTMFLFLFSVES.

Figure 5.9. Alignment of the predicted M erT proteins of pMER1 and B. cereus  

R C 607. The conserved cysteine pairs are shaded. The point where the protein is 

predicted to be truncated in pMER1 is represented by * .  I depicts identity, : depicts 

highly chemically similar amino acids and . depicts amino acids with lesser chemical 

similarity.

It is possible that the pP P M 105 clone isolated was an atypical mutant that contained  

abhorrent transport proteins. To confirm that the m erF  and m e rT  sequence was  

common throughout E. faecium  664.1 H1, the m erF  and m e rT  O R Fs w ere amplified 

from E. faecium  664.1 H I genom ic DNA and resequenced. m erF  was amplified using 

m erR /3F  and m e rF /IR  primers and sequenced with the m e rF /IR  primer; m erT  was  

amplified using m e rT /IR  and R2 primers and sequenced with the m e rT /IR  primer. 

The binding sites of these primers are shown in figure 5.10. The sequence encoding 

the dysfunctional regions of M erF and M erT  was confirmed to be present in E. 

faecium  664.1 H I.

merR/3F m erT/IR

merR merF merT merA

m e rF /IR R2

Figure 5 .10. Diagram  of binding sites of primers used to amplify and sequence m erF  

and m e rT  from E. faecium  664.1 H I .  Block arrows denote O R Fs and their 

orientation. Line arrows denote primer binding sites and their orientation.
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5.3.6 4 The MerA is Homologous to the Bacillus Group of MerA’s

The merA from pMER1 shared homology at the DNA level with the merA of 

numerous Bacillus spp., a Exiguobacterium sp. merA and a C. butyricum merA. The 

highest homology (89.6% ID over 1638bp) was to the merA of B. macroides TC47-5 

(Accession Y09906) and B. megaterium MK64-1 (Accession Y09907).

The predicted MerA protein sequence showed the greatest homology (78% over 546 

residues) to B. licheniformis FA6-12 MerA (Accession CAC14663). A multiple 

alignment of the predicted MerA sequence from B. cereus RC607 (Accession 

BAB62433), C. butyricum (Accession BAA86117), B. megaterium MK64-1 (Accession 

CAA71040), B. licheniformis (Accession CAC14663), pMER1 and S. aureus pl1258 

(Accession AAA98245) was performed (figure 5.11).

The four cysteine residues and the two tyrosine residues involved in Hg^* binding and 

reduction are conserved. Thus the predicted MerA of pMER1 contains all the 

elements required to be functional.

A phylogenetic tree of observed divergence (figure 5.12A) shows that the MerA of 

pMERI is more closely related to the MerA of the Bacillus group of MerAs. The 

divergence quantified in a homology tree (figure 5.12B) shows that whilst the MerA 

shares 78% homology to B. licheniformis MerA, it also shares 69% homology to the 

MerA of S. aureus. Therefore it is the most diverged MerA of the Bacillus group and 

the most closely related member of this group to the MerA of S. aureus pl1258.
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5.3.6 5 A MerP Artifact

The MerA of B. cereus RC607, C. butyricum and B. megaterium MK64-1 encode two 

MerP-like N-terminal domains. The MerP protein being a mercury transport protein, in 

Gram-negative bacteria it is located in the periplasm (detailed in section 1.8.7.1). The 

pMERI MerA encodes only one MerP like N-terminal region as does the B. 

licheniformis FA6-12 and S. aureus pH 258 MerA. However, upstream of the merA 

there is a 146bp region of DNA encoding a protein of 44 residues. This region shares 

protein sequence homology (31% identity and 60% similarity) with MerP of 

Pseudomonas aeruginosa pVSI (Accession CAA77322.1). This region has a GTG 

transcriptional start codon and a putative ribosome binding site of GAG at -18. 

However this protein doesn’t encode any Hg  ̂ binding cysteine residues and is 47 

residues shorter than the MerP of P. aeruginosa pVSI. Therefore this transport 

protein is likely to be dysfunctional. This appears to be an artefact left over from what 

once was either; a mercury transport protein or a second merP-like repeat in merA.
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Figure 5 .11 . Multiple alignment of predicted MerA proteins from B. cereus  R C 607  

(Accession BAB62433), C. butyricum  (Accession B A A86117), B. m egaterium  

MK64-1 (Accession C A A 71040), B. licheniformis (Accession CA C  14663), E. 

faecium  664.1 H I p M E R I (Shown as 664.1 H I)  and S. aureus  pi 1258 (Accession 

A A A 98245). The Hĝ "̂  binding cysteine residues (C) and two tyrosine residues (Y) 

that com plete the active site are shaded. The N-terminal Hĝ "̂  binding cysteine 

residues are shown in bold.

RC 607
C. butyricum
B. megaterium
B . licheniformis 
664.IHl 
p I2 5 8  
Consensus

..MKKYRVNVQGMTCSGCEQHVAVALENMGAKAIEVDFRR 

..MKKYRVNVQGMTCSGCEQHVAVALENMGAKAIEVDFRR 

..MKKYRVNVQGMTCSGCEQHVAVALENMGAKelEVDFRR 

..MKKYRVNVQGMTCtGCEeHVAVALENMGAKrlEVDyRR 

..MnKfkiNiQGMTCtGCEeHVAVALENvGAKnIEasFRR 
mtqnsYkipiQGMTCtGCEeHVteALEqaGAKdvsaDFRR 

qgmtc gee hv ale gak rr

RC607 GEAVFELPDDVKVEDAKNAIADANYHPGEAEEFQSEQKTN
C. butyricum GEAVFELPDDVKVEDAKNAIADANYHPGEAEEFQSEQKTN
B.  megaterium GEAVFELPDDVeVEvAKNAIADANYHPGEAEEFQSEQKTN
B. licheniformis GEAVFELPngleVEtAKkAIAeAkYqPGEAEEvQSqe... 
664.IHl GEAVFELPDDigVEsAKkAIdeAkYqPGEiEEvQSEeK..
pl258 GEAiFELsDD.qiEkAKqnIsaAgYqPGEeEsqpSEns..
Consensus gea fel e ak i a y  pge e s

RC 6 0 7 LLKKYRLNVEGMTCTGCEEHIAVALENAGAKGIEVDFRRG
C.  butyricum LLKKYRLNVEGMTCTGCEEHIAVALENAGAKGIEVDFRRG
B.  megaterium LLKKYRLNVEGMTCTGCEEHvAVALENAGAKGIEVnFRRG
B. licheniformis .............................................
664.IHl .............................................
pl258 .............................................
Consensus

RC607 EALFELPYDVDIDIAKTAITDAQYQPGEAEEIQVQSEKRT
C. butyricum EALFELPYDVDIDIAKTAITDAQYQPGEAEEIQVQSEKRT
B.  megaterium EAvFELPdDVDIDIAKiAITDAkYQPGEAEEIeVQSdKRT
B . licheniformis .............................................
664.IHl .............................................
pI258 .............................................
Consensus

RC607 DVSLNDEGNYDYDYIIIGSGGAAFSSAIEAVALNAKVAMI
C. butyricum DVSLNDEGNYDYDYIIIGSGGAAFSSAIEAVALNAKVAMI
B.  megaterium DVSLNDEGNYDYDYIIIGSGGAAFSSAIEAVALNAKVAMI
B. licheniformis liqLgDEG..DYDYIIIGSGGAAFSSAIEAVkygAKVAil 
664. IHl .ivLgDEG..DYDllIIGSGGAAFSaAIksVeygAKVAMI
pI258 .VdfNrdG..DYDllIIGSGGAAFSaAIkAnengAKVAMv
Consensus g dyd iigsggaafs ai akva

RC607 ERGTVGGTCVNVGCVPSKTLLRAGEINHLAKNNPFVGLHT
C. butyricum ERGTVGGTCVNVGCVPSKTLLRAGEINHLAKNNPFVGLHT
B.  megaterium ERGTVGGTCVNVGCVPSKTLLRAGEINHLAKNNPFVGLHT
B.  licheniformis ERGTVGGTCVNiGCVPSKTLLRAGEINHLAKNNPFVGLHT 
664.IHl ERGTVGGTCVNiGCVPSKTLLRAGEINHLAKvNPFiGLqT
pl258 ERGTVGGTCVNiGCVPSKTmLRAGEINgLAqNNPFtGLqT
Consensus ergtvggtcvn gcvpskt Iragein la npf gl t

38
38
38
38
38
40

78
78
78
75
76
77

118
118
118
75
76
77

158
158
158
75
76
77

198
198
198
113
113
114

23 8
23 8
23 8
153
153
154

158



RC607 SASNVDLAPLVKQKNDLVTEMRNEKYVNLIDDYGFELIKG 278
C. butyricum SASNVDLAPLVKQKNDLVTEMRNEKYVNLIDDYGFELIKG 278
B. megaterium SASNVDLAPLiKQKNDLVTEMRNEKYVNLIDDYGFELIKG 278
B. licheniformis SAddVDLAPLiKQKNeLVTdlRNsKYVdLIDDYGFELIKG 193
664.IHl SAgkVeLAPLVKhKdeLVsElRNqKYVNLIDeYGFELIeG 193
pl258 StgaaDLAqLteQKdgLVsqMRqEKYidLIeeYGFdLIrG 194
Consensus s la 1 k Iv r ky 11 ygf li g

RC607 ESKFVNENTVEVNGNQITAKRFLIATGASSTAPNIPGLDE 318
C. butyricum EaKFVNENTVEVNGNQITAKRFLIATGASSTAPNIPGLDE 318
B. megaterium EaKFVNENTVEVNGNQITAKRFLIATGASSTAPNIPGLDE 318
B. licheniformis ErKFVdEknVEVNGiQlsAKRFLIATGASpavPNIPGLDE 233
664.IHl EaiFVdENTVEVNGkklsAKRFLIATGvSpslPpIsGLek 233
pl258 EasFiddkTiqVNGqnITsKsFLIATGASpavPelPGmnE 234
Consensus e f vng k fliatg s p i g

RC607 VDYLTSTSLLELKKVPNRLTVIGSGYIGMELGQLFHNLGS 358
C. butyricum VDYLTSTSLLELKKVPNRLTVIGSGYIGMELGQLFHNLGS 358
B. megaterium VDYLTSTSLLELKKVPNRLTVIGSGYIGMELGQLFHNLGS 358
B. licheniformis VDYLTSTtLLELKKVPkRLTVIGSGYIGMELGQLFHNLGS 273
664.IHl VDYLTSTtLLELKtVPkRLTVIGSGYIGMELGQLFHNLGS 273
pl258 VDYLTSTSaLELKeVPqRLaVICSCYIaaELCQmFHNLCt 274
Consensus vdyltst lelk vp rl vigsgyi elgq fhnlg

RC607 EVTLIQRSERLLKEYDPEISEAITKALTEQCINLVTCATY 398
C. butyricum EVTLIQRSERLLKEYDPEISEAITKALTEQCINLVTCATY 398
B. megaterium EVTLIQRSERLLKEYDPEISEAITKALTEQCINLVTCATY 398
B. licheniformis EVTLIQRSERLLKEYDPEISEAITKALTEQCINLViCAiY 313
664.IHl EVTLmQRSERLLKEYDqEISEAveKALiEQCINLVkCATf 313
pl258 EVTLmQRSERLfKtYDPEISEAIdesLTEQClNLlTCvTY 314
Consensus evtl qrserl k yd eisea 1 eqg nl g

RC607 ERVEQDCDIKKVHVEINCKKRIIEAEQLLIATCRKPIQTS 4 38
C. butyricum ERVEQDCDIKKVHVEINCKKRIIEAEQLLIATCRKPnteS 438
B. megaterium ERVEQDCDIKKVHiEINCKKRIIEAEQLLIATCRKPnteS 4 38
B. licheniformis ERVEQDCDmKKVHiEINCKKRIIEAEQLLIATCRKPnteS 353
664. IHl ERVEQeCqIKKVHVtvdCKKkvvEsEQLLvATCRKPntda 353
pl258 qkVEQnCkstsiylEvNCqeqvIEAdQvLvATCRKPntet 354
Consensus veq g g e q 1 atgrkp

RC607 LNLHAACVEVCSRCEIVIDDYLKTTNSRIYSACDVTPCPQ 478
C. butyricum LNLHAACVEVCSRCEIVIDDYLKTTNSRIYSACDVTPCPQ 478
B. megaterium LNLHAAdVEVCSRCEIilDDYLKTTNSRIYaACDVTlCPQ 478
B. licheniformis LNLHAACVEVCSRCEIilDDYLKTTNSRIYaACDVTlCPQ 393
664. IHl LkLsAACVEVCkRkEIlInDYarTsNeklYaACDVTlCPQ 393
pl258 LNLesACVktCkkCEvltneYLqTsNnRIYaACDVTlCPQ 394
Consensus l l a v g  e y t n i y  agdvt gpq

RC607 FVYVAAYECCLAARNAICCLNQKVNLEVVPCVTFTSPSIA 518
C. butyricum FVYVAAYECCLAARNAICCLNQKVNLEVVPCVTFTSPSIA 518
B. megaterium FVYVAAYECrLvARNAICCLNQKVNLEVVPCVTFTSPSIA 518
B. licheniformis FVYVAAYECCvAAgNAICCmNkKlNLEVVPCVTFTtPalA 4 33
664. IHl FVYVAAYECCivAdNAICCLNkKldLsWPCViFTnPSIA 433
pl258 FVYVAAYECCivAnNAlClakrKidLrfVPCVTFTnPSIA 434
Consensus fvyvaayeg a na g k l  vpgv ft p ia
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RC607 TVGLTEQQAKEKGYEVKTSVLPLDAVPRALVNRETTGVFK 558
C. butyricum TVGLTEQQAKEKGYEVKTSVLPLDAVPRALVNRETTGVFK 558
B. megaterium TVGLTEQQAKEKGYEVKTSVLPLDAVPRALVNRETTGVFK 558
B. licheniformis TVGLTEQQAKEKGYEVKTSVLPLDAVPRALVNRETTGVFK 473
664.IHl TVGLTEeQAKEKGYEVKkSVLPLDAVPRAiVNRETTGVFK 473
pl258 TVGLTEQQAKEKGYdVKTSVLPLDAVPRALVNhETTGVyK 474
Consensus tvglte qakekgy vk svlpldavpra vn ettgv k

RC607 LVADAKTLKVLGAHVVAENAGDVIYAATLAVKFGLTVGDL 5 98
C. butyricum LVADAKTLKVLGAHVVAENAGDVIYAATLAVKFGLTVGDL 598
B. megaterium LVADAKTLKVLGAHiVtENAGDVIYAATLAVKFGLTVeDL 5 98
B. licheniformis LVADAKTLKVLGAHiVAENAGDVIYAATLAVKFGLTVeDL 513
664.IHl LVADAKTsKlLGvHiVsENAGDVIYAATLAVKFGLTVeDL 513
pI258 LVvnAqTqKliGAHiVsENAGDVIYAATLAVqFGLTieDL 514
Consensus Iv a t k g h v enagdviyaatlav fglt dl

RC607 RETMAPYLTMAEGLKLAVLTFDKDVSKLSCCAG 631
C. butyricum RETMAPYLTMAEGLKLAVLTFDKDVSKLSCCAG 631
B. megaterium RgTMAPYLTMAEGLKLAaLTFDKDVSKLSCCAG 631
B. licheniformis RgTMAPYLTMAEGLKLAsLTFDKDVSKLSCCAG 54 6
664.IHl kdslAPYLTMAEGLKLAaLTFDKDVSKLSCCAG 546
pl258 tdsfAPYLTMAEGLKLAaLTFDKDVSKLSCCAG 547
Consensus apyltmaeglkla Itfdkdvsklsccag
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Figure 5 .12 . Observed divergence between the predicted M erA sequence from E. 

faecium  664.1 H I p M E R I and various Gram -positive isolates. The isolates are B. 

cereus  R C 607 (Accession B A B62433), C. butyricum  (Accession B A A86117), B. 

m egaterium  MK64-1 (Accession C A A 71040), B. licheniformis (Accession 

C A C  14663) and S. aureus  pi 1258 (Accession A A A 98245). Shown in a rooted 

phylogenetic tree A) with the bootstrap values as percentages (after 10000  

bootstrapping trials) shown at each node, bootstrap values less than 10%  are not 

shown. Shown as a homology tree B) where the percentage homology is shown at 

each node
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5.3.7 The mer Operon is Associated With a tnpA

240bp downstream of the mer operon is a 1319bp open reading frame encoding a 

predicted protein of 439 amino acids. The ORF shares no significant homology at the 

DNA level with anything in the database. The predicted protein sequence is 

homologous (46% ID and 67% similarity) to a transposase (TnpA) isolated from E. 

faecium strain 9631355 (Mann at a/., 2001). This protein shares 37% ID and 58% 

similarity (Mann et al., 2001) with a TnpA from an insertion sequence isolated from 

Pseudomonas stutzeri, \SPs1 (Bolognese et a!., 1999). The TnpAs of both \SPs1 and 

E. faecium strain 9631355 belong to the ISL3 family of insertion sequences (Mahillon 

and Chandler, 1998).

