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Two hundred and sixty-four isolates of Staphylococcus
aureus were collected; 163 methicillin-sensitive Staph. aureus
(MSSA) and 101 methicillin-resistant Staph. aureus (MRSA).
MSSA comprised: from Glasgow Royal Infirmary (GRI) 50 blood
culture isolates (BC), 63 isolates from routine diagnostic specimens
(RD) and fifty strains from nasal swabs of patients attending a
general practitioner (GP). The MRSA from GRI comprised: 53
isolates from 1985-86 (MRSA(1)) and 48 isolates from 1986-87

(MRSA(2)).

The number, frequency distribution and diversity of
plasmids harboured by these strains was compared by means of
plasmid profiles and restriction enzyme fragmentation patterns
(REFPs). Plasmids were demonstrated in less than half the MSSA;
their frequency distribution did not differ from that predicted by a
simple model of plasmid distributions. In contrast, all MRSA
harboured plasmids and their distribution differed significantly from

the MSSA.

Among 71 MSSA harbouring plasmids, 38 REFPs were
identified. There were fewer REFPs among MRSA isolates; 11
MRSA(1) and 11 MRSA(2) patterns were observed, of which four
were common to both collections. No MSSA patterns were
identified amongst MRSA REFPs. The plasmid diversity of
MRSA(1) and MRSA(2) isolates did not differ. Two predominant
MRSA REFPs accounted for 70 % of those identified amongst
MRSA and Dice analysis of all MRSA patterns.defined two main

14



subgroups, FP1 and FP2, which correlated with the presence or

absence of aminoglycoside-sensitivity.

Two size groups of plasmids, large and small could be
discerned amongst Staph. aureus isolates. In the MRSA the large
plasmids comprised two -main species and molecular variants
thereof; large MSSA plasmids were more diverse, and did not occur
in common between MSSA and MRSA. Small plasmids were
present only in MRSA and MSSA isolates which harboured more
than one plasmid. Such plasmids were represented by a single
multicopy species of 2.6 kb, which yielded the same REFP

irrespective of its source.

Forty-five MRSA(1) isolates were further characterised by
means of phage typing, simple biotyping and immunoblotting of
exported proteins. The strains were subdivided into four groups (A-
D) on the basis of biotype. Immunoblotting generated a number of
unique patterns which were separated by Dice analysis into two
major immunoblot groups (Blotl and Blot2). Comparison of REFP
and immunoblot groups revealed strong positive correlation between
FP1 and Blotl groups and between FP2 and Blot2 groups. In
addition Blot1/FP1 isolates were almost exclusively of biotypes A or

C, whereas Blot2/FP2 isolates were of biotypes B or D.

Comparison of production of enterotoxins A, B, C and D,
and o—, -, y- and 0- haemolysins by MSSA and MRSA(1) isolates

was performed by reverse passive latex agglutination (RPLA) and

15



agar overlay methods respectively. Sixty percent of BC MSSA
produced enterotoxin; similar rates were found amongst other
MSSA. Eighty-seven percent of aminoglycoside-sensitive MRSA
produced enterotoxin; 89 % enterotoxin A alone. Only 27 % of
aminoglycoside-resistant MRSA  were enterotoxin-positive;

significantly less than either MSSA or aminoglycoside-sensitive

MRSA. -

The proportion of haemolysin producing isolates did not
differ amongst MSSA and MRSA; unlike enterotoxin production
there was no difference in the distributions of haemolysins between
aminoglycoside-sensitive and resistant strains of MRSA. GP MSSA
had higher and lower numbers of y- and 8- haemolysin producers
respectively than other Staph. aureus. o- haemolysin producers
were commoner amongst MRSA isolates, which also were more
likely to produce multiple haemolysins than their methicillin-

sensitive counterparts.

