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ABSTRACT

Staphylococcus aureus strains sensitive and naturally resistant to

methicillin, were studied during this investigation using the technique of
particulate electrophoresis, The effects of growth medium on the surface
properties of the cell wall were studied,

Cells of strains of Staph. aureus which had typical characteristics of

methicillin resistant strains, possessed small amounts of surface teichoic
acid and showed a minimum in the negative surface charge at pH 4.5, The
effect of repeated subculture at 25, 37 or 43 °C in the absence of antibiotic
was studied by observing changes in the Minimum Inhibitory Concentration (MIC)
and pH-mobility curves,

Cells grown repeatedly at 43 °C lost fheir methicillin—resistance and
the ability to produce the enzyme penicillinése. The surface properties were
markedly changed, the cells possessed considerable amounts of surface teichoic
acid which were comparable to thaﬁ of methicillin-sensitive strains., The genes
controlling methicillin-resistance and penicillinase préductipn are plasmid-
borne, they were located on different plasmids, each plgsmid being lost
independently of the other; this was confirmed by the technique of replica plating.

Cells grown repeatedly on nutrient agar at 25 °C became more resistant
to methicillin and lacked surface teichoic acid, those grown at 37 °¢ showed
no change in resistance or surface characteristics.

Surface changes and loss of methicillin plasmid depended on the
concentration of inorganic phosphate in the growth media. A method of
preparing growth media éontaining a }ow concentration of inorganic phosphate

was established,
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Summary

- Staphylococcus aureus strains, sensitive and naturally resistant

to the antibiotic methicillin, were used during this work, The technique
of particulate electrophoresis was used for studying properties of the
bacterial cell wall., The effect of growth media and tem;erature of growth
were studied, and some heritable properties which - . : resulted from
growth at high temperature.

The results reported during this work confirmed previous work
(Annear, 1968; Hill and James, 071 a) which supports the suggestion thét
the cells of naturally methicillin resistant strains exhibit surface
properties which are dependent on the temperature of growth., When grown
on nutrient agar in the absence of antibiotic, at 43 % (a temperature at
which the cells are sensitive to methicillin), teichoic acid is a surface
component, the surface properties are similar to those of methicillin
sensitive cells, grown at any temperature, Cells grown at 25 OC,

a temperature at which they are resistant to methicillin, have no surface
teichoic acid. The surface properties of cells grown at 37 °C were
intermediate between those grown at 43 or 25 °%.

According to the above suggestion it is concluded that it was important
to know if these changes of surface properties could be stabilised by
maintaining the cells at the different temperatures, Cells : ' resistark .~
to methicillin (penicillinase producer and also tetracyclin, streptomycin
resistant) were repeatedly subcultured in parallel on nutrient agar
(Oxoid CM3 batch 867%2?3-) in the absence of antibiotic at 25, 37 or 43 °C.
After a number of subcultures at the given tempersture the resistance to
methicillin .-~ - _..v was determined at each temperature, Cells grown
repeatedly at 43 °C became sensitive fo methicillin and were penicillinase

negative, while the cells grown at 25 °C became more resistant and still
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produced penicillinase, On the other hand cells maintained at 37 °%

were still methicillin resistant and penicillinase producers,

Dornbusch et.al. (1969) found that when methicillin resistant strains

were treated with acriflavin the cells became sensitive, This suggested
extrachromosomal control of methicillin resistance, a process which is
compatible with the present results, as high temperature is another

"ecuring agent'". Thus it is suggested that the extrachromosomal plasmid

fails to replicate at the same rate as the bacteria and therefore becomes
diluted out; further the plasmid does not reappear when the cells are grown

at a lower température and even when it was left for months at room temperature.