5.3.7.1 The ISL3 Family of Insertion Sequences

The ISL3 family of insertion sequences contains 23 known members and has been 

reviewed by Mahillon and Chandler (Mahillon and Chandler, 1998). They range 

between 1,186bp and 1,553bp, with exception of the larger ISf 096, which is 2,276bp. 

They contain one long open reading frame that encodes a potential protein of 

between 400 -  440 amino acids (Mahillon and Chandler, 1998). They also contain 5’ 

and 3’ terminal inverted repeat sequence (IRs) of between 15 and 39bp, which are 

closely related and generate 8bp direct repeats upon insertion (Mahillon and 

Chandler, 1998). The terminal IRs are required for transposase binding and cleavage 

(Mahillon and Chandler, 1998).

Transposition of most of these elements has been demonstrated though the 

mechanism has not been defined. An artificial transposon Tn3183 derived from the 

ISL3 element, 183831, was used to mutagenise Brevibacterium flavum strain 

MJ233C. It produced 4.3 X 10"̂  mutants per pg'  ̂ of DNA, with auxotrophic mutants 

recovered at a frequency of 0.2% (Vertes et al., 1994). Later work to test the 

transposition efficiency of ISL3 element 181181 in Staphylococcus estimated the 

minimal frequency of 181181 transposition at 1.4 X 10'  ̂ clones. However, It was
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difficult to asses what the authors m ean by this statem ent as they did not provide any  

m eans to quantify their data (Chesneau et al., 1999)

As yet no target sequence specificity has been confirmed, though there is som e  

evidence that one ISL3 elem ent, IS A fe l, has a preference for 8bp palindromic or 

near perfect palindromic sequence (Holm es at a!., 2001).

An alignm ent of the TnpA ’s of key m em bers of the ISL3 group including the predicted 

TnpA sequence from E. faecium  9631355  and p M E R I was performed (figure 5 .13)

0 .  O S

10 0 |

83

57 100

91

100 [

664.1H1 (pM ERI) 

9631355

  ISAfel

_  \S1001

  \S2001

  IS 13869

  18204

-  ISL3

—  181187

Figure 5 .13 . Observed divergence in TnpA sequence in m em bers of the ISL3 family. 

Observed divergence is shown as a rooted phylogenetic tree. The TnpA of E. faecium

664.1 H I p M E R I and E. faecium  9631355  (Accession A A L02177) are new inclusions to 

this group. Bootstrap values are shown (after 10000 bootstrap trials) as percentages at 

each node. Bootstrap values of less than 10%  are not shown.

The TnpA of p M E R I shares the most homology to that of E. faecium  9631355 . 

Before the discovery of the E. faecium  9 631355  TnpA, the TnpA ’s of the ISL3  

elem ents fell into three deeply branching groups (Mahillon and Chandler, 1998). The  

TnpA ’s of p M E R I and the E. faecium  963 13 55  IS elem ents may represent a fourth
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group of the ISL3 family. The inverted repeats of E. faecium 9631355 IS element 

were used to search for the presence of inverted repeats flanking the pMERI tnpA 

and also in all the intergenic regions in the pMERI sequence.

A pair of imperfect inverted repeats, shown in figure 5.14A, were identified upstream 

of merR (IR LI 4681-4706bp in sequence) and downstream of the putative TetR 

regulator (IR Rl 11127-11151 bp). The inverted repeats share 77% identity and there 

is an 8bp direct repeat at the 5’ end of IR LI and the 3' end of IR Rl. The IR LI is 

26bp long whilst the IR Rl is 25bp long. pMERI IR LI shared 62.5% identity with the 

IR L of E. faecium 9631355 insertion sequence and the pMERI IR R’s shared 76% 

identity with the IR R of E. faecium 9631355 insertion sequence (figure 5.14B). There 

did not seem to be any obvious homology between the 8bp repeated target sites of 

these elements.

A) I R  L I  A TA A TA A C  GGGTCTTCCGGAATATATAGTGGAAT

I R  R l  TTTCCACCATAAAATCC_GAATACCC A TA A TA A C

I R  R l (reversed) GGGTATTC GGATTTTATGGTGGAAA

p M E R l I R R l TTTCCACCATAAAATCCGAATACCC A TA A TA A C
1 1 1 1 1 1 1 II 1 1 1 1 I 1 I 1 1 1 1 I 1

9 6 3 1 3 5 5 I R R
1 M  M M  II II II 1 1 1 1 1 1 II 1 
TTTCCACACTATTTTCCGATTACCC A T G T T T T T

p M E R l I R L I GGGTCTTCCGGAATATATAGTGGAAT
1 1 1 1 1 1 III 1 1 1 1 1 1

9 6 3 1 3 5 5 I R L
1 1 1 1 1 1 III 1 1 1 1 1 1 

..GGTATTCGGATTATCGTGTGGAAA

B)

Figure 5.14. The putative inverted repeats flanking the mer operon and tnpA of 

pMERI. A) Alignment of IR LI and IR Rl (reversed). The 8bp direct repeats are 

shown in bold. Non-matching bases are underlined with the cytosine base insertion/ 

deletion shaded and underlined.

B) Homology of E. faecium 9631355 and pMERI inverted repeats. The 8bp direct 

repeats are shown in bold.
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An imperfect direct repeat of IR R1 was identified immediately downstream of the 

tnpA (9402-9426bp), this was designated IR R2 (figure 5.5 and 5.15). The 3’ end of 

IR R2 lacks the 8bp direct repeat seen at the 3’ end of IR Rl and the 5’ end of IR L I. 

However, the 5’ ends of IR Rl and IR R2 both have an 8bp imperfect repeat (figure 

5.15). A possible reason for the presence of this 8bp imperfect repeat has not been 

determined.

5 '  3 '
I R  L I A T A A TA A C G G G TC TTC C G G A A TA TA TA G TG G A A T

I R  R l TAG G C CCT TTTC C A C C A TA A A A TC C G A A TA C C C  A T A A TA A C

I R  R 2 TA A G C C C T T TT C C A C C A T A A A A T C C GAACACCC

Figure 5.15. Alignment of IR LI with IR Rl and IR R2 including flanking direct repeat 

sequence. The 8bp direct repeat sequence 5’ to IR LI and 3’ to IR Rl is shown in 
bold. The 8bp imperfect direct repeat sequence 5’ of IR Rl and IR R2 is shown in 

bold and boxed, non-identical bases in the direct repeat sequence are underlined.

As IR R2 lacks the 3’ 8bp direct repeat associated with ISL3 insertion, it would 

appear that IR Rl represents the 3’ end of the element. This suggests that IR LI and 

IR Rl delineated the putative transposable element when it inserted into pMERI.
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5.3.8 A Putative Regulator and Small Multidrug Efflux Protein

Downstream of the tnpA are two putative ORFs. Neither ORF shares significant 

homology at DNA level with anything on the NCBI database. The first ORF encodes a 

putative protein of 146 residues. This shares limited homology (23% identity and 49% 

similarity) to a small multidrug export related protein in Bacillus halodurans 

(Accession BAB04893). However, the e-value for this homology is extremely low 

(0.001).

The second ORF encodes a putative protein of 191 residues. This shares homology 

with a tetR regulatory protein (29% identity and 48% similarity) and a putative 

transcriptional regulator in Listeria innocua (26% identity and 46% similarity). The 

Gram-negative tetracycline efflux determinants consist of two genes, tetA and tetR. 

TetR is a repressor protein that binds to a tetA operator in the absence of 

tetracycline, thus repressing the transcription of tetA. In the presence of tetracycline, 

TetR does not bind and tetA is transcribed allowing production of the tetracycline 

efflux protein, TetA (Hillen and Berens, 1994).

The presence of the two ORFs in this sequence may be explained in two ways and 

this is discussed later.
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5.3.9 Evidence That the mer Operon is Encoded on a Conjugative Plasmid

Downstream of IR R1 and orf17 (a Putative ATP/ GTP Binding Protein discussed 

later) are three putative ORFs. They share homology, at the DNA level, with three 

ORFs found in three broad host range conjugative plasmids (figure 5.16). These 

plasmids were isolated from Enterococcal and Streptococcal isolates: E. faecalis 

pAMpI (94% average identity over 1524bp); Streptococcus pyogenes pSM19035 

(93% average identity over 1379bp) and E. faecalis pRE25 (94% identity over 

905bp). All three plasmids belong to the Inc18 group. The intergenic sequence 

between these ORFs is not conserved.

orfA

orf39 orf38 orf37

pAMpi

pSM19035

pRE25

pMERI

Figure 5.16. Alignment of final three ORFs in the pMERI sequence with homologous 

ORFs from three Inc18 plasmids. The plasmids are E. faecalis pAMpI, S. pyogenes 

pSM 19035 and E. faecalis pRE25. The variable repeat region is depicted by a 

hatched box.

The function of these three ORFs has not been defined. Flowever, in E. faecalis 

pRE25 they are encoded on a putative minimal conjugative unit consisting of 15 

ORFs (Schwarz et al., 2001). Suggesting that they may be involved in DNA transfer 

(Schwarz et al., 2001).

The pMERI ORF, which shows homology to orf39 in pRE25 contains a highly 

repetitive core region (see figure 5.16). This core region is variable in length between 

these four homologous ORFs with the ORF in pMERI being the shortest of the three. 

It contains nine repeats of GGA TO A ACT and 18 imperfect repeats of COG TTG
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GTT. As the function of this ORF is unknown it is hard to speculate as to the role of 

this region. The fact that the repeats are 2 codons and 3 codons in length suggest 

they encode a repetitive region within the protein.

The presence of these ORFs suggests that the E. faecium 664.1 H1 mer operon is 

encoded on an Inc18 plasmid. The presence of the aadK gene, which is also present 

in pRE25, at first suggests that the E. faecium 664.1 HI plasmid may be more closely 

related to pRE25. A comparison of the pMERI sequence with pRE25 sequence is 

shown in figure 5.17. The region between the aadk gene and orf39 contains four 

ORFs, one of which is an insertion sequence, IS1216V (also shown in figure 1.2). 

This may represent a recombinational or transpositional hotspot, in which the putative 

mer transposon inserted.

However, the aadK gene in pMERI is transcribed in the opposite direction than in 

pRE25 and is significantly diverged at the DNA level. This suggests that the presence 

of an aadK gene at this point in pMERI is coincidental. The homology shared 

between pMERI and pRE25 is investigated further in chapter 6.

aadK orf43 orf42 \S1216V copS orf39 orf38 orf37
pRE25

aadK orf39 orf38 orf37
mer operon etc. pMERI

Figure 5.17. A schematic of sequence flanking the mer operon in pMERI aligned with 

E. faecalis conjugative plasmid pRE25.
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To find the junction between sequences unique to pMER1 and those common with 

pRE25 multiple alignments with the relevant pRE25 sequences were carried out. No 

significant homology could be found at the 5’ end (encoding the aadK gene) of the 

pMER1 sequence. pMER1 homology with pRE25 sequence dropped significantly 

300bp downstream of orf39. The alignment is shown in figure 5.18 and the position is 

shown on figure 5.5.

pMERl CAAAGATGATTCATTCAGGGAGCGTCAATAATTTTGTGTA 4 0
pRE25 ....GATttgTgATTattccAaaagtAggtAaTTTcaccA 36
Consensus gat t att a a a ttt a

pMERl AATGATTCCAAGTTGCTGATTCTACGGTTGTTATTG.... 7 6
pRE25 AccttTTtCAAaagttTttaTCgACGaTTaTTggactgga 7 6
Consensus a tt caa t to acg tt tt

pMERl ..GTGTTGCCTAGAACGATTCTAAGCGCATGTTTAATTTT 114
pRE2 5 tcGTGTTtCCTAaAgCGATTCTAAGCGCATGTTTAATTTT 116
Consensus gtgtt ccta a cgattctaagcgcatgtttaatttt

pMERl AAAGTATACATTCCCCTTCAAAATGTCCTACAATGATCCA 154
pRE25 AAAGTgggtAaTtCtCTTtAAAAcGTCCTACAAaGATtCA 156
Consensus aaagt a t e  ctt aaaa gtcctacaa gat ca

pMERl ATAAAAGCATGGCTGCTAGTGAAACTTGCAACCATGCTTT 194
pRE25 AaAAAAGCATGGCTGCTAGTGAAACTTGCgACCATGCTTT 196
Consensus a aaaagcatggctgctagtgaaacttgc accatgcttt

pMERl TATAAATACTTAATTAGATTCGCTTTTTAAAAATGAATGC 234
pRE25 TAaAttTACTTAA....ATTCtCTTTTTAAAAATGAtTcC 232
Consensus ta a tacttaa attc ctttttaaaaatga t c

pMERl TGATCCTAAAACCATTAATGACCCTAGGACAGACAATGCA 27 4
pRE25 TGATCCTAAtACCATTAATGAaCCTAGGACAGACAgTGCA 272
Consensus tgatcctaa accattaatga cctaggacagaca tgca

pMERl ATATTTTCTGTTTCTCCTGTTTTTGGTAAAACTTTCATTT 314
pRE25 ATATTTgCTGTTTCaCCTGTTTTTGGTAAAACcTTCATTT 312
Consensus atattt ctgtttc cctgtttttggtaaaac ttcattt

pMERl TTCCGTCTGAACCTTTAACCGTTACTGTTCCGTCTTTTTG 354
pRE25 TTCCGTCTGAACCTTTAACCGTTACTGTTCCGTCTTTTTG 352
Consensus ttccgtctgaacctttaaccgttactgttccgtctttttg

3’ orf39
pMERl AACGTCTGCTCCAATTTCTTTAGCTTCAACTTTTTTTGTT 394
pR E 25 AACGTCTGCTCCAATTTCTTTAGCTTCAACTTTTTTTGTT 392
Consensus aacgtctgctccaatttctttagcttcaactttttttgtt

Figure 5.18. Alignment of pMERI and pRE25 sequence downstream of orf39. The 

3’ end of orf39 is shaded. The bold guanine depicts the termination of significant 

homology between the sequences.
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5.3.10 Characterisation of the Sequence immediately Adjacent to the Putative 

mer Transposon

Between the aadK gene and the putative mer transposon are five ORFs, designated 

orf2-orf6 in table 5.1. orf2 shares no homology with anything on the public databases 

and is oriented in the opposite direction from orf3-orf6.