Information derived from plasmid distributions, REFP
analysis, biotyping, immunoblot analysis and enterotoxin data were
all compatible with a hypothesis of dissemination of a limited
number of MRSA clones within GRI. The ubiquity of small plasmid
species amongst MSSA and MRSA isolates raises the possibility
that such clones may have arisen locally amongst endogenous
methicillin-sensitive strains. The use of a combination of methods

as described here has provided comprehensive epidemiological
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information which has been valuable in studying the origin and

spread of MRSA.
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AMBIS Automated bacterial
identification system

BC | Blood culture isolates of
Staph. aureus

BIO A MRSA biotype A

BIOB MRSA biotype B

BIO C MRSA biotype C

BIOD MRSA biotype D

Blot1 MRSA immunoblot 1

Blot2 MRSA immunoblot 2

Blot3 MRSA immunoblot 3

C ~ Chloramphenicol

Cn Gentamicin

CPHL Central public health
laboratory, Colindale

Da Clindamycin

DNA Deoxyribonucleic acid

EDTA Ethylene-diamine-tetra-
acetic acid

EMRSA ' Epidemic methicillin-
resistant Staph. aureus

Ery Erythromycin

ETA Staph. aureus
epidermolytic toxin A

ETB Staph. aureus
epidermolytic toxin B

Fd Fusidic Acid

FP1 MRSA restriction enzyme
fragmentation pattern
group 1
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FP2

FP3

FP4

GP

GRI
IgG
Km
Met
MRSA

MRSA(1)

MRSA(2)

MRSA(R)
MRSA(S)

MSSA

20

MRSA restriction enzyme
fragmentation pattern
group 2

MRSA restriction enzyme
fragmentation pattern

group 3

MRSA restriction enzyme
fragmentation pattern
group 4

Community isolates of
Staph. aureus

Glasgow Royal Infirmary
Immunoglobulin G
Kanamycin

Methicillin

Methicillin-resistant Staph.
aureus '

MRSA isolates collected
between February 1985
and April 1986

MRSA isolates collected
between May 1986 and
July 1987

Aminoglycoside-resistant
MRSA

Aminoglycoside-sensitive
MRSA

Methicillin-sensitive Staph.
aureus

Mupirocin

Penicillin

Penicillin binding protein
Phosphate-buffered saline

Critical radius of inhibition



RD

Rd
DNA

REFP

RNA
RPLA

TRNA
RTD
Sp

SDS
SDS-PAGE

SET-RPLA

Sm

TE

Tec
TES

TESS

Tet
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Routine diagnostic isolates
of Staph. aureus

Rifampicin

DNA encoding ribosomal
genes

Restriction enzyme
fragmentation pattern

Ribonucleic acid

Reverse passive latex
agglutination

Ribosomal ribonucleic acid
Routine test dilution

Dice co-efficient of
similarity

Sodium dodecyl sulphate

Sodium dodecyl sulphate
polyacrylamide gel
electrophoresis

Staphylococcal enterotoxin
reverse passive latex
agglutination test

Streptomycin

a solution containing

10 mM Tris and 1 mM
EDTA, pH 8.0
Teicoplanin

a solution containin

50 mM Tris, 50 mM NaCl
and 5 mM disodium
EDTA, pH 8.0

TES containing 50 mM
sucrose

Tetracycline



TSST-1

V/cm
v/v

Va

w/v
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Toxic shock syndrome
toxin 1

Volts per centimetre
Volume per volume
Vancomycin
Trimethoprim

Weight per volume
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~ Introduction



Forty years after the introduction of effective antimicrobial
chemotherapy, pyogenic infections due to Staphylococcus aureus
remain a significant cause of morbidity and mortality, both within
the hospital environment and the community at large. The spectrum
of disease produced by these organisms is very wide, ranging from
superficial skin lesions to severe systemic infections (Shanson,
1986). The range of pathogenic processes which may be involved is
almost uniquely wide, encompassing classical toxin mediated
phenomena through direct tissue destruction to secondary immune
mechanisms (Adlam and Easmon, 1983). The increasing numbers
of nosocomial infections caused by Staph. aureus, especially those
strains which are resistant to multiple antibiotics, will continue to
present a major problem for all of those involved in the control and

treatment of infection.