As it is well known Staph, aureus strains produce the inducible enzyme

generally known as penicillinase, this hydrolyses the B-lactam ring of
penicillins and cephalosporins, with the production of the antibiotically
inactive penicilloic acid, and cephalosporié acid, The structural gene
for controlling this enzyme is usually borne on a plasmid (Novick, 1963);
there is evidence for chromosomal location in a few strains (Ashoshov, 1966,a).
This plasmid also carries the determinants of resistance to a series of
inorgaﬁic ions, such as-mercury, cadmium, bismuth, lead and arsenic (as -
arsenate). Spontaneous loss can occur from such a plasmid, but the
frequency of loss can often be increased by certain physical and chemical
agents notably elevated temperatures (May,_ggzg}, 1964) and mutagens such as the
acridipes, |

Replica plating (Lederberg et.al., 1952) was used to find out whether the

two suggested plasmids in Staph. aureus strains resistant to methicillin,

were independently lost or whether they are dependent on each other, Two
different variants were isolated, these were methicillin sensitive but
either penicillinase positive or penicillinase negative, which suggested

that the genes for controlling both determinants were located on separate
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plasmids, Both variants showed the same phage typing as the parent
strain, Variants of penicillinase negative cells sensitive or resistant
to methicillin were tested for loss of heavj metals resistance, they

were all sensitive to these metals, this showed that they were located

in the same plasmid as penicillinase, Variantsof methicillin sensitive,
penicillinase producer were still resistant to the metals, which indicates
no linkage between them,

A1l the studies were found to be affected by the growth medium,
inorganic phosphate contained in the growth mediuﬁ markedly affected the
surface and resistance of the strains, Details of the ﬁreparation of
a standard medium are reported with properties comparable to the good

medium; this was used throughout the experimental work,
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SECTION 1

Introduction

1.1| Classification, morphology and anatomy of bacteria

The majority of micro-organisms may be classified in the
following large biological groups: (1) algae, (2) protozoa, (3) slime
moulds, (4) fungi proper or Eumycetes, including the moulds and the

yeasts, (5) bacteria or Séhizomycetes, (6) Rickettsiales,

(7) Mycoplasmatales and (8) viruses. The algae (except the blue-green

algae), the protozoa, slime moulds and fungi include the larger and

more highly developed micro-organisms; their cells have the same general
type of structure and organisation, described as eucaryotic, that is found
in the cells of higher plants and animals. The bacteria and the closely
related blue-green algae, the organisms of mycoplasma and rikettsia groups
include the smaller micro-organisms having a simpler form of cellular
organisation described as procaryotic (Stanier and van Niel, 1962), The
viruses are the smallest of the micro-organisms having simple structures
that is not comparable with that of a cell, and their mode of reproduction
is fundamentally different from that of ?ellular organisms,

Bacteria are small micro-organisms with a relatively simple and
primitive form of cellular organisation. - They are generally gnicellular,
but the cells may grow attached to one another in clusters, chains, rods,
filaments or as in higher bacteria, a mycelium, Their cells are smaller
(usually between O,4 and 1,5 pm in short diameter) than those of protozoa
and fungi; and in most cases they have relatively rigid cell walls which
maintain their characteristic shape; this may be spherical (coccus)
rod-shaped (bacillus), comma-shaped (vibrio), spiral (spirillum and

spirochaete), or filamentous,
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Microscopical examination is usually the first step taken for
the identification of an unknown bacterium, The bacterium may be
allocated to one or other of the major groups when its morphology
and staining reactions have been observed, The morphological features
of importance are the size, shape and grouping of the cells, and their
possession of any distinctive structures such as endospores, flagellae,
capsules and intracellular granules,

Staining reactions are observed after treatment by special
procedures such as the Gram and Ziehl-Neelson stains, the different
kinds of bacteria exhibiting various colours due to their permeability
to certain decolourising agents.

The essential structures éf the bacterial cell are shown in
Fig. 1.1. The protoplast,;i.e. the whole body of living material
(protoplasm), is bounded péripherally by a very thin, elastic and
semipermeable membrane called the plasma membrane, or cytoplasmic membrane,
Outside, and closely covering this, lies the rigid, supporting cell wall,
which is porous and relatively permeable, Cell division occurs by the
development, from the periphery inwards, of a transverse cytoplasmic
membrane and a transverse cell wall, or cross wall,

The cytoplasm, or main part of the protoplasm, consists of a
watéry sap packed with large numbers of small granules called ribosomes,
whi&h are visible only under an electron microscope. The nucleus, more
properly called the nuclear body or chromatin body is centrally placed.