Between the 3’ end of the putative mer transposon and the three pRE25-like ORFs is 

orf17 (table 5.1), which is oriented in the same direction as orf3-orf6. These five 

ORFs are discussed below. None of these ORFs shared significant homology at the 

DNA level with anything on the NCBI database.

5.3.10.1 Orfs 2-5

orf3 is 189bp and encodes a predicted protein of 63 residues which shares homology 

(50% identity and 76% similarity) with a putative repressor protein from Pyrococcus 

abyssi (Accession NC_000868).

This gene has a complete putative -10, -35 region which contains a 5bp direct repeat 

sequence separated by 4bp in its spacer region (Figure 5.19). Like the mer O/P this 

could be involved in the binding of regulatory proteins. Sequence with homology to 

the Shine-Dalgarno sequence can be seen at -4bp from the putative TTG start 

codon.

TTGACAT

Figure 5.19. The putative -10, -35 region (shaded) of the putative repressor protein. 

Possible ribosome binding sequence is shown in bold and the putative start codon is 

underlined. The 5bp direct repeat sequence is highlighted in black.

Immediately adjacent to the putative repressor gene is orf4, which is 480bp and 

encodes a putative protein of 159 residues that is homologous (54% identity and 72% 

similarity) to a polypeptide deformylase from B. anthracis A2012. The role of peptide
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deformylase was reviewed (Meinnel et al., 1997). The enzyme removes the N-formyl 

moiety from the /V-formylmethionine of newly synthesised proteins. The formyl group 

being required during translational initiation (Meinnel et a!., 1997).

500bp downstream is orfS which is 501 bp and encodes a predicted protein of 167 

residues which shares homology (51% identity and 69% similarity) to a putative 

acetyltransferase from B. anthracis A20^2 (Accession NC-003995). The B. anthracis 

A2012 acetyltransferase belongs to the GNAT (GCN5-related N-acetyl-transferases) 

group of N-acetyltransferases which consists of over 150 proteins linked by 

conserved sequence motifs (Neuwald and Landsman, 1997). These proteins have a 

diverse range of functions including histone acétylation, transcription factor activation, 

amino acid metabolism, drug resistance and detoxification (Neuwald and Landsman, 

1997).

The predicted proteins of both orf4 and orfS are homologous to putative proteins in B. 

anthracis A2012. However the two ORFs in B. anthracis A2012 are separated by 

4mb of sequence.

5.3.10.2 offg, a Multidrug Efflux Transporter

125bp downstream of orfS is orf6, which is 1184bp, has a TTG start codon and 

encodes a predicted protein of 395 residues which is homologous the Bit multidrug- 

efflux transporter of S. subtilis (33% ID and 54% similarity) (Accession BAA12355) 

and the Bmr multidrug-efflux transporter of B. subtilis (33% ID and 51% similarity) 

(Accession AAB81539).

Bmr {Baciiius subtilis membrane protein) and Bit (Bmr-like transporter) are highly 

homologous and confer resistance to the same array of toxins. These include 

ethidium bromide, rhodamine and acridine dyes, tetraphenylphosphonium, 

puromycin, chloramphenicol, duxorubicin and fluoroquinolone antibiotics (Neyfakh
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etal., 1991). Bmr shares significant homology with the tetracycline efflux pump 

proteins encoded on TnfO and pBR322. However, BmR does not confer resistance to 

tetracycline (Neyfakh et al., 1991). The tetracylcine efflux protein’s molecular 

mechanism of action is via HV drug antiport and it is believed that Bmr efflux is via a 

similar mechanism (Neyfakh etal., 1991).

5.3.10.2.1 The MerR-Like Transcriptional Activators of Bmr and Bit

Both Bmr and Bit are regulated by MerR-like transcriptional activators, BmrR and 

BItR respectively (Ahmed et al., 1995). Whilst the BmrR and BItR DNA binding 

domains are related their inducer-binding domains are dissimilar, i.e. they may be 

induced by different ligands (Ahmed et al., 1995).

More recently a global transcriptional activator Mta was identified and shown to 

control transcription of bmr and bit (Baranova et al., 1999). Mta is also a member of 

the MerR family of bacterial regulatory proteins. The N-terminal domain of Mta has 

been shown to interact directly with the promoters of bmr and bit and induce their 

transcription (Baranova et al., 1999). Alignments of the putative -10 -35 regions of 

mta, bmr and bit, identified conserved nucleotides in the spacer region (Baranova et 

al., 1999). These putative -10 -35 regions do not contain the MerR binding sequence 

and the spacer region is 19bp long compared to the 20bp of the MerR -10 -35 

region. Therefore it is unlikely that MerR could bind and regulate transcription of the 

bmr and bit opérons.
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5.3.10.2.2 Regulation of orfô, the Multldrug-Efflux Transporter

The idea that the pMERI MerR may control the regulation of the multidrug-efflux 

gene led to the search for the -10 -35 region. For MerR to regulate this gene the 

spacer region would need to be 20bp long and contain the MerR dyadic binding 

sequence. Sequence homologous to previously described regulatory regions could 

not be found upstream of the multidrug-efflux gene. No sequence homologous to the 

MerR binding site could be seen in the upstream sequence (as far as the putative -  

10, -35 region of the repressor ORF). Therefore it is unlikely that the MerR protein 

may also regulate the multidrug-efflux gene.

Attention then turned to the next available putative -10, -35 region. This was 

upstream of the repressor gene, orf3 (figure 5.5 and table 5.1). This region contained 

a 5bp dyadic sequence, however this sequence is not homologous to that of the 

MerR binding sequence. The spacer region was 16bp long, which rules it out of the 

MerR/Mta-like -10, -35 regions. Again, it is unlikely that the MerR protein may 

regulate transcription from the orf3 -10, -35 region.

MIC’s with and without efflux inhibitors are required to see if the multidrug efflux 

protein is functional.
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One thing of interest stems from the Mta study (Baranova et al., 1999) where certain 

conserved nucleotides were identified in the -10 -35 regions. Alignment of the m erR  

-10 -35 region showed that many of these conserved nucleotides were also 

conserved in the merR -10-35  region, particularly in pMERI (Figure 5.20).

The fact these nucleotides are conserved suggests they may play a role in binding of 

the global regulator Mta. It would be interesting to see if Mta could bind the m erR  -10 

-35 sequence and regulate the mer operon.

RC607 merR TTTACCCTGTACTAAGGTACGTGGTTTATGCTGTAAGTGA -15
664.IHl merR TTGACCGTGTACTATGGTACACGGTTTATAATATTATGG -16
bit TTGACTATACGGTAAC.CATATACCTTATGATTTGATTGT -68
bmr TTGACTCTCCCCTAGG.AGGAGGTCTTACAGTATAAGGGA -27
mta TTGACCCTAACGTTGC.GTGATTGTTTACGATAAA7V1AGAG -13

-35 -10

Figure 5.20. Multiple alignment of the -10, -35 regions from the pMERI mer operon 

and various Bacillus isolates. Bacillus  isolates include B. cereus  RC607 m er operon, 
B. subtilis bit (L32599), B. subtilis bm r (L25604) and B.subtilis mta  (Baranova et al., 

1999). The putative -10, -35 regions are shaded. The conserved nucleotides 
identified in the Mta study are shown in bold (Baranova et al., 1999).

5.3.10.3 Off 17, a Putative ATP/ GTP Binding Protein

orf17  is 514bp, has a TTG start codon and encodes a predicted protein of 171 

residues, which shared homology (34% identity and 52% similarity) to a putative 

ATR/GTP-binding protein from Streptom yces  coe//co/or (Accession AAO50152).

5.3.11 Presence of an E. coli IS 10

An open reading frame of 1.2kb with 99% identity (at the DNA level) to E. coli 1810 

tnpA  was identified. This sequence was inserted into the tetR  regulator-like ORF at 

10480bp. The target site was in the 3’ end of the 1810 insertion sequence, in a 5bp 

direct repeat TTGCTTTGCT. This lObp sequence was directly repeated at each end
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of the \S10 element. Due to the high homology with E. coli \S10, it was assumed that 

this element had inserted into the pPPMA153 cosmid clone from the genome of the 

E. coli XL-1 Blue host strain. To confirm this PCR screens of E. faecium 664.1H1, E. 

faecalis Tmer33 and pPPMA153 using various primers were carried out, the binding 

positions of these primers are shown in figure 5.21.

1.1/IF 309/4/1R

TnlO/IF TnlO/IR

\S10

tnpA Small multidrug 
export gene

TetR-like repressor

Figure 5.21. Diagram of the primers used for PCR screening for insertion of \S10 

in E. faecium 664.1 HI, E. faecalis Tmer33 and pPPMA153. Shaded arrows 
represent ORFs and the open box represents \S10 sequence.
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Genomic DNA from E. faecium 664.1 H1, E. faecalis Tmer33 and pPPMA153 cosmid 

DNA was used as template with TnlO/IF and TnlO/IR primers, internal to \S10 tnpA 

(figure 5.22) The expected amplicon from these primers is 619bp. Only pPPMA153 

produced an amplicon, confirming that the IS 10 had been introduced into the cosmid 

from the E. coli host strain.

X BstE II 1 2 3

700b

Figure 5.22. Results of PCR screening for insertion of 1870. PCR of E. faecium 

664.1 HI genomic DNA (lane 1), pPPMA153 cosmid DNA (lane 2) and E. faecalis 

Tmer33 genomic DNA (lane 3) with internal primers for 1870 tnpA, TnlO/IF & 

TnlO/IR.

The region of 1870 insertion in pPPMA153, was amplified from E. faecium 664.1 HI 

using 1.1/IF and 309/4/1R primers (section 5.3.12). In the presence of the 1870 

insertion this would yield a 3.1 kb amplicon, in its absence an amplicon of 1.9kb would 

be expected. The E. faecium 664.1 HI amplicon was 1.9kb PCR (figure 5.24). This 

PCR product was sequenced using Tn10/6F and Tn10/2R primers to confirm the 

original sequence before 1870 insertion. Therefore only the position of 1870 insertion 

is shown in figure 5.5, the 1870 sequence has been removed, as it is not present in 

the original pMERI plasmid.
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5.3.12 PCR map o f E. faecium 664.1 HI and pPPMAISS

The original cosmid pPPMA153 was cloned via a partial digest, which in turn was 

sub-cloned into pUC18 to produce pPPM105 from which the pMER1 sequence is 

taken. It is possible that the original pPPMA153 cosmid insert was made up of 

concatenated fragments. A PCR screen of E. faecium 664.1H1 genomic and plasmid 

DNA and pPPMA153 cosmid DNA was performed with overlapping primers to show 

structural homology (Figure 5.23 and Table 5.2).
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Figure 5.23. Diagram of the primer sets used in a comparative PCR map of E. faecium 664.1 H1 genomic DNA and 

pPPMA153 cosmid DNA. pMERI sequence was obtained from pPPMA153. Numbers relate to the primer set (Table 5.2) 

used and the lines with closed circles denote the amplicon produced by each primer set. Note the site of IS 10 insertion 

intervening the amplicon from primer set 9.

178



Primer Set Primers Used

1 aadK/4F + 1.4/2P

2 1.4/IF+ 4/2/3F

3 orf17/1F + 4/1/1F

4 4/2/6R + 4/1/2F

5 merR/3F + merF/1 R

6 merT/IR + R2

7 4/1/2R + R2

8 D2 + 1.1/1R

9 1.1/IF + 309/4/1R

10 309/4B/6F + 309/3/4F

Table 5.2. Primer sets used in comparative PCR map of E.faecium 664.1 H1 and 

pPPMA153.

Each primer set produced an amplicon of the same size when either E. faecium

664.1 HI or pPPMA153 DNA was used as template, with the exception of primer set 9 

(Figure 5.24). \S10, as previously mentioned, had inserted into the sequence 

intervening the primer set 9 in pPPMA153. Therefore the amplicon from pPPMA153 

reflected the increased size. The cosmid clone faithfully represents the sequence in 

pMERI.
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Primer set 1 Primer set 2 —  Primer set 3—
S A B O S A BstE II B C S A B O

2.3kk>^

Primer set 4 Primer set 5 Primer set 6 Primer set 7 Primer set 8

BslEWBstEW

■1.2kb

X
BstEW

  Primer set 8 Primer set 9 Primer set 1Q_ À
SsfEII

700

BstEW

-3.6kb

-1.9kb

-1.4kb

Figure 5.24. Results of PCR mapping with primer sets 1-10. Sterile water was used 

as a negative control in lanes S; E. faecium 664.1 HI genomic DNA as template in 

lanes A; E. faecium 664.1 HI plasmid DNA as template in lanes B and pPPMA153 

cosmid DNA was used as template in lanes C
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5.4 Final Statements

5.4.1 The mer Operon is Associated With Streptomycin Resistance and 

Encoded on plasmid DNA

The results of Southern blot analysis in chapter 5 combined with the sequencing 

results confirm that the mer operon and streptomycin resistance gene are located on 

a plasmid, pMER1, which belongs to the Inc18 group of plasmids (Bruand et al., 

1993). This means that a selective pressure for mercury resistance (e.g. by amalgam 

in fillings) can also induce an increase in antibiotic resistance.

5.4.2 Mercury Resistance In the Absence of Functional Transport Proteins

The mer operon is unique in a number of ways. It encodes fewer genes than other 

Gram-positive mer opérons, it also contains a merF gene which to date has only 

been documented in Gram-negative bacteria. The transport proteins are predicted to 

be non-functional. This may mean that other proteins take over the transport 

functions in Enterococci. This theory is supported by the isolation of mercury 

sensitive Bacillus subtilis CU2189 transconjugants that contain the pMERI mer 

operon (detailed in chapter 6).
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5.4.3 Another mer Operon Associated With a Transposase

The association of a tnpA gene with the mer operon is not unexpected, as the 

majority of Gram-positive mer opérons are associated with transposons. However, 

none have been found associated with a transposon like this. The lack of terminator 

structures from merR to the putative transposase suggests tnpA may be transcribed 

on the same transcript as the mer operon. In the presence of mercury, MerR would 

thus activate transcription of the putative mer operon/ tnpA transcript. Thus 

transposition of this putative transposon could be stimulated by the presence of 

mercury. Further work is required to test this notion.

5.4.3.1 The Evolution of the Putative Mer Transposon

The presence of an ISL3-like tnpA, the presence of two IR 3’ of the tnpA and also the 

truncated remnants of the second ISL3-like tnpA suggest that this element may be 

the result of an unusual recombination event. A theory for part of the evolution of this 

element is given below and shown in figure 5.25.

In all of the members of the ISL3 group, both terminal inverted repeats are relatively 

close to the tnpA. This would suggest that IR R2, which is closest to the pMER1 tnpA 

once marked the right end of the element and that IR L1 and IR R2 originally 

delineated the putative mer transposon. The element may have transposed into 

another element encoding an ISL3-like tnpA. Thus a section of the previous host 

DNA, containing the small multidrug export and tetR-Wke regulator genes, was 

transferred with the transposon. It is also possible that the sequences bounded by IR 

L1 and IR R2 and IRL1 and IR R1 can transpose so there are two possible 

transposable units.

Interestingly the E. faecium strain 9631355 ISL3-like tnpA mentioned in section 5.3.7 

was found on an Inc18 plasmid (Mann et al., 2001), demonstrating a previous 

association between these types of genetic elements.
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IRL1 IRR2

IRL1

mer operon tnpA

Transposable element encoding mer operon inserts next to tnpA 
associated with small efflux gene and fefR-like regulatory gene.

IRR1
i l

Efflux gene tetR tnpA

IRR2 IR R1
I I

mer operon tnpA Efflux gene tetR tnpA

Whole thing moves as one unit and so get the production of 
8bp DR either side of the element (shown as black boxes). The 
second tnpA is no longer required and is lost through mutation.