Staphylococci are non-motile, catalase-positive facultative
anaerobes which grow in irregular clusters (Baird-Parker, 1972;
Oeding, 1983). The demonstration of free coagulase and heat-stable
deoxyribonuclease are the key tests for the differentiation of Staph.
aureus from other staphylococci (Bergey's Manual, 1974). Hajek
and Marsalek (1971) described six biotypes (A-F) of Staph. aureus,
a classification supported by the results of Devriese and Oeding
(1976); essentially those Staph. aureus isolates which are pathogenic

for man belong to biotype (A) (Oeding, 1983).

The pathogenic potential of staphylococci has been

recognised for over a century, since Sir Alexander Ogston first

24



described their causal role in the production of acute abscesses and
septicaemia (Ogston, 1881). Nonetheless, in the pre-antibiotic era
the prognosis for patients with severe staphylococcal disease was
extremely poor. The introduction of penicillin into clinical use in
the 1940s represented a dramatic breakthrough in the therapy of
staphylococcal infections and transformed the previously dismal
outlook for invasive and deep-seated disease (Plorde and Sherris,
1974). However, this triumph was short-lived; the history of the
emergence of resistance in Staph. aureus provides a paradigm for
the interaction between pathogenic microorganisms and
antimicrobial agents. Penicillin-resistant B-lactamase producing
strains, initially described by Spink (Spink and Ferris, 1945), rapidly
became widespread and by 1946 constituted some 60 % of hospital
isolates of Staph. aureus in the United Kingdom (Barber, 1947;
Barber and Rozwadoska-Dowzenko, 1948). The successive
introduction of streptomycin, tetracycline, chloramphenicol, and the
macrolides were all followed by the emergence of resistant
organisms (Plorde and Sherris, 1974; Shanson, 1981). Most of the
strains which were resistant to these new agents continued to
synthesise a B-lactamase, and the emergence of multiply-antibiotic-
resistant Staph. aureus presented a significant health care problem
during the 1950s. Amongst these strains were those belonging to the
notorious phage type 80/81, which in addition to their multiple
antibiotic  resistance = demonstrated  particularly  enhanced

pathogenicity and communicability, often causing severe cutaneous
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sepsis on the unbroken skin of attending medical and nursing staff

(Rountree, 1978; Shanson, 1981; Parker, 1983).

The advent of methicillin, and the penicillinase-resistant
semisynthetic isoxazolyl penicillins, once again provided the means
with which to counter the rising tide of nosocomial staphylococcal
infection (Knudsen and Rolinson, 1960; Knox, 1960). Due to the
renal toxicity of methicillin (Baldwin et al, 1968) and the
requirement for parenteral administration, it was quickly superseded
in clinical practice by other similar drugs, particularly cloxacillin
and flucloxacillin (Figure 1) which remain to this day the mainstay

of therapy for Staph. aureus infections.

However, within months of the introduction of methicillin
into clinical practice, methicillin-resistant! strains of Staphylococcus
aureus (MRSA) were reported in Britain (Barber, 1961; Jevons,
1961). In the subsequent 10 years these strains became quite
widespread, particularly in some hospitals in the UK and Europe.
(Parker and Hewitt, 1970; Kayser and Mak, 1972). Prevalences of
the organisms varied between 1-2 % in some countries to 20 % and
above in others. However, their prevalence declined in the early
1970s for reasons which remain largely unexplained (Jepsen, 1986).
For example between 1971 and 1975 the incidence of staphylococcal

infections caused by MRSA in Zurich hospitals decreased from

IMethicillin-resistance is in fact a misnomer, as the resistance
encompasses most, if not all, B-lactam antibiotics.
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20 % to 3 %, during which time the use of isoxazolyl penicillins and

cephalosporins had remained unrestricted (Kayser, 1975).