In addition to these essential structures, other intracellular
andfextracellular structures may be present in pérticular species of
bacteria. In the cytoplasm, inclusion grahules, consiéting of volutin,
lipid, glycogen or starch or membranous bodies called mesosomes, Outside

the cell wall, there may be a protective gelatinous covering layer called
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capéule or, when it is too thin to be resolved with the light microscope
(< 6.2 um) a microcapsule, Some bacteria bear, protuding outwards from
the cell wall but originating in the cytoplasm (Murray and Brich-Anderson,
1963), one or both of two kinds of filamentous appendages, flagella, which
are organs of locomotion, and fimbriae, which appear to be organs of
adhesion, Because they are exposed to céntact and interaction with the
cells and humoral substances of the body of the hoét, it is the surface
structures of bacteria, the cell wall, capsule, or microcapsule, flagella
and fimbriae, that are most likely to have a special role in the processes
of infection,

The bacteria are usually divided into ten orders, Pseudomonadales,
Clamydobacterials, Hyphomicrobiales, Eubacéferiales, Actinomycetales,
Caryoplanales, Beggiatoales, Myzobacterialeé, Spirochatejales and
Mycoplasmatales, The faﬁilies are determined by cell shape, motility,
the presence or absence of flagellae, if motile; reaction to the Gram
stain, growth requirements, optimum temperature of growth, types of
fermentations which the cultures are capable of carrying out under aerobic
and anaerobic conditions; and other characters found to be of use in
differentiation. |

The morphology and staining reactions of igdividualerganisms
generally serve as a preliminary criterion, particularly for placing an
unknown species in its appropriate biological group., A Gram-stained
smear is first examined and this suffices to show the Gram reaction,
size, shape and grouping of the bacteria, whether they possess endospores,
and the shape, size and intracellular position of such spores. Furthermore,
cultured characters, biochemical reactions;‘antigenic characters, typing
of bacteria, animal pathogenicity and antibiotic sensitivity are valuable

in the identification of the bacterizal species,
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1.2 Staphylococcus

‘The spherical Gram-positive cocci belonging to the family
micrococcaceae and order Eubacteriales, are sub-divided into genera
on the basis of the manner in which they cling together after fission,

Micrococci and Staphylococci divide irregularly in more than one plane

and can be in single cells or cling together in masses, Sarcina under
favourable conditions, produce regular cubical packets of cells., Gaffkya
divide at right angles under favourable conditions, to give rise to
tetrads of cells.

The genera staphylococci and micrococci are perfect examples of
ambiguity in taxonomy. Baird-Parker (1965) recommended that organisms
producing acid from glucose anaerobically should be assigned to the genus
of staphylococcus, and organisms which do not produce acid, or that do so
oxidatively should be assigned to the genus micrococcus. This system
fails, however, when many strains are considered, Cowan and Steel (1964)
compared severél methods for differentiating the staphylococci and
micrococci and recommended that staphylococci should be divided into two

groups; Staph, aureus (coagulase—positivé) and Staph, epidermidis

(coagulase-negative), Later it became known that there were three

natural groups among Gram-positive, aerobic, catalase-positive cocci, which
can be separated into three genera differing distinctly in the guanine and

cytosine (GC) content of their DNA: Micrococcus (66 - 75% GC), Planococcus

(39 - 51% GC) and Staphylococcus (29 - 37% GC) (Silvestri and Hill, 1965;

Auletta and Kennedy, 1966; Rosypal et. al. 1966; Garrity et. al., 1969;
Koour et. al.,1971). It was found that the differences in the DNA base
comp&sition are accompanied by differences in the chemical cell wall

composition §f the organisms, Staphylococci differ from micrococci and
planococci by the presence of glycine rich peptidoglycans in théir cell

wall (Schleifer and Kandler, 1970, 1972).
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The existence of distinct types of teichoic acids in the cell
walls of staphylococci may also be a valuable criterion for the
differentiation of staphylococci (Baddiley et.al., 1968; Davison and

Baddiley, 1963, 196k4; Davison et.al., 1963).