IRL1
J H E

IRR2 IRR1

mer operon tnpA Efflux gene tetR tnpA

Figure 5.25. A diagram showing part of the possible evolution of the putative mer 

transposon.
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5.4.4 Evolution of the pMER1 Sequence

The region of pMER1 sequenced can be split into three main sections: the mer 

transposon; the orfs flanking the transposon {orf2-6 and orf17) and the pRE25-like 

orfs. As discussed above, it is argued that the orfs encoding the small multidrug efflux 

and repressor proteins were transferred into this sequence with the mer transposon. 

Also the orfs flanking the transposon {orf2-6 and orf17) are all transcribed in the 

same direction and are not interrupted by terminator structures. This suggests they 

may once have been part of a functional operon. One possible theory is that this 

operon was located between the aadK and orf39 of the pRE25 like plasmid (figure 

5.26). The operon was then interrupted by the insertion of the mer transposon 

including the small multidrug efflux and repressor ORF. Due to the diversity of these 

genes {orf2-6 and orf17) it is hard to speculate as to the function of such an operon. 

The acetyltransferase, multidrug efflux and ATP/GTP binding protein may have made 

up some sort of active resistance mechanism. It is interesting that the bit operon 

encodes a putative acetyltransferase, bltD downstream of the bit gene. This doesn’t 

explain the presence of the peptide deformylase, which would appear to be a 

housekeeping gene for the processing of nascent proteins.
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Figure 5.26. A Diagram depicting the possible evolution of the pMER1 sequence, 
See text for details.

An alternative theory is that this region is a recombinational or transpositional 

hotspot. As discussed above the equivalent region in pRE25 contains a copy of the 

181216V insertion sequence. It has been suggested that the evolution of pRE25 was 

influenced heavily by insertion sequences (Schwarz et al., 2001). The ORFs flanking 

the mer transposon {orf2-6 and orf17) may not be part of an operon but may have 

been left over from recombinational events that occurred before the insertion of the 

mer transposon.

These theories are not mutually exclusive and it seems feasible this sequence 

evolved due to a combination of both mechanisms.
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Chapter 6

Characterisation of the Mobile Elements 

Encoding Resistance Determinants in 

E. faecium 664.1 H1
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6.1 Introduction

Mercury and streptomycin-resistance in E. faecium 664.1 H1 is encoded on pMERI, 

whilst tetracycline resistance is conferred by fef(S) most likely on a chromosomal 

element (chapter 4).

6.1.1 Characterisation of pMERI

pMERI contains sequence homologous to the 50kb broad host range plasmid 

pRE25, which was originally isolated from E. faecalis RE25 and has been fully 

sequenced (Schwarz et a/., 2001). Two genes, repS and orf11 encode proteins that 

are putatively involved in the replication of pRE25 (Schwarz et a/., 2001). RepS is 

required for theta-type replication, though its mechanism of action is unknown (Pujol 

et a/., 1998). orf11 encodes a putative rolling circle replication protein (Rep), which 

produce the single stranded nick required for initiation of rolling circle replication 

(Pujol et al., 1998). orf24 encodes a putative nickase protein believed to be involved 

in the conjugative transfer of pRE25 (Schwarz et al., 2001). A homologous gene from 

a streptococcal plasmid, pIPSOI, has been shown to encode a protein that catalyses 

single stranded nicking of DNA at an origin of transfer (or/T)(Wang and Macrina, 

1995). The structure of pRE25 is described in detail in the discussion section of this 

chapter.

PCR screening and Southern Blot hybridisation analysis were performed to 

determine if pMERI encoded replication and transfer genes homologous to those of 

pRE25.
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6.1.2 The te1{S) Resistance Determinant

Tetracycline resistance is conferred by fef(S) in E. faecium 664.1 H1. As stated in 

section 4.3.7.1 the tet{S) gene and partial flanking sequence has only been 

sequenced from Listeria monocytogenes plasmid plP811 (Accession number: 

L09756) and Lactococcus lactis plasmid pK214 (Accession number: X92946). In 

order to clone the E. faecium 664.1 HI tet{S) structural support, inverse PCR was 

carried out.

6.1.3 The Host Range and Conjugative Status of pMERI and the tet{S) Element

Filter mating studies were carried out in order to:

1) Test the host range of pMERI and the tet{S) mobile element.

2) Determine if both elements were conjugative or if one was mobilised by the 

other.
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6.2 Methods

6.2.1 PCR Screen of pMERI Replication and Transfer Genes

Oligonucleotide primers specific for the repS, orf11, orf24 and oriT of pRE25 were 

designed from pRE25 sequence (Accession X92945)(Table 6.1 & Figure 

6.2)(Sequence of primers is given in appendix 1) and used to PCR screen pMER1. 

Plasmid pRE25 in E. faecalis JH2-2 was obtained from Dr M. Teuber (Laboratory for 

food microbiology, Zurich, Switzerland). Plasmid DNA was isolated from E. faecium

664.1 HI, E. faecalis Tmer33 and E. faecalis JH2-2 containing pRE25 following the 

protocol described in section 2.12.

Total genomic DNA was isolated from E. faecalis JH2-2 following the protocol 

described in section 2.9.

6.2.2 Southern Hybridisation Analysis of pMERI Replication and Transfer 

Genes

PCR amplicons from pRE25 template were purified using a QIAGEN PCR 

Purification Kit following the manufacturer’s instructions and used to derive probes.
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6.2.3 Analysis of the structural support for tet{S)

In order to amplify the genetic support for the tet{S) gene, inverse PCR was 

performed according to the method of Collins and Weissman (1984). An aliquot (5pl) 

of Hin6\\\ digested E. faecium 664.1 HI (at 3ng pl' )̂ was used in a lOpI ligation 

reaction (Ipl of 10 X T4 ligase buffer, Ipl T4 DNA ligase enzyme (3U pM), 3pl H2O) 

and ligated for 16 hours at 4°C. A 2pl aliquot of this was used as a template in a PCR 

reaction with tetS3 and tetS4 primers firing out of the tet{S) gene (figure 6.1a). The 

resulting amplicon was cloned into pGEM T-easy vector (Promega) according to the 

manufacturer’s instructions. The recombinant plasmid was used to transform E. coli 

DHSaMCR (Gibco-BRL). Transformants were selected on LB agar plates containing 

ampicillin (100 pg/ml).

Sequencing of the entire 3.1 kb insert was performed by primer walking along both 

strands of DNA.
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a) tetS4 

.  .̂/ /' tet{S)

tetS3

t
H indilW

t
H inrn

b) tet{S)

H/ndlll

C)

d)

pGEM T-Easy

Figure 6.1. A diagram of the Inverse PCR strategy used to clone the genetic support of 

the E. faecium 664.1 HI tet{S) gene (depicted by the hatched box). The DNA was 

digested with H/ndlll a), then re-ligated b), outward firing primers (binding site and 

orientation depicted by arrows) were then used to PCR amplify the flanking sequence 

c) and the resulting amplicon (depicted as a dotted line) cloned into pGEM T-Easy 

vector d) (depicted by grey semi-circle).
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6.2.4 F ilte r Mating Studies

Filter mating studies were carried out as described in Materials and Methods.

Lithium chloride (LiCL) was used as a selective agent against enterococcal donors. 

The concentrations of antimicrobials used for selection were; 40fj.M(HgCl2): 18gM 

(LiCW; 25 îgml'  ̂ (Rifampicin); 250 ngml'^ (streptomycin) and 8pgmM (tetracycline). 

Filter matings with Listertia innocua L19 recipient cells were incubated at 30°C 

instead of 37°C.

6.2.4.1 Characterisation of Transconjugants

Plasmid DNA was isolated using a QIAGEN® QIAprep Spin miniprep Kit following the 

suppliers instructions with the following alteration. Cultures were incubated for 16 

hours at 37°C, chloramphenicol was then added at a final concentration of lOpg ml'  ̂

and the culture incubated for a further 4 hours at 37°C. Plasmid DNA was then 

isolated as normal.

Transconjugants were characterised via PCR screening to confirm the presence of 

merA, aadK and tet{S) where appropriate. Genomic DNA preparations were used as 

template when screening with tet{S) primers. Plasmid DNA preparations were used 

as template when screening with merA and aadK primers. The primers used were: 

merA/2F & merA/IR (merA)', aadK/3F & aadK/4R {aadK) and tetS/FW & tetS/RV 

(fef(S)). Note, E. faecalis JH2-2 genomic DNA was used as a negative control 

template when screening enterococcal transconjugants and B. subtilis CU2189 

genomic DNA was used as negative control template when screening 6. subtilis 

transconjugants. The identity of the PCR products was confirmed via sequencing, 

with the primers used to amplify the product.
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6.3 Results

6.3.1 PCR Screen of pMERI Replication and Transfer Genes

Oligonucleotide primers specific for the repS, orf11, orf24 and oriT of pRE25 were 

designed (Table 6.1 & Figure 6.2). The oriT was too small to design internal primers 

therefore primers were designed in the genes flanking the region, orf23 and orf24. All 

of these primers were then used to screen pMERI DNA in order to determine if it 

contained replication and transfer genes homologous to pRE25. PCR screens were 

carried out using: E. faecalis JH2-2 genomic DNA as a negative control template; 

pRE25 plasmid DNA as a positive control template; E. faecium 664.1 HI and E. 

faecalis Tmer33 plasmid DNA as test template.

pRE25 ORF screened Primer Set Used

repS repS/1 F & repS/1 R

orf11 o r f l l/ IF  & o r f ll/ IR

orf24 orf24/1F&orf24/1R

oriT orf23/1F&orf24/2R

Table 6.1 Primers used to PCR screen pMERI for sequence homologous to genes 

from pRE25.
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orf11/1Rorf11/1F

repS/1 R
orf11

repS/1 F

orf23
repS

oriT
PRE25

orf24/1R

Figure 6.2. A diagram of the binding positions of primers used to PCR screen pMER1

for sequence homologous to genes from pRE25. pRE25 genes and their orientation 

are shown as block arrows. Primer binding sites and the orientation of the primers are 

shown as line arrows.

The results of the PCR screen are shown in figure 6.3 and summarized in table 6.2. 

pMER1 was PCR negative for repS and orf11ar)6 PCR positive for orf24 and the oriT 

region. PCR with the or/T-region primers amplified multiple amplicons from pRE25, E. 

faecium 664.1H1 and E. faecalis TmerSS plasmid DNA, all of which were the same 

size. The expected amplicon was 634bp, as was the brightest band from all three 

reactions. The multiple amplicons may be due to the presence of multiple binding 

sites for one or both of the primers used. Purification of this PCR reaction (using a 

QIAGEN PCR Purification Kit) yielded only the ~634bp band which was used as a 

probe (see figure 6.7). This suggests that pMER1 does encode sequence 

homologous to the oriT region of pRE25. However, as this amplicon has not been 

sequenced this result is not conclusive. This is discussed further in section 6.3.2
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repS primers

es/Eii 1 2 3 4

—  orf24 primers 

1 2  3 4 BstEW

8.4kb

1.3kb

700bp

orf11 primers — 
1 2  3 4

oriT primers 
1 2  3 4BstEW

Figure 6.3. Results of PCR screening pMER1 DNA for replication and transfer genes 

present on pRE25. pMERI DNA was isolated from E. faecalis transconjugant 

TmerSS. Key to templates used; 1- E. faecalis JH2-2 genomic DNA; 2- pRE25 

plasmid DNA; S- E. faecium 664.1 H1 and 4- E. faecalis transconjugant TmerSS 

plasmid DNA.
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6.3.2 Southern Hybridisation Analysis of pMER1 Replication and Transfer 

Genes

To confirm whether pMER1 contained replication and transfer genes homologous to 

those of pRE25, it was subjected to Southern hybridisation analysis with the pRE25 

probes (figure 6.4). The blot was probed with merA from E. faecium 664.1H1 (figure 

6.4) and repS, orf11, orf24 and oriT from pRE25 in turn (the blot was stripped of 

previous probe between hybridisation experiments). The results of the Southern 

hybridisation studies are summarized in table 6.2.

Gene/Region Results of PCR Results of Hybridisation

repS - +

orf24 + +

orf11 - -

oriT +*2

Table 6.2. Results of PCR screening and Southern hybridisation analysis of E. 

faecalis transconjugant TmerSS plasmid DNA for replication and transfer genes 

encoded on pRE25. Note: * \  multiple amplicons observed; *̂ , hybridisation was 

observed to all bands in the plasmid DNA preparation.

The pMER1 plasmid in the uncut E. faecalis TmerSS plasmid lane hybridised with 

pRE25 repS and orf24 probes (Figures 6.5 and 6.6). In the EcoRV and Xba\ 

restricted E. faecalis TmerSS plasmid lanes, a fragment of >20kb hybridised with the 

pRE25 repS and orf24 probes. Stu\ did not restrict the pMER1 plasmid in E. faecalis 

TmerSS thus hybridisation is seen to a fragment resolving higher than the X/BstEW 

48.5kb band, this is assumed to be the circular form of pMER1. This suggests that 

pMER1 contains sequence homologous to repS and orf24 from pRE25.
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The pRE25 or/T-region probe hybridised to all the plasmid bands in the uncut E. 

faecalis Tmer33 plasmid lane, though some hybridise more strongly (Figure 6.7). This 

suggests that all of the plasmids in E. faecalis Tmer33 contain homologous oriT 

regions. It is possible that they were all mobilised together because they encode the 

oriT sequence recognised by the pMER1 nickase. However, as stated in section 

6.3.1, it could not be conclusively proven that the pRE25 or/T-region probe was pure. 

Thus sequencing of the probe would be required to confirm this result is not due to 

non-specific probe.

No hybridisation of pMERI with pRE25 orf11 probe was observed (Figure 6.8).

These results infer that pMER1 replicates via a theta-mode of replication as opposed 

to a rolling-circle mechanism and that its conjugative mechanism is homologous to 

that of pRE25.
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Figure 6.4. Southern blot analysis of E. faecalis Tmer33 DNA with merA probe. 

Agarose gel and southern blot hybridisation of E. faecalis Tmer33 genomic DNA, E. 

faecalis Tmer33 plasmid DNA and pRE25 plasmid DNA. DNA was digested with 

three different enzymes and probed with E. faecium 664.1 HI merA probe. Key to 

Lanes: U uncut; R1 EcoRV; R2 Stu\ and R3 Xba\
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Figure 6.5. Southern blot analysis of E. faecalis TmerSS DNA with repS probe. 

Southern blot hybridisation of E. faecalis TmerSS genomic DNA, E. faeca//s TmerSS 

plasmid DNA and pRE25 plasmid DNA. DNA was digested with three different 

enzymes and probed with pRE25 repS probe.

Key to Lanes: U uncut; R1 EcoRV; R2 Sful and R3 Xbal
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Figure 6.6. Southern blot analysis of E. faecalis Tmer33 DNA with nickase probe. 

Southern blot hybridisation of E. faecalis Tmer33 genomic DNA, E. faecalis Tmer33 

plasmid DNA and pRE25 plasmid DNA. DNA was digested with three different 

enzymes and probed with pRE25 or/24 (nickase) probe.

Key to Lanes: U uncut; R1 EcoRV; R2 Stu\ and R3 Xba\
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Figure 6.7. Southern blot analysis of E. faecalis Tmer33 DNA with orlT probe. 

Southern blot hybridisation of E. faecalis Tmer33 genomic DNA, E. faecalis Tmer33 

plasmid DNA and pRE25 plasmid DNA. DNA was digested with three different 

enzymes and probed with pRE25 oriT probe.