Since the late 1970s there has been a marked resurgence of
MRSA, with many isolates resistant to multiple antibiotics,
including the aminoglycosides. They have been responsible for
significant outbreaks of nosocomial infection world-wide (Marples
and Cooke, 1988), especially in Australia (Pavillard et al, 1982;
Turnidge et al, 1989), North America (Locksley et al, 1982) and
more recently in many parts of Europe, including Ireland (Cafferkey
et al, 1985; Morgan and Harte-Barry, 1989) and Great Britain
(Cooke et al, 1986, Marples, 1988). In addition significant numbers
of isolates have been reported from a number of other countries,
including Greece, France, Portugal, Italy and the Middle East
(Casewell, 1986; Marples, 1988; Maple et al, 1989).

These new MRSA have been shown by a variety of
techniques, ranging from phage-typing to complex genetic analyses
to differ from their predecessors (Townsend et al, 1985b; Vickery et
al, 1986). What is perhaps more interesting is that in contrast with
the "old" MRSA where there was evidence of a common clonal
origin (Lacey and Grinstead, 1973), a number of studies have now
shown significant differences can also occur between strains from
different areas (Grubb et al, 1985; Marples et al, 1986; Townsend et
al, 1987; Jordens and Hall, 1988; Carroll et al, 1989). This suggests
that whilst the global spread of a single MRSA clone and its

derivatives may occur (Humphreys et al, 1990), the present problem
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may additionally reflect the local evolution de novo of MRSA at
multiple sites due to similar selection pressures acting upon

endogenous methicillin-sensitive strains.

MRSA IN SCOTLAND

Few MRSA were seen in Scotland before 1984. An initial
report by Barrie in Kirkcaldy of 12 isolations of MRSA from clinical
infections during 1975 (Barrie, 1976), prompted a request from the
Communicable Diseases Scotland Unit (CDS) for information from
other laboratories. This study showed that MRSA were mainly
present in three centres; Fife, Dumfries Royal Infirmary (where
MRSA accounted for 7 % of Staph. aureus isolates), and Edinburgh
Royal Infirmary. The majority of these isolates were phage type 77
(CDS, 1977). By 1981 MRSA were reckoned to account for 1 % of
all Staph. aureus isolates in Scotland (White, 1982). A postal
survey in 1983 by the Hospital Infection Society revealed that
MRSA accounted for between 1 and 4 % of Staph. aureus in
Scottish hospitals, a figure similar to that found in the rest of the

United Kingdom (Cooke et al, 1986).

These initial Scottish MRSA have largely been superseded
by other MRSA, which demonstrate variation from their earlier
counterparts in a number of properties, including antibiogram,
biotype and phage type. In the West of Scotland the majority of
strains appear similar to, or to be derived from, MRSA first isolated

in Glasgow Royal Infirmary (GRI), whereas in other parts of the
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country a diversity of strains has been found. In the first report of
the Scottish MRSA Study Group, established in July 1986, isolates
from GRI accounted for 119 of the 214 MRSA reported (Scottish
MRSA Study Group, 1987). The GRI isolates appeared initially as
two groups: aminoglycoside-sensitive MRSA derived from the
Dermatology wards, and aminoglycoside-resistant MRSA from the
Regional Burns Unit. The second Study-group report still showed
the majority of MRSA to have been isolated in Glasgow, but with an
increasing number of reports from other areas, particularly those
with a major tertiary referral centre (Scottish MRSA Study Group,
1988). In the period from the start of 1984 until the end of 1989,
there were reports of isolation of MRSA from 1275 patients, with
only two of the fifteen health boards remaining MRSA-free. Of
these isolations, 732 were from GRI, where MRSA continue to
account for around 4 % of all Staph. aureus isolations (D R Baird,

personal communication).