Thus Staph. aureus, the organism used in this investigation,
may be described as a Gram—positive, coagulase-positive, sﬁherical cocci
arranged in irregular clusters, the individual cells being approximately
1 wm in diameter, Single forms and pairs may also be noted, In films
made from cultures a certain amount of breaking-up of the clusters occurs
and a few short chains may be noted. ILong chains are never formed, It
is an aerobe and facultative anaerobe, The temperature range for growth
is 10 - 43 °C; optimum 35'- 37 °C at pH 7.0 - 7.k, A uniform turbidity
forms in broth cultures, Colonies are circular discs, relatively large
after 24 h growth (2 - 4 mm), The colonies are opaque and convex with
a shining surface and may be pigmented white, yellow, golden yéllow or
golden, This can be of epidemiological value as strains showing mﬁltiple
antibiotic resistance and belonging to certain well-known phage-types
usually produce yellow colonies, whilst strains of miscellaneous phage-
types produce orange and buff colénies (Willis and Turner, 1963). The
organism is non-motile, non-sporing and usually non-capsulate,

Numerous staphylocécci are found in the air, dust and clothing.
- The relative and absolute numbers of this organism is greater in the
hospital environment than in the home, and the environment reflects the
rate of dissemination of the organism from human sources,

Staph. aureus occurs commonly in pyogenic lesions in the human

subject, The great majority of these infections are superficial
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inflammatory lesions with pus formation such as skin pustules, boils
carbuncles and sticky eyes in babies, It is a common cause of wound.
suppuration and of mastitis in lactating mothers, It may be present in
large numbers in the skin lesions of eczema and psoriasis. More serious
and deep-seated infections are osteomyelitis, renal carbuncle, and
localised abscesses, In a minority of caées pyaemia, septicaemia and
malignant endocarditis may result fromvspread from a primary focus,

The most pathogenic strains generally ferment mannitol, liquefy gelatin,
produce coagulase, lypolytic enzymes and are B-haemolytic,

Staph. epidermidis is morphologically and culturally similar

to Staph, aureus., Colonies are porcelain white or creamy in colour, It

does not produce coagulase., It is much less active than Staph, aureus in

its liquefaction of gelatin and fermentation of sugars. Most strains fail
to produce haemolysin, It occurs as part of the normal flora of the

skin, Whilst regarded as non-pathogenic, it has been reported in lesions
such as acne pustules, urinary tract infections, and rarely in more serious

lesions e.g. subacute bacterial endocarditis.

1.3 Phage typing

Generally speaking phages are exceedingly specific for the host
bacteria in which they can multiply. Indeed, their épecificity in this
respect often allows a finer differentiation between types of a species of
bacterium that can be obtained by any other method, e.g. serological method.
This phenomenon is therefore often used to sub-divide single bacterial
species into 'phage-types' according to the number and nature of the phages
capable of causing their lysis, and has provided much valuable information
on the spread of strains in epidemiological studies .of infection in the
community.‘ If the reaction between the phage and corresponding éfrain of
bacterium Qere specific the interpretation of reéulté would be easy and allow

designation of type according to the active bacteriophage. For
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staphylococoal coagulase-positive phage typing an internationally

agreed set of phages has been assembled (2+1.C), Recently Dean, Williams
Hall and Corse (1973) demonstrated the practicability of bacteriophage type-
identification of the coagulase-negative staphylococci such as Staph,

epidermidis, The typing set included 19 phages.

Wolin et.al (1966) have linked Staph. sureus phage sensitivity
with chemical changes in teichoic acid complexes, and Coyette and Ghuysen (1968)
have shown that phage-fixation requires L~ 0-p-(N-acetyl-D-glucosaminyl)
substitution in the D-ribitol units of teiéhoic acid, and also a definite
configuration of the teichoic acid polymers, However, R§sato and Cameron

(1964) have found receptor sites for phage 77 to be located within the mucopeptide.