Key to Lanes: U uncut; R1 EcoRV; R2 Stu\ and R3 Xba\
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Figure 6.8. Southern blot hybridisation of E. faecalis Tmer33 genomic DNA, E. 

faecalis Tmer33 plasmid DNA and pRE25 plasmid DNA. DNA was digested with 

three different enzymes and probed with pRE25 orf11 probe.

Key to Lanes; U uncut; R1 EcoRV; R2 Stul and R3 Xbal
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6.3.3. The Structural Support o f the tet{S) Gene

The inverse PCR from E. faecium 664.1 H1 tet{S) amplified a ~ 3.1 kb fragment 

(Figure 6.9). This was cloned and sequenced (figure 6.10). The region downstream of 

fef(S) was homologous to that from L  lactis pK214, in that it contains sequence with 

homology to orf6, orf9, orf7 and orfS of the conjugative transposon Tr\916 (Accession 

number LI 5633)(table 6.3. figure 6.10). These ORFs are organised in the same order 

in the E. faecium tet{S), Tn916 and pK214. The fef(S) gene in pK214 is flanked by 

two copies of the ISf 276 element, orfS is missing due to the insertion of one of these 

IS elements. The parallel sequence in the L  monocytogenes plP811 has only been 

sequenced as far as orf6. The E. faecium 664.1 HI sequence is more homologous to 

the sequence of pK214 than Tn976. In E. faecium 664.1 HI, downstream of these 

ORFs is a region of non-coding DNA.

The function of orf6, orf9, orf7 and orf8 of Tn976 has been studied by Celli and Trieu- 

Cuot (1998). It is believed orf9 acts as a transcriptional repressor, though its exact 

function in the mobility of Tn976 is unknown. The predicted protein product of orfZ 

shares limited homology with a B. subtilis sigma factor (a*") whilst the predicted 

protein product of orf8 shares no known homology with any known proteins. It is 

believed Orf7 and Orf8 are involved in transcriptional regulation of genes involved in 

transfer of Tn976 (Celli and Trieu-Cuot, 1998). The role of orf6 has not been 

characterised in Tn976.
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I  BstEW Amplicon

3.6kb

2.3kb

Figure 6.9. Results of inverse PCR from E. faecium 

664.1H1. E. faecium 664.^H^ genomic DNA was 

H/ndlll digested and used as template.

E. faecium 
664.1 H1 ORF

% Identity with Tn9f6 % Identity with 
pK214 % Identity with plPSii

DNA level
Protein

level
DNA level

Protein
level

DNA level
Protein

level

orfd 86% 86% 98% 94% 98% 94%

orfQ 6 0 % 100% 100% -

orf7 55% 96% 91% -
orf8 59% - -

Table 6.3. ORFs downstream of E. faecium 664.1 H1 fef(S) and their homology at the 

DNA level and predicted protein sequence level to ORFs in E. faecalis Tn916, L  

lactis pK214 and L. monocytogenes plP811. If homology is shown only at the 

predicted protein level, then the sequences shared no significant homology at the 

DNA level. - means the respective ORF has not been sequenced in this isolate.
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L lactis pK214
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orf13 orf12
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L monocytogenes plP811

orf6 orf9 orf7 orfS

E. faecium 664.1 H1

orf6 orf9 orf7 orfS xis int

Jn916

Figure 6.10. Diagram of tet{S) downstream sequence from L. lactis pK214, L. monocytogenes plP811, E. faecium 664.1 HI 

compared to Tn976 sequence. Tn976 ORFs are shown as hatched arrows, ORFs homologous to Tn976 ORFS are shown as 

black arrows.
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6.3.4 Filter matings

A summary of the filter matings carried out and the results are shown in figure 6.11 and 

the rational for each mating described in the appropriate results section.

In certain cases confluent growth was observed on the screening plates. In such cases 

single colonies were obtained by diluting the plated cells in BHI broth and replating on 

BHI agar containing the appropriate antibiotic. Single colonies from these plates were 

restreaked to provide single colonies to work from. This ensured each transconjugant 

characterised was a single clone. Due to lack of time available, some of these filter 

matings were not repeated to calculate the exact frequency of transfer. The 

observation of confluent growth is discussed at the end of this section.
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E. faecalis JH2-2
Ttet38
Tc^RIf^

E. faecalis JH2-2 
Tmer33 
SmTHg'", Rif̂

B)

B)

E. faecium E. faecalis JH2-2 C)
664.1 HI Tmertet103 &
Tc” , Sm*, Hg* Tmertet104 

Hg", Tc ,̂ Sm^

B. subtilis CU2189 
0 transconjugants from 
1.7x10^° donor cells

L innocua L19 
0 transconjugants from 
4x10® donor cells

L innocua L19 
0 transconjugants from 
1.3x10^° donor cells

a  subtilis CU2189 
TsmtetIO? & TsmtetlOB
H g ^T cT ^
7x10^ transconjugants / 
donor cell

B. subtilis CU2189 
TsmtetlOI &Tsmtet102
H g TïcT ^

B. subtilis œ2^e9 
Tsm113 & Tsm114

Figure 6.11. A summary of filter matings performed and their results. Donors are shown in solid 
boxes. The transconjugants resulting from an E. faecalis Ttet38 & E faecalis Tmer33 mating 
are shown in the double lined box. These transconjugants were also used as donors. Recipient 
strains and transconjugants isolated from them are shown in dashed boxes. Arrows show which 
donors were mated with which recipients. The bold letter next to each arrow signifies what 
media was used to screen for transconjugants in each mating. These are as follows; A) HgCl2 + 
Tet + Sm; B) LiCl2 +Sm and C) LiCl2 + Tet. The names of characterised transconjugants are 
underlined and convey their phenotypes e.g. Transconjugant Tmertet103 is resistant to mercury 
and tetracycline. The resistance phenotypes of all isolates are also given. Key: Hg= HgCl2: 
Rif=Rlfampicin; Sm= Streptomycin; Tc= Tetracycline; resistant and sensitive.
Transfer frequencies are also given. Where transfer frequencies are not given, they have not 
been calculated. This is due to confluent growth on screening plates and is discussed in the 
text.
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6.3.4.1 The Host Range of pMER1

To investigate the host range of pMER1 E. faecium 664.1H1 was mated with B. subtilis 

CU2189 and L  innocua L19.

Filter mating experiments with E. faecium 664.1 H1 donor and L. innocua LI 9 recipient 

produced no streptomycin resistant transconjugants from 4 X 10® donor cells. No 

growth of L  innocua LI 9 was observed on MH media containing streptomycin as a 

negative control.

Streptomycin resistant B. subtilis CU2189 transconjugants were isolated from filter 

matings with E. faecium 664.1 HI as the donor. The frequency of transfer was not 

calculated due to confluent growth on the selective plates. Single colonies were 

obtained and the identity of two B. subtilis CU2189 transconjugants was confirmed (via 

sequencing of their 16S rRNA gene), they were designated TsmtetlOl and Tsmtet102. 

They had an MIC for tetracycline of 16pg ml'  ̂ compared with B. subtilis CU2189, which 

was <0.12 pg ml \  B. subtilis CU2189 is sensitive to mercury with an MIC of 16pM. 

Neither of the B. subtilis transconjugants was resistant to mercury, with an MIC of 

16p.M. However, both transconjugants were PCR and sequence positive for merA as 

well as fef(S) and aadK (figures 6.12 and 6.13).

No growth of B. subtilis CU2189 was observed on MH media containing either 

streptomycin or tetracycline as a negative control.
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It should be noted, in this case and in all subsequent filter matings with B. subtilis 

CU2189 recipients, PCR amplification of the merA and aadK ampiicons could only be 

achieved from chloramphenicol amplified plasmid preparations (as described in 

6.2.4.1) and not genomic preparations. A chloramphenicol amplified plasmid 

preparation from B. subtilis CU2189 was PCR screened with merA and aadK primer 

sets as a negative control. This DNA was PCR negative with both primer sets (results 

not shown).

It would appear that co-transfer of pMER1 and the fef(S) element has occurred in both 

transconjugants, though the frequency of transfer has not been quantified. pMER1 can 

transfer between enterococci and into B. subtilis CU2189. There is no evidence that 

pMER1 can transfer into L. innocua L19. The pMER1 mer operon doesn’t confer 

mercury resistance in B. subtilis CU2189.
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Figure 6.12. PCR screen of DNA from B.subtilis transconjugants TsmtetlOI, 
Tsmtet102, Tsmtet107 and TsmtetlOS with primer sets specific for aadK and fet(S).

Key to Lanes: Positive controls (1- DNA from E. faecium 664.1 HI with aadK primers, 

2- E. faecium 664.1 HI with tet{S) primers); B.subtilis transconjugants (3&7- 
TsmtetlOI, 4&8-Tsmtet102, 5&9-Tsmtet107 and 6&10-Tsmtet108) and negative 
controls (11- B.subtilis CU2189 with aadK primers and 12- B.subtilis CU2189 with 

tet{S) primers.

BstEW

700b
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Figure 6.13. PCR screen of DNA from B.subtilis transconjugants TsmtetlOI, 

Tsmtet102, Tsmtet107 and Tsmtet108 with primer sets specific for merA.

Key to Lanes: 1&5- B.subtilis CU2189; 2&6- E. faecium 664.1H1; 3- B.subtilis 

TsmtetlOI; 4- Tsmtet102; 7- Tsmtet107 and 8- Tsmtet108
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6.3.4 2 The Conjugative Status of pMERI and the fet(S) Element 

6.3.4.2.1 Production of Donor Strains

To determine whether pMER1 transferred in the absence of the tet{S) element and vice 

versa, strains containing either; pMER1 alone; the tet{S) element alone and both 

pMER1 and the fef(S) element were required. The donor background had to be the 

same in each case to ensure there were no differences in the donor’s restriction 

modification systems. Such differences could influence the results of the filter matings. 

Two such donors were already available. E. faecalis JH2-2 transconjugant TmerSS 

contained pMER1 only and E. faecalis JH2-2 transconjugant TtetSS contained the 

fef(S) element only (chapter 4). Therefore an E. faecalis JH2-2 transconjugant 

containing both elements was required. The E. faecalis JH2-2 transconjugants TmerSS 

and TtetSS were thus mated together. Transconjugants were screened on HgOb, 

tetracycline and streptomycin. Confluent growth was observed on these screening 

plates. Single colonies were obtained (as described previously) and two E. faecalis 

JH2-2 transconjugants characterised, these were designated TmertetlOS and 

Tmertet104. They were streptomycin, mercury and tetracycline-resistant, PCR positive 

and sequence positive for merA, aadK and tet{S) (figure 6.15).

G.3.4.2.2 The Conjugative Status of pMERI and the tet{S) Element

E. faecalis transconjugant TmerSS (containing pMER1 only) was mated with B. subtilis 

CU2189 to determine if the tet(S) element was required for pMERI transfer into B. 

subtilis. Transconjugants were screened on media containing LiCb and streptomycin. 

Confluent growth was observed on these screening plates. Single colonies were 

obtained and the identity of two streptomycin resistant B. subtilis CU2189 

transconjugants was confirmed (via sequencing of their IBS rRNA gene) and these 

were designated Tsm llS  and Tsm114. These were not resistant to mercury but were 

PCR positive and sequence positive for merA and aadK (figure 6.14). This shows that 

pMERI can transfer independently of the tet{S) element into B. subtilis.
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E. faecalis TmertetlOS (containing both pMER1 and the tet(S) gene) was used as a 

donor with B. subtilis CU2189 as the recipient. Transconjugants were selected on LiCb 

and tetracycline to show transfer of the fef(S) element in the presence of pMER1. The 

frequency of transfer was not calculated during this study but has since been 

calculated at 7x10^ transconjugants per donor cell (personal communication Roberts, 

2002). This frequency of transfer is of a similar order to that of tet(S) transfer from E. 

faecium 664.1H1 to E. faecalis JH2-2, which transferred at 1.3 x 10 ® per donor cell. 

The identity of two tetracycline resistant B. subtilis CU2189 transconjugants was 

confirmed (via sequencing of their 16S rRNA gene) and these were designated 

TmertetIO? and Tmertet108. These were screened on either HgCb or streptomycin to 

see if co-transfer of pMERI had occurred. They were resistant to tetracycline and 

streptomycin but sensitive to mercury. They were PCR and sequence positive for 

merA, aadK and tet{S) (figures 6.12 and 6.13).

Again there was co-transfer of pMERI and the tet{S) element, on selection for 

tetracycline only. Either the tet{S) element was mobilised by pMERI or it is inserted 

into pMER1.

E. faecalis Tmertet103 was also used as a donor with L. innocua LI 9 as the recipient. 

This was to determine if there was any change in the host range of pMERI whilst in an 

E. faecalis JH2-2 host. Transconjugants were selected on streptomycin and LiCb. No 

streptomycin resistant transconjugants were isolated from 1.3x10^° donor cells.

Finally, E. faecalis Ttet38 (containing the fef(S) gene but not pMERI) was used as 

donor with B. subtilis CU2189 as the recipient. Transconjugants were selected on 

tetracycline and LiCb. No tetracycline resistant transconjugants were isolated from 

1.7x10^° donor cells, indicating that the tet{S) element can not transfer in the absence 

of pMERI.
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When transfer took place in mating studies where only LiCb and streptomycin were 

used for selection, confluent growth was observed on the screening plates. This was 

previously observed when mercury was used for selection of pMER1 transfer from E. 

faecium 664.1 H1 into E. faecalis JH2-2 (chapter 4). This transferred at 8 x 10^ per 

donor cell and under standard filter mating conditions was seen as confluent growth on 

the screening plates. This can be compared with transfer of fef(S) (which transferred 

into the same strain at 1.3 x 10 ® per donor cell) which was seen as approximately 1-5 

colonies per 20 screening plates.

When confluent growth was observed, it is tempting to assume that transfer has 

occurred at a similar order of magnitude as pMERI transfer from E. faecium 664.1 HI 

into E. faecalis JH2-2 (as opposed to fef(S) transfer). However until all the frequencies 

of transfer are calculated, no firm conclusions can be made.
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Figure 6.14. PCR screen of DNA from B. subtilis transconjugants Tsm113 and 

Tsm114, with primer sets specific for aadK and merA.

Key to Lanes: 1&5- B. suM//s CU2189; 2&6-E. faecium 664.1 HI; 3&7- Tsm113and 

4&8- Tsmi 14.
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Figure 6.15. PCR screen of DNA from E. faecalis transconjugants Tmertet103 and 

Tmertet104 with primer sets specific for merA, aadK and tet{S).

Key to Lanes: 1,5&9- E. faecalis JH2-2; 2,6&10- E. faecium 664.1 HI; 3.7&11- 

Tmertet103 and 4,8&12 Tmertet104.
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6.4 Discussion

6.4.1 The Conjugative Multiresistant Plasmid pRE25

pMER1 is related to the 50kb broad host range plasmid pRE25 originally isolated from 

E. faecalis RE25 (Schwarz et a!., 2001). E. faecalis pRE25 encodes resistance to 

numerous antibiotics (table 1.2) and its host, E. faecalis RE25, also encodes an 

uncharacterised chromosomally located tetracycline resistance determinant (Schwarz 

et al., 2001). pRE25 has been shown to transfer by conjugation to E. faecalis JH2-2, 

Listeria innocua LI 9 and L  lactis Bu2-60 and to mobilise a small plasmid, pESP91, 

from E. faecalis RE25 (Schwarz et al., 2001).