MECHANISM OF METHICILLIN-RESISTANCE

The B-lactamase stable penicillins and cephalosporins exert
their action in a similar way to penicillin G. Carboxypeptidase and
transpeptidase enzymes which are essential to cell wall
peptidoglycan synthesis are covalently bound and therefore inhibited
(Hammond and Lambert, 1981). Studies of these enzymes, which
are collectively referred to as penicillin-binding proteins (PBPs) in
Staph. aureus have demonstrated four or five distinct species (Table

I) (Wyke, 1984; Canepari et al, 1985).
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Table L. Penicillin binding proteins (PBPs) of Staphylococcus aureus

PBP Molecular weight
PBP1 79,000-87,000
PBP2 73,000-80,000
PBP3 70,000-75,000
PBP3' 70,000

PBP4 41,000-46,000

In contrast to resistance to penicillin G, which is due to
degradation of the antibiotic by a bacterial B-lactamase, resistance to
methicillin is intrinsic and is mediated by means of the synthesis of
an altered PBP (2' or 2a) of molecular weight 74,000-78,000 which
has a greatly reduced affinity for B-lactam antibiotics (Lyon and
Skurray, 1987). Methicillin-resistance is encoded by the mec gene
which is chromosomally located, as determined by successful
transformation of resistance by chromosomal, but not by plasmid,
DNA (Sjostrom et al, 1975). The chromosomal location of this
determinant has been genetically mapped (Kuhl et al, 1978). The
control of expression of this element is complex, involving both an
additional distinct chromosomal locus and regulation by a B-
lactamase determinant (possibly mediating an effect via the blal B-
lactamase repressor gene). In addition, the observed decreased PBP
2' expression in acidic conditions and increased expression at 32°C,
coupled with the thermolability of the protein, help explain the
characteristic heterogeneous nature of methicillin-resistance in

clinical isolates of Staph. aureus (Lyon and Skurray, 1987).

30



EPIDEMIOLOGY OF MRSA INFECTION

The study of the origin and spread of a microorganism
requires an adequate typing method, and a number have been
described to study the epidemiology of MRSA. Before considering
some of these methods in more detail, it is perhaps worth
considering some of the factors involved in the evaluation and
comparison of typing strategies. The key elements of a typing
system are typability, reproducibility and discrimination. Typability
and reproducibility are reasonably straightforward to assess:
typability is simply the percentage of distinct bacterial strains which
can be assigned a positive typing marker by the method, and
reproducibility is the percentage of strains which yield the same
result on repeated testing. Discrimination however, is determined
both by fhe number of discrete types defined and the relative
frequencies with which these are detected in the population under
study. Although Hunter and Gaston (1988) have suggested the
adoption of a discriminatory index derived from these two
parameters, based on Simpson's Index of diversity, objective
assessments of the discriminatory ability of a typing system have not

been widely adopted.

There are other factors which serve to confound objective
comparisons of typing systems. Although apparently similar
methods may be employed at different centres, there are often
significant, and sometimes undisclosed, variations in technique

which limit the comparability of the data generated. In addition,
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typing methods are often developed to address specific local
problems, and as a result may reflect the properties and behaviour of
local isolates. Even in the local context, there is an understandable
tendency to concentrate on isolates of interest, such as "epidemic"
strains, without fully assessing the characteristics of the

"background" population of the same organism.

Clearly, the introduction of any method for widespread use
requirés careful standardisation and wvalidation in suitable
representative collections of the organism. To justify the initial
outlay any new method must demonstrate a significant advantage,
by providing more useful information, faster results, or a saving in

resources.

Traditional Methods

Phage typing has been employed for more than 40 years as
the routine method to study the epidemiology of infection with
Staph. aureus. Fisk (1942a, 1942b) was the first to show that Staph.
aureus carried phages which could be detected by cross-culture of
pairs of strains and propagated on the sensitive member of the pair
by strain-specific lysis. Wilson and Atkinson (1945) subsequently
established a set of phages for the classification of Staph. aureus,
and in 1953 an International Subcommittee was formed to
standardize the methodology. Since that time the method has been
extensively developed and, although originally important as a means

of distinguishing between strains of staphylococci in small short-
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lived local epidemics, has been of immense value in the study of
national and indeed international trends in the spread of
staphylococcal infections (Parker, 1983). Perhaps thé best known
example of this latter phenomenon was the identification and
documentation of the subsequent spread of the uniquely pathogenic

strains belonging to phage type 80/81 (Parker, 1983).