Figure 6.16 shows how the structure of pRE25 can be split into two main regions 

consisting of a 30kb region, flanked by two IS1216V elements and a 20kb region 

intervening these IS elements. The 30kb region shows significant homology to three 

plasmids that are members of the Inc18 incompatibility group, pIPSOI from 

Streptococcus agalactiae, pSM19035 from S. pyogenes and pAMpI from E. faecalis 

(Weaver et al., 2002). None of these three plasmids have been sequenced completely 

(Accession X66468). The 30kb region shares such significant homology with the 30kb 

plasmid plP501 that it has been hypothesized that pRE25 is pIPSOI with an \S1216V 

insertion. The 30kb region contains the replication genes, an oriR, an erythromycin 

resistance determinant (em?(B)), a nickase gene {orf24) Involved in plasmid transfer 

and an oriT. The remaining 20kb encodes multiple resistance genes, including aadK, 

numerous IS elements and a putative repR gene involved in plasmid replication.
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Figure 6.16. A simplified diagram of pRE25. Its two main regions are illustrated 

in this diagram by the lines with circled ends. The oriT and the three ORFs 

represented as red arrows were compared for homology with pMERI. Green 

arrows represent ORFs with known DNA sequence homology to pMERI. aadK 

depicted as a white arrow, encodes a predicted protein with homology to a 

predicted protein encoded by pMERI. Blue arrows represent \S1216V 

elements.
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6.4.2 The Replication and Transfer Determinants of pRE25

The 30kb region contains two replication genes, repS and orf11 (Schwarz et al., 2001). 

The repS gene encodes a protein responsible for theta replication whilst the orf11 gene 

product encodes a protein involved in rolling-circle replication (Pujol at a!., 1998). It has 

been demonstrated in plP501 (which also encodes a theta replicon and a rolling circle 

replicon) that at high copy numbers the rolling-circle replicon is inhibited (Pujol et a!., 

1998). The mechanism of inhibition is not fully characterised but deletion analysis of 

the repR gene (homologous to repS in pRE25) and theta origin showed they are both 

required for inhibition of rolling circle replication. It has been proposed that the pRE25 

also primarily replicates via theta type replication, though no studies have been 

performed to confirm this (Schwarz et a!., 2001).

6.4.3 Homology of pMER1 With Other Inc18 Plasmids

pRE25 shares homology with three Inc18 plasmids; pAMpi, pSIV119035 and pIPSOI. 

These results show that pMERI is a member of the Inc18 incompatibility group of 

streptococcal plasmids, as opposed to the rolling-circle or pheromone-responsive 

classes of plasmid in enterococci. Further study is required to determine which Inc18 

plasmid pMERI shares the most homology with.
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6.4.4 The Conjugative Status of pMERI

Filter mating studies have shown that pMER1 is a conjugative plasmid that is capable 

of intra-genera and inter-genera transfer. However, the E. faecalis Tmer33 

transconjugant, which contains pMER1 also appears to contain other 

extrachromosomal elements (as can be seen in figure 6.4). It could be argued that 

pMER1 may be mobilised by these extrachromosomal elements. However this does 

not seem likely for two reasons. Firstly, these elements are considerably smaller than 

pMER1 and so are less likely to encode the machinery required for conjugative 

transfer. Secondly, these elements did not probe positive for the nickase gene {orf24), 

which is involved in pRE25 conjugal transfer. Therefore it seems more likely that 

pMER1 is conjugative.

The host range of pMER1 differs to that of pRE25. Both plasmids transfer to E. faecalis 

JH2-2, however, pRE25 can transfer to L  innocua L19 (Schwarz et al., 2001) whilst 

pMERI can not. Transfer of pRE25 into B. subtilis has not been reported but the 

related plasmid pAMpi can transfer to and replicate in S. subtilis (Tannock and Cook, 

2002).

It appears that pMERI does not confer resistance to mercury in B. subtilis CU2189. 

Whilst this may be due to a number of reasons, it supports the theory that other 

transport proteins in the genome of E. faecium 664.1H1 may complement the putatively 

defective mercury transport proteins. It should be noted that the pMER1 filter matings 

into B. subtilis CU2189 need to be repeated to confirm these results and the 

conclusions based on these results are tentative at this stage.
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6.4.5 The te1{S) Genetic Support

The tet{S) gene encodes a ribosome protection protein closely related to TetM 

(Charpentier et al., 1993).The tet{S) gene was originally discovered in Listeria 

monocytogenes strain BM4210 (Poyart-Salmeron et a!., 1990) where it was found on 

the self-transferable plasmid plP811. It was speculated that plP811 originated in 

enterococci as it was closely related to pAMpi and transferred more efficiently into 

enterococci than other Gram-positive bacteria (Poyart-Salmeron et a/., 1990). The 

tet{S) gene has also been identified (via hybridisation studies) on the chromosome of 

E. faecalis BM4242 (Charpentier et al., 1994). The E. faecalis BM4242 fef(S) gene and 

the region flanking it has not been sequenced. In E. faecalis BM4242 the tef(S) 

determinant was transferable in the presence of a co-resident 55kb conjugative 

plasmid plP825 (Francois et al., 1997). The tet{S) determinant was presumably 

dependant on conjugation encoded proteins on plP825. Transfer was shown to E. 

faecalis JH2-2 and E. faecalis 0G1RF. Restriction mapping and hybridisation studies 

showed that transfer of the tet{S) determinant was always associated with the transfer 

of a 40kb element that probed positive for fef(S). The element often transferred large 

pieces of the donors chromosome along with itself (Francois et al., 1997). It has not 

been further characterised.

A tet{S) gene has also been found on pK214 in Lactococcus lactis. In both L. lactis 

pK214 and L. monocytogenes plP811 the tet{S) sequence is associated with sequence 

from a regulatory region from conjugative transposon Tn916, which contained the 

fef(M) gene (figure 6.10). Incidentally both pK212 and plP811 have been characterised 

as pAMpl-like (Perreten etal., 1997; Francois etal., 1997).

The regions flanking the fef(S) gene in E. faecium 664.1 HI, and also in pK214 and 

plP811, are related to four ORFs in Tn916. Three of these Tn916 ORFs {orf9, orf7 and 

orf8) are believed to be involved in transcriptional regulation of the transfer functions of 

Tn916 in response to the presence of tetracycline; the role of the other ORF (o/f6) has 

not been characterised in Tn976 (Celli and Trieu-Cuot, 1998). The E. faecium 664.1 HI 

tet{S) element is more homologous to the tet{S) element of pK214. It is interesting to
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see that the pK214 tet{S) element is flanked by the insertion sequence \S1216. pRE25 

contains three copies of \S1216 flanking a 20kb region that contains three antibiotic 

resistance genes that confer resistance to streptomycin, kanamycin and neomycin. 

This IS element, may have played a role in the evolution and dissemination of mobile 

elements encoding antibiotic resistance in the enterococci. It would be interesting to 

see if pMER1 also contained this IS element.

6.4.6 The Conjugative Status of the E. faecium 664.1 H1 tef(S) Element

In mating experiments between E. faecium 664.1 H1 and E. faecalis JH2-2 co-transfer 

of tet{S) and pMERI was never observed. In contrast both elements always co-transfer 

in matings between enterococcal donors and B. subtilis CU2189. It is possible that the 

tet{S) element has to insert into pMERI in order to transfer to B. subtilis CU2189, and 

that when E. faecalis JH2-2 is used as a recipient the tet{S) is being mobilised in trans, 

however more work is required to test this notion (as stated in 6.4.4 all conclusions 

based on filter matings into B. subtilis CU2189 should t>e regarded as preliminary until 

further work is performed). A comparable mobilisable tet{S) element from E. faecalis 

BM4242 has been found. This was mobilised both in cis and in trans by a 55kb 

conjugative plasmid, plP825 (Francois et a/., 1997). To date, neither the fef(S) element 

or plP825 have been further characterised.
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6.5 Conclusions

pMER1 is a conjugative plasmid and is related to the Inc18 group of enterococcal 

broad host range conjugative plasmids. It contains genes homologous to repS of 

pRE25, responsible for theta replication, and orf24 of pRE25, which is involved in 

conjugal transfer.

The tet{S) encoding element shares homology with four genes from Tn9f6; three of 

which are believed to be involved in transcriptional regulation of the transposition 

functions of Tn916. No genes involved in conjugation or replication have been cloned 

from this element.
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Chapter 7 

Final Conclusions and Further Work
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This work has shown for the first time that silver and antibiotic-resistant bacteria can be 

isolated from the mouth. Two E. cloacae isolates with resistance to silver, ampicillin, 

clindamycin and erythromycin were isolated. PCR and sequencing showed the 

presence of the silE gene, encoding a silver-binding periplasmic protein, on plasmid 

DNA in both isolates. This indicates that silver resistance is conferred by the si! operon. 

Whether the observed antibiotic-resistance is encoded on the same plasmid remains to 

be seen. To date there have been no reports of studies quantifying the frequency of 

silver resistant bacteria in the mouth or if these bacteria are selected by the silver in 

amalgam filings. This issue should be addressed in future research, as should the 

linkage of antibiotic and silver-resistance in these two E. cloacae isolates. This would 

help establish to what extent silver from amalgam fillings could influence the 

dissemination of antibiotic resistance in oral bacteria.

Whether amalgam fillings select for mercury resistant bacteria in the human mouth is 

unresolved. There are numerous contradictory reports in the literature. There is also 

growing evidence that they do not select for mercury and antibiotic-resistant bacteria. 

However, a recent study in children has shown that the placement of amalgam 

restorations does influence the species composition of oral bacterial flora, with an 

increase in mercury and antibiotic-resistant Streptococcus oralis isolates (Pike et al., 

2003c). An aspect that is not discussed in these studies is the nature of the mercury 

released from amalgam restorations. According to Lorscheiders work (1995a) mercury 

given off by amalgam restorations is predominantly Hg°. As this form is less toxic than 

Hg^  ̂it will have less of a selective effect. However Hg°that is dissolved in saliva can be 

subsequently converted to Hg^  ̂by peroxidase oxidation in the Gl tract. Summers et al. 

showed that the presence of amalgam restorations resulted in an increase in mercury 

and antibiotic resistance in both oral and faecal samples (Summers et al., 1993). 

Amalgam restorations may have a more selective effect on gastrointestinal bacteria.

As part of this study, the complete mer operon of E. faecium 664.1 HI has been 

sequenced. This is the first time a mer operon has been characterised from a Gram-
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positive oral isolate. The structure of the mer operon is distinct from all previously 

examined. The sequence data predict that MerF and MerT transport proteins do not 

have the cysteine pairs required for mercury binding and transport. Therefore it is likely 

that these proteins are not functional. Whilst the presence of the transport proteins has 

been shown to be essential for mercury resistance in Gram-negative bacteria, it is not 

known if these transport proteins are absolutely required in Gram-positives. However, 

though the operon has a novel structure it does retain some of the conserved 

components of a Gram-positive narrow spectrum mer operon, i.e. genes that encode 

regulatory, transport and mercuric reductase proteins.

At this stage it would appear that the mer operon does not confer resistance in a B. 

subtilis CU2189 host. This implies that the E. faecium 664.1H1 and E. faecalis JH2-2 

host may encode transport proteins that complement this mer operon. The B. subtilis 

CU2189 transconjugants containing pMER1 (which encodes the mer operon in E. 

faecium 664.1 H1) could be used to determine if functional transport proteins are 

required for mercury resistance. The introduction of functional mercury transport 

proteins into B. subtilis transconjugants may complement MerF and MerT in trans. This 

could be achieved by constructing a library of E. faecium chromosomal DNA in a B. 

subtilis merA positive transconjugant and selecting for mercury resistant transformants. 

This would show which proteins from E. faecium are required for mercury resistance in 

B. subtilis CU2189.

An alternative hypothesis is based on the fact that MerF and MerT have been shown to 

function in the inner membrane of Gram-negative bacteria. Here they channel the 

mercury to MerA before it can damage the inner membrane, thus maintaining the cells 

integrity. The difference in the physiology of the cell membrane and wall of Gram- 

positive cells such as enterococci may mean the integrity of the cell is not put at such a 

risk by unbound mercury. If this were the case MerF and MerT would not be required. 

This argument could be extended to explain why the pMERI mer operon confers 

resistance in enterococcal strains but did not confer resistance in B. subtilis CU2189. 

There may be physiological differences in the cell wall of B. subtilis CU2189 (compared
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with the enterococcal strains tested), which lead to the requirement of mercury

transport proteins for functional mercury resistance.

The sequence of the mercuric reductase gene, merA, is of evolutionary interest. merAs 

have been grouped mainly into the highly conserved Bacillus merA group, with the 

merA of S. aureus being considerably diverged from this group (see figure 6.11). The 

merA of E. faecium 664.1 HI shares greater homology with the Bacillus group of 

merAs. However, it is a relatively diverged member of this group.

The majority of mer opérons characterised in Gram-positive bacteria have been

associated with transposons and the E. faecium meroperon on pMERI is contained on 

a putative transposable element. Furthermore, the putative transcriptional organisation 

is such that the transposase, tnpA, may be co-transcribed with the mer operon, under 

the control of the regulatory protein MerR. As MerR up regulates the mer operon in the 

presence of mercury, tnpA will also be up-regulated by mercury. RT-PCR and Northern 

blot hybridisation analysis would determine if this was the case. Previously, no mer 

opérons had been associated with an ISL3-like transposon. However, very recently, the 

annotated Streptococcus agalactiae genome was submitted (Accession: AE014249). 

This contains a mer operon upstream of an ISL3-like transposase that shares major 

homology with that of E. faecium 664.1 HI. There are no details as to whether the mer 

operon or the putative transposase are functional.

This work has characterised another example of linked transferable mercury and 

antibiotic-resistance in Gram-positive bacteria. The plasmid pMERI, that encodes 

mercury and streptomycin resistance in E. faecium 664.1 HI, has the ability to transfer 

at a relatively high frequency to other enterococci and also possibly to B. subtilis. It is a 

conjugative broad host range pAMpl-like plasmid of the Inc18 group. These plasmids 

are common in enterococci and often encode multiple antibiotic resistance. For 

example pRE25 encodes streptomycin, chloramphenicol and erythromycin resistance 

and has been shown to transfer from Enterococcus to Lactococcus and Listeria. Their
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broad host range means they are able to disseminate antibiotic resistance among 

Gram-positive genera.

E. faecium 664.1 H1 is also resistant to tetracycline. Hybridisation and PCR studies of 

E. faecium 664.1 HI located a chromosomal copy of the tet{S) tetracycline resistance 

gene. Sequencing 3.1 kb downstream of this gene identified four ORFs homologous 

oris from Tn916. Linkage between tet(S) and Tn9f6-like genes has been seen 

previously. Two of these Tn9f6-like genes (crf9 and orfT) have also been identified on 

a clostridial mobilisable transposon, Tn5398, which encodes an erythromycin 

resistance determinant (Farrow et a/., 2001). It is possible that these ORFs represent a 

regulatory region that is associated with many different mobile elements. tet{S) was 

transferable, independent of pMERI, from E. faecium 664.1 HI to E. faecalis JH2-2. 

However transfer of tet{S) into B. subtilis CU2189 was always linked with aadK and 

merA. This suggests that either; 1) The tet{S) element is mobilised in trans by pMERI 

in enterococci and in cis Into 6. subtilis or 2) the tet{S) element confers its own 

conjugative function within enterococci but requires pMERI to transfer into B. subtilis 

CU2189. To further characterise this element and prove if it is a transposon, the 

complete sequence should be obtained and the junction regions between the element 

and the genome need to be sequenced. Hybridisation analysis of plasmids isolated 

from B. subtilis CU2189 tet{S) transconjugants will also help understand the interaction 

between pMERI and the tet{S) element.

The sequenced region of pMERI encodes 20 ORFs with three ORFs at the 3’ end 

{orf37, orf38 and orf39) sharing homology to conjugative plasmid pRE25 (figure 6.17). 

It also encodes a putative protein (AadK) at the 5’ end which shares homology to the 

AadK of pRE25. The pRE25-like ORFs and aadK are separated by the putative mer 

transposon and nine other ORFs of varied possible function. One or more 

recombination events could have led to the formation of this region. In pRE25 the 

intervening region of aadK and orf37-orf39 encodes the insertion sequence, IS1216.
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This region in both pMER1 and pRE25 may thus represent a recombinational hotspot. 

pRE25 actually encodes three copies of IS1216 plus a copy of ISRE251 and IS1062. 

Recombination events mediated by insertion sequences played an important role in the 

evolution of pRE25. Further sequence analysis is needed to reveal if the same is true 

for pMERI.

This work highlights the interaction between mobile elements involved in transfer of 

resistance determinants in Enterococcus and all the possible host strains of the Inc18 

pAMp1-like plasmids. For example, the two previously sequenced copies of tet{S) have 

been isolated on pAMpi-like plasmids and are associated with Tn9f 6-like genes. The 

tet{S) gene on pK214 is flanked by two copies of IS1216; this IS element played a 

major role in the evolution of the pAMpi-iike plasmid pRE25. The tet{S) element of E. 

faecium 664.1 HI possibly interacts with pAMpi-like plasmid, pMERI, leading to an 

increase in its host range. The only other ISL3-like transposase isolated in 

Enterococcus (like the transposase associated with the mer operon) appears to have 

once been associated with a pAMpl-like plasmid. Therefore the interaction observed in 

the mobile elements of E. faecium 664.1 HI is by no means an isolated case.

This strategy of interaction is advantageous to the host and to the maintenance of the 

mobile elements and resistance determinants. These advantages are seen in the 

composite transposon Tn5385 described in the introduction. Tn5385 is composed of 

six mobile elements and encodes seven resistance determinants. Containing multiple 

resistance determinants is obviously an advantage to a host in the presence of 

antibiotics; however when antibiotics are not present their maintenance may be a 

burden to the host. In the absence of selective pressure they would normally be lost 

over time. How does a host overcome these problems? A possible way to avoid this is 

to group all the resistance determinants and mobile elements together on one element. 

The host strain is thus more likely to come under a selective pressure that this multi- 

resistant composite element can meet. The selective pressure is thus enforced on the
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whole composite element and all the resistance determinants are likely to be 

maintained. The advantage to the resistance determinants can be taken one step 

further as they have access to a pool of modules from mobile elements, some of which 

may be more effective at transferring into different hosts. This may then increase the 

probability of the element persisting in different hosts.

The spread of bacterial antibiotic resistance that is becoming such a problem to the 

medical community is dependant on the flexibility of the mobile elements that encode 

these resistances. The modular nature of these mobile elements and their interaction 

adds to their flexibility. The further study of elements such as pMER1 and the tet{S) 

encoding mobile element is required to better understand and control the spread of 

antibiotic resistance in these clinically important bacteria.
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Appendix 1. A list of the primers used during this study.
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Primers used to amplify siiE

SÜE/2F GTACTCCCCCGGACATCAC

SÜE/2R GGCCAGACTGACCGTTATTC

Primers used to amplify merA

merA/1 F CTGGTTGTGAAGAACAT

merA/1R TCCTTCTGCCATTGTTA

merA/2F CTGAAATTTCAGAAGCCAT

merA/2R GCACAGCAAGATAATTT

Primers used to amplify aadK

aadK/1F CTTCTCTGCATTCTATCCG

aadK/1R ACACTCAGCCACTCATCAC

Primers used to screen for the tetracycline resistance detei 

E. faecium 664.1 H1
tet(A)Fw GCTACATCCTGCTTGCCTTC

tet(A)Rv CATAGATCGCCGTGAAGAGG

tet(B)Fw TTGGTTAGGGGCAAGTTTTG

tet(B)Rv GTAATGGGCCAATAACACCG

tet(C)Fw CTTGAGAGCCTTCAACCCAG

tet(C)Rv ATGGTCGTCATCTACCTGCC

tet(D)Fw AAACCATTACGGGATTCTGC

tet(D)Rv GACCGGATACACCATCCATC

tet(E)Fw AAACCACATCCTCCATACGC

tet(E)Rv AAATAGGCCACAACCGTCAG

tet(G)Fw GCTCGGTGGTATCTCTGCTC

tet(G)Rv AGCAACAGAATCGGGAACAC

tet(K)Fw TCGATAGGAACAGCAGTA

tet(K)Rv CAGCAGATCCTACTCCTT

tet(L)Fw TCGTTAGCGTGCTGTCATTC

tet(L)Rv GTATCCCACCAATGTAGCCG

tet(M)Fw GTGGACAAAGGTACAACGAG

tet(M)Rv CGGTAAAGTTCGTCACACAC

tet(0)Fw AACTTAGGCATTCTGGCTCAC

tet(0)Rv TCCCACTGTTCCATATCGTCA

tet(S)Fw ATG1TTTTGGAACGCCAGAG

tet(S)Rv CATAGACAAGCCGTTGACC
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tet(Q)Fw TTATACTTCCTCCGGCATCG

t0 t(Q)Rv ATCGGTTCGAGAATGTCCAC

tet(T)Fw AAGGTTTATTATATAAAAGTG

tet(T)Rv AGGTGTATCTATGATATTTAC

tet(W)Fw GAGAGCCTGCTATATGCCAGC

tet(W)Rv GGGCGTATCCACAATGTTAAC

Primers used to confirm merA positive cosmid clones
M4/F AGCAGGGGAAATCAATC

T7 universal TAATACGACTCACTATAGGG

Primer used to sequence nested deletion clones

T3 ATTAACCCTCACTAAAGGGA

Primers used to characterise the insertion of ISfO in pPPMA153
Tn10/1F CAAAGCGTAACCATGTGTG

Tn10/1R CAGACCTAGGAGCGGAAAAC

1.1/1F GTACGTCACAATGGATATG

309/4/1R GGTAGTTAGTATTAAGGATGGTG

Tn1G/6F CATCTAATGGTTTATCCCTCTCTACTTCAAGC

Tn1G/2R GGGTAACGAAACACACAGAATGAGC

Primers used to PCR map pPPMA153 relative to E. faecium 664.1H1
aadK/4F CAAATATTTATACAGAAGCCCG

1.4/2F CAGTCGAAACAAAAGCTC

1.4/IF CACATAATATC I !  IIGAAGG

4/2/3F CATAATAAGTGCTTCCATTCTTGTC

orf17/1F CGGAGTAGAAAAGAATGC

4/1/I F TTCAATTATCGGACAAGC

4/2/6R CATTTGTAAGTGTTATGGTGC

4/1/2F CCAACACGCTTAACGTCATC

merR/3F CTCACCGAACGGAAGCTGG

merF/1 R GCTAAAACAG GAATCAGAAC

merT/1 R GTTCTGATTC CTGI 1 1 lAGC

R2 TCCACGCTCAATCATAG

4/1/2R GTACAATCGTTTCTGGGG

D2 GTGATATATGCGGCGAC

1.1/1R AAGCCACTTAGGAGTTTC
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1.1 /1F GTACGTCACAATGGATATG

309/4/1R GGTAGTTAGTATTAAGGATGGTG

309/4B/6F CACCATCCTTAATACTAACTACC

309/3/4F CATTTTGAAGGGGAATGTATAC

Primers used to characterise the replication and transfer genes of pMERI

repS/1F GAAACTGTGCTTCATGACGGC

repS/1 R GTCCGI 1 1 lAGGGCGTTCTGC

crf24/1 F 1 1 1 1AAAACCT GATTAT GTACC

orf24/1 r GACAATCATTAGGAA1 1 1 ICAC

o r f ll/ IF GCCGGTTAAGTAATAGCCGG

orf11/1R TCTAAAGTAGCCCACGCAGG

orf24/2R AACTCATTAGGTACATAATCAGG

orf23/1F GAACAAAGTCACCAATATCTGC

Primers used for the Inverse PCR of the tet{S) downstream sequence
tetS3 GACGACATCATAATTAAGC

tetS4 CCACTCTGGCGTTCCAAAAAC

Primers used to PCR screen for aadK positive transconjugants
aadK/3F GAGAAGTGAACAGGAAATG

aadK/4R GAACCAATTCCCCCACTC
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Appendix 2A). Multiple alignment of the silE gene sequence from S. typhimurium 

pMG101 (Accession number AF067954) with the silE gene sequence obtained from E. 

cloacae Ag703.

Ag703
pM G lO l TCAGCCTGCACTGAGCATGCGACGATGCGCTTCGGCCATGGCCTGATGTGGGCCAGACTG

Ag703
pM G lO l

-----------------------------------------------------------------------CTCTTTCTGCTCATTCATCGCCGCGTA
ACCGTTATTCATAAATTCATGGGCAACTGCAGCTCTTTCATGCTCATTCATTGCCGCTAA

★  ■k'k'k'fcic'k'k'kie-k-k *  *  *  *  *  *

Ag703
pMGlOl

AGACGTTGACGGGACGGTCGTGGATACCGTGTTATTTCCCATCATCTTCTGATGACTTTC 
TGACTTCGACGGCCCGGTAGGGGAAACGGTCTGACTTCCCATCATCCTCTGATGACTTTC 

* *• * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * *

Ag7 03 
pM G lO l

CACCATTTTCTGGTGCGCATCCGCCGAGCCGTTCGTCATGGTTTCATGAGCAATAATGGC 
CACCATTTTCTGGTGCGCATCCGCCGACCCGTTCGTCATGGTTTCATGAGCAATAATGGC 
* * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Ag7 03 
pM G lO l

CTGTTCATGCTGGTCCATACCGGTCATACGAGGAGCAGTCCCCTGGATCCCGACAGGAGC 
CTGTTCATGCTGGTCCATACCGGCCATACGAGGTGCAGTCCCCTGGATCCCGACAGGAGC 
* * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * *

Ag703
pM G lO l

CGCAGCAGACTGCATCTGGTGAGCAGGAGCCTGTGCATTGTTGACGCGATCATGGATATT 
CGCAGCAGACTGCATCTGGTGAGCAGGTGCCTGTGCATTGTTGACCCGCTCATGGATATT 
* * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * *  *  *  * * * * * * * * * * *

Ag703
pM G lO l

CACGGTTTCAGTGGCCCAGGCCGATGAAATTAAACCAAAGCCCAGCAAAGATGCTAATAC 
CACGGTTTCAGTGGCCCAGGCCGAAGAAATTAAGCCAAAGCCCAGCAAGGATGCTAATAC 
* * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * *  * * * * * * * * * * * * * *  * * * * * * * * * * *

Ag7 03 
pM G lO l

GATATTTTTCATGATAACTCTCCATTTCTGAATTA----------------------------------------
GATATTTTTCATGATAACTCTCCATTTCTTAATTAGTGATGTCCGGGGGAGTAC

Appendix 2B). Multiple alignment of the predicted protein sequences from the 
pMG101 silE gene (Accession number AF067954), the E. coli pcoE gene (Accession 

number X83541.1) and the putative silE gene sequence obtained from E. cloacae 

Ag703.

PcoE---------------------- MKK ILVSFVAIMA VASSAMAAET MNMHDQVNNA QAPAHQMQSS
pMGlOl SilE  MKN IVLASLLGFG LISSAWATET VNIHERVNNA QAPAHQMQSA
Agio3 SilE IQKWRVIMKN IVLASLLGFG LISSAWATET VNIHDRVNNA QAPAHQMQSA

PcoE AEKSAVQGDS MTMMDMSSHD QAAMSHDMMQ NGNSAAHQDM AEMHKKMMKS
pMGlOl SilE AAPVGIQGTA PRMAGMDQHE QAIIAHETMT NGSADAHQKM VESHQRMMGS
Ag703 SilE AAPVGIQGTA PRMTGMDQHE QAIIAHETMT NGSADAHQKM VESHQKMMGN

PcoE KPAASNETAK SFSEMNEHEK SAVVHEKANN GQSSVIHQQQ AEKHRSQITQ
pMGlOl SilE QTVSPTGPSK SLAAMNEHER AAVAHEFMNN GQSGP-HQAM AEAHRRMLSA
Ag703 SilE NTVSTTVPST SYAAMNEQKE------------  ----------- ----------
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Appendix 3. Multiple alignment of merA from Bacillus cereus RC607 (Accession 

number AF138877), Bacillus megaterium MB1 (Y09907) and Staphylococcus aureus 

pl258 (L29436). Positions and directions of merA/1 F - merA/1 R and merA/2f - merA/2R 

primer sets are shown in highlighted boxes.
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RC607 ATGAAAAAATATCGAGTGAACGTGCAAGGAATGACATGTT 4 0
MBl ATGAAAAAATATCGAGTGAACGTGCAAGGAATGACATGTT 4 0
pI258   0
Consensus

RC607 CGGGTTGTGAACAGCATGTAGCTGTCGCTCTTGAAAACAT 8 0
MBl CGGGTTGcGAACAGCATGTAGCTGTaGCTCTTGAAAACAT 80
pI258   0
Consensus

RC607 GGGTGCAAAAGCGATTGAAGTAGATTTTCGCCGTGGAGAA 120
MBl GGGTGCAAAAGaGATTGAAGTAGATTTTCGCCGTGGAGAA 12 0
pI258   0
Consensus

RC607 GCTGTATTTGAGCTTCCTGATGACGTGAAAGTTGAAGACG 160
MBl GCTGTATTTGAGCTTCCTGATGACGTGgAgGTTGAAGtCG 160
pl258   0
Consensus

RC607 CGAAAAATGCGATTGCTGACGCAAACTATCACCCGGGCGA 200
MBl CGAAAAATGCGATTGCTGACGCAAACTATCAtCCGGGCGA 200
pI258   0
Consensus

RC607 AGCAGAAGAATTTCAATCGGAACAAAAGACGAATTTATTG 24 0
MBl AGCAGAAGAAT T T CAAT C GGAACAAAAGAC GAAT T TAT T G 24 0
pI258 ..................................... aTgAcTc 7
Consensus t a t

RC607 AAAAA..ATATCGGCTAAACGTTGAAGGAATGACCTGCaH 278
MBl AAAAA..ATATCGaCTAAACGTTGAAGGAATGACCTGCAM 278
pl258 AAAAttcATATaaaaTAccCaTTcAAGGcATGACaTGCAj 47
Consensus aaaa atat ta c tt aagg atgac tgcac

RC607
MBl
pI258
Consensus

MerA/1 F-
ATTGCGGTTGCTCTTGAAAATGCA 318
gTTGCGGTTGCTCTTGAAAATGCA 318

_________________gTaaCcGaaGCatTgGAAcAaGCc 8 7
gg tgtgaagaacat t c g gc t gaa a gc

TGGTTGTGAAGAACAT
gGGTTGTGAAGAACAT
aGGcTGTGAAGAACAT

RC607 GGTGCAAAAGGGATTGAAGTAGACTTTCGTCGCGGAGAAG 358
MBl GGTGCAAAAGGGATTGAAGTAaACTTTCGTCGtGGAGAAG 358
pI258 GGaGCtAAAGatgTTtcgGccGAtTTcCGaCGCGGtGAgG 127
Consensus gg gc aaag tt g a tt eg eg gg ga g

RC607 CACTGTTTGAACTACCGTATGATGTAGACATTGATATCGC 398
MBl CtgTaTTTGAgCTtCCtgATGATGTAGACATTGATATtGC 398
pI258 CeaTtTTTGAACTeagegATGATe...AgATeGAaAagGC 164
Consensus e t tttga et atgat a at ga a ge

RC607 GAAAACAGCGATTACTGACGCACAATATCAACCGGGCGAA 4 38
MBl GAAgAtAGCGATTACTGACGCAaAATATCAACCGGGCGAA 4 38
pI258 tAAgeaAaatATTtCgGeaGCeggeTATCAACC...CGgA 201
Consensus aa a att e g  ge tateaaee eg a
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RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pl258
Consensus