Unfortunately the application of phage typing to the study of
MRSA has been rather disappointing. The original MRSA strains of
the 60s and 70s had a variety of phage-typing patterns (Parker and
Hewitt, 1970) in spite of genetic evidence to suggest a common
clonal origin (Lacey, 1972; Lacey and Grinsted, 1973), probably
reflecting their variable lysogenic state. However, of more concern
is the fact that many of the MRSA strains encountered at present are
poorly typed by the current International Set of phages (Marples et
al, 1986; Marples, 1988; Richardson et al, 1988). In addition, it has
been demonstrated previously that the typability of epidemic strains
of Staph. aureus may decrease with time (Jevons and Parker, 1964);
such a phenomenon has been described for EMRSA isolates
(Marples et al, 1986). Although the use of supplementary phages
may increase the number of typable strains (Vickery et al, 1986;
Richardson et al, 1988), it has become clear that phage-typing alone

is inadequate for the investigation of outbreaks of MRSA infection.

Other  traditional  approaches to  staphylococcal
epidemiology have included resistotyping (Elek and Moryson, 1974)

in which strains are differentiated according to their degree of
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resistance to a variety of chemicals and antibiotics and their biotype.
Resistotype tests, particularly for resistance to heavy metals, are
often used now to detect plasmid-encoded phenotypic markers
(Emslie et al, 1985; Townsend et al, 1985a). -Antibiograms alone do
not tend to produce sufficiently detailed discrimination for
epidemiological purposes. However, a typing system proposed
recently for MRSA wuses antibiotic-sensitivity test results in
conjunction with sensitivity to various chemicals and this shows
some promise for routine application (Gillespie et al, 1990).
Cookson et al (1986) have described a biotyping system for MRSA
based upon a modification of the technique of Andrew and Symons
(1982). This system tests a- and [B-haemolysin production,
proteolysis, pigmentation, Tween 80 hydrolysis, lipase and
lecithinase production, and was found to be useful in the initial
screening of MRSA isolates. Simple biochemical tests (Peacock et
al, 1981; Vickery et al, 1988) and pigmentation (Lacey and Stokes,

1979) appear to be of limited value only, in strain discrimination.

Recent developments

In recent years a great deal of attention has foéussed on the
application of modern biochemical and molecular biological
techniques to the study of the epidemiology of the agents of
infectious disease. The use of such methods in this context has been
reviewed recently (Goldmann, 1987; Hawkey,' 1987). In essence, all
of these methods separate large organism-derived biological

macromolecules by gel electrophoresis to yield a pattern which is
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characteristic of the strain; they differ in the nature of the analyte,
which may be protein, plasmid or nucleic acid fragment, and the

means of demonstrating the resulting patterns.

Proteins

Branger and Goullet (1987, 1989) characterised MRSA by
means of the polymorphism of esterase enzymes. The enzymes
were separated by means of polyacrylamide agarose gel
electrophoresis. The esterases were subsequently "stained" in the
gel by means of their interaction with a variety of synthetic
substrates. Depending upon the pattern of activities demonstrated,
and their selective inhibition by various substrate analogues, they
were able to assign isolates from different countries and outbreaks to
one of a number of distinct zymotypes. Again, their results
supported the hypothesis that there had been global spread of some
MRSA types, whereas others had evolved locally. Some zymotypes
were unique to specific locations, and others belonged to the same
type as local methicillin-sensitive strains. Although excellent
reproducibility, typability and discrimination were possible, the

procedure was both lengthy and technically complex.

Analysis of whole-cell protein profiles of MRSA generated
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) has also been used to study the epidemiology of
MRSA infection. However, whether performed by semi-automated

densitometric examination of 3°S-methionine labelled polypeptides
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in an automated bacterial identification system (AMBIS), or
manually by means of Coomassie-blue stained preparations,
discrimination of different strains was poor (Stephenson et al, 1986;

Thomson-Carter and Pennington, 1989).

Burnie and Matthews (1987) first suggested the use of
Weste