RC607
MBl
pl258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pl258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

GCAGAAGAAATACAAGTGCAATCGGAAAAAAGGACAGATG 47 8
GCAGAAGAAATAgAAGTGCAATCGGAtAAAAGGACAGATG 4 78
GagGAAGAAAgcCA. . . GCccTCtGAAAAcAG...... TG 232
g gaagaaa a gc to ga aa ag tg

TAAGTTTAAATGATGAAGGTAACTATGATTATGATTACAT 518
TAAGTTTAAATGATGAAGGTAACTATGATTATGATTACAT 518
TAgaTTTcAATcggGAtGGc...... GATTAcGATcttcT 2 66
ta ttt aat ga gg gatta gat t

CATCATCGGTTCTGGTGGAGCTGCCTTTTCATCTGCCATT 558
CATCATCGGTTCTGGTGGAGCTGCCTTTTCATCTGCCATT 558
gATtATtGGTTCcGGcGGtGCgGCgTTTTCtgCaGCtATc 306
at at ggttc gg gg gc gc ttttc c gc at

GAAGCCGTTGCTTTGAACGCAAAAGTGGCTATGATTGAGC 598
GAAGCCGTTGCTTTGAACGCAAAAGTGGCTATGATTGAGC 598
aAgGCCaaTGaaaacgggGCgAAAGTGGCcATGgTaGAaC 34 6
a gcc tg gc aaagtggc atg t ga c

GTGGAACGGTGGGTGGAACTTGCGTTAATGTCGGATGCGT 638
GTGGAACGGTGGGTGGAACTTGCGTTAATGTCGGATGCGT 638
GgGGAACcGTcGGgGGgACcTGCGTTAAcaTCGGtTGtGT 38 6
g ggaac gt gg gg ac tgcgttaa tcgg tg gt

TCCTTCTAAGACCTTATTAAGAGCAGGGGAAATCAATCAT 67 8
TCCTTCTAAGACCTTATTAAGAGCAGGGGAAATCAATCAT 678
aCCgTCaAAaACCaTgcTtcGtGCcGGtGAAATaAAcggT 426
cc tc aa acc t t g gc gg gaaat aa t

CTAGCAAAAAATAATCCATTTGTGGGATTACACACTTCGG 718
CTAGCAAAAAATAATCCATTTGTGGGATTACACACTTCGG 718
CTcGCccAAAAcAATCCgTTTaccGGAcTtCAaACgagta 4 66
ct gc aaaa aatcc ttt gga t ca ac

CTTCAAATGTTGATTTAGCGCCATTAGTAAAACAAAAGAA 758
C T T GAAAT GTTGATTTAGCGCCAT TAa TAAAACAAAAGAA 7 58
CcggtgcTGcgGAccTtGCcCaATTgaccgAACAAAAagA 506
c tg ga t gc c att aacaaaa a

TGATTTAGTAACCGAGATGCGAAATGAAAAATATGTGAAT 798
TGATTTAGTAACCGAGATGCGAAATGAAAAATATGTGAAT 7 98
T Gg a T TAGT cAg t cAaAT GC G t cAa GAAAAATAT aTagAc 546
tg ttagt a a atgcg a gaaaaatat t a

TTAATTGATGATTATGGTTTTGAATTAATAAAAGGTGAAT 838
TTAATTGATGATTATGGTTTTGAATTAATAAAAGGTGAAg 838
TTgATcGAaGAaTATGGaTTTGAtcTcATtcgtGGcGAgg 58 6
tt at ga ga tatgg tttga t at gg ga

CAAAATTCGTAAATGAAAATACAGTTGAAGTAAATGGCAA 878
CAAAATTCGTAAATGAAAATACAGTTGAAGTAAATGGCAA 8 78
CctcgTTtaTcgAcGAtAAgACgaTacAAGTgAATGGacA 626
c tt t a ga aa ac t aagt aatgg a
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RC607 TCAAATCACAGCCAAAAGATTTTTAATAGCTACAGGTGCT 918
MBl TCAAATtACAGCCAAAAGATTTTTAATAGCTACAGGTGCT 918
pI258 aaAcATCACgtCtAAAAGcTTTTTAATcGCaACgGGgGCT 666
Consensus a at ac c aaaag tttttaat gc ac gg get

RC607 TCTTCAACTGCACCTAATATTCCCGGATTAGATGAAGTAG 958
MBl TCTTCAACTGCACCTAATATTCCCGGATTAGATGAAGTAG 958
pI258 TCTcCggCTGttCCggAaATcCCgGGAaTgaATGAgGTtG 706
Consensus tct c ctg cc a at cc gga t atga gt g

RC607 ATTATTTAACAAGCACTAGCTTATTGGAATTAAAGAAGGT 998
MBl ATTAT TTAACAAGCACTAGC TTAT T GGAAT TAAAGAAGGT 998
pI258 ATTATTTAACAAGtACatcCgcAcTcGAATTAAAagAGGT 74 6
Consensus attatttaacaag ac c a t  gaattaaa aggt

RC607 TCCAAATCGTCTTACCGTAATTGGTTCAGGATATATCGGC 1038
MBl TCCAAATCGTCTTACCGTAATTGGTTCAGGATATATCGGC 1038
pI258 TCCAcAaCGatTggCaGTgATcGGTTCtGGcTATATCGca 786
Consensus tcca a eg t c gt at ggttc gg tatatcg

RC607 ATGGAATTAGGACAACTATTTCATAACCTCGGGTCAGAAG 1078
MBl AT GGAAT TAG GACAAC TAT T T CATAAC C T C G GGT CAGAAG 1078
pI258 gcGGAATTAGGtCAAaTgTTTCAcAACCTCGGaaCAGAAG 826
Consensus ggaattagg caa t tttca aacctcgg cagaag

RC607 TCACTTTGATTCAAAGAAGCGAGCGTCTATTAAAAGAATA 1118
MBl T aAC T T T GAT T CAAAGAAG CGAGCGTCTAT TAAAAGAATA 1118
pl258 TgACTcTcATgCAAAGAAGCGAGCGTCTgTTtAAAaccTA 866
Consensus t act t at caaagaagcgagcgtct tt aaa ta

MerA/2F
RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pl258
Consensus

RC607
MBl
pI258
Consensus

CGATCggggggMjMIMggggggggggTACTAAGGCCTTAACA
CG AT AC T AAGGC C T T AAC c
CGATC^^^^gg^^^^^^^gcgaTgAatCCTTAACt 
cgatcctgaaatttc gaagccat t a ccttaac

GAACAGGGAATTAATTTAGTAACAGGTGCAACCTATGAAC
GAACAGGGAATTAATTTAGTtACAGGaGCAACCTATGAAC 
GAg CAa GGAcT TAAc cT g a T cAC tGGgGt cAC t TAT cAAa
ga ca gga ttaa t t ac gg g ac tat aa

GAGTTGAGCAAGAT GGAGACAT TAAAAAAGTT CATGT TGA 
GAG T T GAGCAAGAT GGAGACATTAAAAAAGTTCATaTTGA 
agGTTGAGCAAaAcGGtaAgtcgAcAAgcaTTtATaTTGA 

gttgagcaa a gg a a aa tt at ttga

GATAAAT GGTAAAAAGC GAAT TAT T GAAGCAGAACAAT T G 
GATAAAT GGTAAAAAGC GAAT TAT T GAAGCAGAACAAT T G 
agTgAAcGGTcAAgAaCaAgTcATcGAAGCcGAtCAAgTc 

t aa ggt aa a c a t at gaagc ga caa t

CTAATTGCCACTGGAAGAAAACCAA.TACAGACATCATTA 
C TAAT T GC CAC T GGAAGAAAAG CAAa TACAGA.ATCATTA 
CTcgTgGCaACaGGAAGAAAgCCgAacACAGA.gaCtTTA
ct t gc ac ggaagaaa cc a acaga c tta

1158
1158
906

1198
1198
946

1238
1238
986

1278
1278
1026

1317
1317
1065
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RC607 AACTTACATGCAGCAGGCGTTGAAGTTGGTTCCCGTGGTG 1357
MBl AACTTACATGCAGCAGaCGTTGAAGTTGGTTCCCGTGGTG 1357
pI258 AACcTtgAatCAGCAGGtGTgaAAacaGGgaaaaaaGGcG 1105
Consensus aac t a cagcag gt aa gg gg g

RC607 AAATTGTCATTGATGATTATCTTAAAACGACCAATTCCCG 1397
MBl AAATTaTCATTGATGATTATCTTAAAACGACCAATTCCCG 1397
pl258 AAgTgcTgAccaATGAaTATtTgcAAACGtCgAATaaCCG 1145
Consensus aa t t a  atga tat t aaacg c aat cog

RC607 AATTTATTCAGCTGGAGATGTCACTCCCGGTCCCCAATTT 1437
MBl AATTTATgCAGCTGGAGATGTCACTCttGGTCCaCAATTT 1437
pI258 AATaTATgCcGCgGGcGATGTgACcCtCGGTCCgCAATTc 1185
Consensus aat tat c gc gg gatgt ac c ggtcc caatt

RC607 GTTTATGTAGCTGCTTATGAAGGTGGACTTGCTGCTCGTA 1477
MBl GTTTATGTAGCTGCTTATGAAGGTaGACTTGtTGCTCGTA 1477
pI258 GTTTATGTtGCaGCTTATGAAGGcGGgaTTGtgGCaaaTA 1225
Consensus gtttatgt gc gcttatgaagg g ttg gc ta

RC607 ATGCAATCGGAGGACTAAATCAAAAGGTCAATTTAGAAGT 1517
MBl ATGCAATCGGAGGACTAAATCAAAAGGTgAATTTAGAAGT 1517
pI258 ATGCgtTgGGtctAgcgAAaCgcAAaaTCgATcTtcgctT 1265
Consensus atgc t gg a aa c aa t at t t

RC607 GGTTCCAGGCGTTACGTTTACTTCTCCATCGATTGCAACG 1557
MBl GGTaCCAGGCGTcACGTTTACTTCTCCATCGATTGCAACG 1557
pl258 tGTTCCcGGCGTaACcTTcACcaaTCCATCGATcGCcACa 1305
Consensus gt cc ggcgt ac tt ac tccatcgat gc ac

RC607 GTTGGTTTAACGGAGCAACAGGCAAAAGAAAAAGGATATG 1597
MBl GT TGGTT TAAC t GAa CAgCAa GCAAAAGAAAAAGGATAT G 1597
pI258 GTcGGcTT gAC t GAa CAACAGGCAAAAGAAAAAGG t TAc G 1345
Consensus gt gg tt ac ga ca ca gcaaaagaaaaagg ta g

RC607 AAGTGAAAACATCGGTATTGCCGTTGGATGCTGTTCCAAG 1637
MBl AgGTaAAAACATCcGTcTTGCCGTTaGATGCgGTTCCAAG 1637
pI258 AtGTcAAAACATCGGTccTtCCGTTGGAcGCTGTaCCgcG 1385
Consensus a gt aaaacatc gt t ccgtt ga gc gt cc g

RC607 AGCGCTCGTTAATCGGGAAACAACAGGTGTTTTCAAATTA 167 7
MBl AGCctTgGTTAATCGGGAAACtACAGGTGTgTTtAAgTTg 167 7
pI258 gGCctTaGTcAATCacGAAACAACAGGgGTcTatAAAcTt 1425
Consensus gc t gt aatc gaaac acagg gt t aa t

RC607 GTGGCAGACGCGAAAACATTGAAAGTGTTAGGGGCGCATG 1717
MBl GT GGCAGAt GC GAAAACAT T GAAAGT t T TAGGGGC t CAca 1717
p12 5 8 GT aGt caACGCccAAACccaGAAAtTGaT cGGaGCGCAca 1465
Consensus gt g a gc aaac gaaa t t gg gc ca

RC607 TAGTGGCAGAAAACGCAGGAGACGTAATTTATGCAGCAAC 17 57
MBl TAGT Ga CAGAAAACGCAGGAGAC GT gATTTAT GC t GC tAC 17 57
pI258 TtGTGagtGAAAAtGCtGGAGAtGTgATTTATGCgGCAAC 1505
Consensus t gtg gaaaa gc ggaga gt atttatgc gc ac
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RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

RC607
MBl
pI258
Consensus

ATTAGCTGTGAAATTCGGTTTAACTGTTGGAGATCTGAGA 
ATTAGCTGTcAAATTCGGTTTAACcGTTGaAGATCTtcGA 
gTTAGCgGTtcAATTtGGaTTgACcaTTGaAGAcCTtAcg 
ttagc gt aatt gg tt ac ttg aga ct

MerA/1 R
GAAACGATGGCTCCATATCggggaggggggggeMTTGA 
Ggg AC a AT GGCTCCAT AT GA
GAtAactTtGCaCCtTATtBsBBHSiaSBIBEBSTTaA 
g a t gc cc tat taac atggc gaagga t a

AGCTGGCTGTCCTAACTTTTGATAAAGATGTTTCGj 
AatTaGCTGcCCTtACgTTTGATAAAGATGTaTCaj 
AGCTtGCaGcCtTgACgTTTGATAAAGAcGTaTCGg 
a t gc g c t ac tttgataaaga gt tc aaatt

MerA/2R
It g g a t a a
jTGGtTAA, 
jaGGcTAA. 

ate tg tgtgc gg taa

1797
1797
1545

1837
1837
1585

1877
1877
1625

1904
1896
1644
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Appendix 4. Initial sequence of PCR product from E. faecium 664.1H1. PCR product 
was amplified and sequenced using merA/1 F and merA/1 R primers (As described in 
chapter 4).

MerA/1 F Primed Sequence

AGAACATTGA AGCTAGTTTT CGTCGTGGTG AAGCAGTATT TGAATTACCC 

GATGATATTG GGGTGGAAAG TGCAAAAAAG GCAATTGATG AAGCAAAATA 

CCAGCCTGGA GAAATAGAAG

MerA/1 R Primed Sequence

A/\ACTTAACG GCTAATGTCG CCGCATATAT CACATCTCCT GCATTTTCAG

ATACGATATG AACCCCTAGT AATTTTGAAG TTTTTGCATC GGCAACAAGC

TTAAAAACGC CTGTTGTTTC ACGATTTACT ATTGCTCTTG GAACTGCATC

TAAAGGCAAT ACAGA I I 11 I TTACTTCATA GCCTTTTTCT TTTGCTTGTT 

CTTCTGTTAA ACCAACCGTT GCAATCGAAG GAT
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Appendix 5. Initial sequence of PCR product from E. faecium 664.1 H1. PCR product 

was amplified and sequenced using tet(S)/Fw and tet(S)/Rv primers (As described in 

chapter 4).

Tet(S)/Fw Primed Sequence

TTTCAACAGGGAAAATGTTAAAGTAAATATTTGTAGATACTCCTGGACACATGGATT

TTTTGGCAGATGTATACCGTTCATTATCTGTTTTGGATGGAGCAATTTTGCTAATCT

CTGCAAAAGATGGAGTACAGTCACAAACTCGTATACTATTCCATGCACTTAGAAAG

ATGAACATACCTATAATATTTTTATTAACAAAATTGATCAAAATGGAATAAATTTGCC

AGATGTTTATCAAGATATTAAGGACAAACTTTCTGACGACATCATAATTAAGCAGG

ACTGTGAATCTAAATTTGAAACCTTATGT

Tet(S)/Rv Primed Sequence

I TTCAACGGGAAAATGTTAAAGTAAATATTGTAGGATACTCCTGGACACATGGATTT

I TTTGGCAGATGTATACCGTTCATTATCTGTTTTGGATGGAGCTATTTTGCTAATCTC

1 TGC
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