1.4 Cell wall and surface

By cell wall is meant the thin (0.02 um), sharply defined, relatively
tough and rigid structure that can be clearly shown on electronmicrographs
of cell sections, It overlies the cytoplasmic membrane and gives each
bacterial species its characteristic shape, It is possible to remove the
cell wall of an organism completely by muralytic enzymes; the reFulting
protoplast assumes a spherical shapé regardless of the original form of the
cell, thus demonstrating the lack of rigidity. In hypotonic solutions,
osmotic pressure causes the protoplast to swell and burst,

The chemical composition of the cell wall differs considerably
between different bacterial species, but in all species the main strengthening
component is & peptidoglycan (glycopeptide) substance, The peptidoglycan is
composed of N-acetylglucosamine and N-acetylmuramic acid molecules linked
alternétely in a chain, the acetylmuramic acid molecules each carrying a
short peptide side-chain containing D- and L-alanine, D-glutamic acid and

either’Lrlysine or diaminopimelic acid, The cell wall also contains some

other éomponents whose nature and amount vary with the species.‘
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The Gram-positive cell wall, e.g. Staph. aureus, is characterised

by well defined separate structures, distinct from the cytoplasmic membrane,
On hydrolysis a limited number of amino acids are released, there is not
very much mrotein and very low enzymic activity in the cell walls.
Peptidoglycan may form 50% by weight of cell wall material iﬁlmulti~layer
network, It contains only 1-5% cell wall 1ipid, Ifecapsule is present,
this consists of simple polysaccharides and occasionally a small amount of
polypeptide, The wall is very rigid capable of withstanding an osmotic
pressure of up to 30 atmospheres,

On the other hand Gram-negative, e.g., Esch, coli cell walls have a

very complex organisation of the outer cell layer, no‘clear boundary between
the>ce11 wall and adjacent structures, possibly layered., Hydrolysis yields
up to 21 amino acids, The enzymic activity of the envelope is very high.
Peptidoglycan formed 5-10% of cell wall material in monolsyer. The envelope
contains 20% by weight of cell wall lipid, Tﬂgrcapsule, if present, is
complex polysaccharide, protein-polysaccharide or lipopolysaccharide complexes,
The osmotic pressure across?;rotoplasmic membrane generally is about
12 atmospheres,

A great interest has developed in the chémistry and biochemistry of
bacterial cell walls during fecent years, Walls are of interest because they
frequently comprise up to 20% of the dry weight of cells and so must be
regarded as‘important metabolites, Moreover, their chemical structure is
interesting in view of their physical properties. Thus, besides being
reasonably rigid structures with considerable strength they are nevertheless
freely permeable towards cellular products and nutrients., Under certain
conditions even large molecules suchlas antibodies, extra-cellular enzymes
and nucleic acids can penetratevthe wall, The wall is frequently the site
of important antigenic material, for example, in many cases the group-
or type-specific antigens are located in the outer structures of the‘cell,

including the wall, Consequently, a better understanding of the immunological
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properties of bacteria, and particularly such features as pathogenicity,
require a full understahding of the structure, function and biosynthesis
of wall components,

In Gram-positive cocci the cell wall is the immédiate sufface
component, ZFor this reason detailed consideration will be giveﬁ to the
structure and composition of the cell wall of strains of staphylococci,

Several methods have been used for the isolation of cell walls,
most of which are based on those of Salton and Horne (1951). The bacterial v
cells are first ruptured by shaking cell suspensions with ballotini glass
beads in a Mickle (1948) disintegrator. The rigid spherical cells of

Staph. zureus are not easily broken by this technique and the Braun

homogeniser, a very high energy form of the Mickle dis.integrator is often
used.. The homogenate is then heated at 90o for 10 min to destroy autolytic
enzymes released from cells, which would othefwiée degrade the cell walls,
The walls are then separated from the undamaged cells by low speed
centrifugation, and finally a pellet of crude wall preparation obtained

by a high speed centrifugation. Robertson and Schwab (1960) used density
gradient centrifugation to obtain homogeneous preparations; The material

3

obtained is repeatedly washed first in either 0.1 mol dm™

3

solution, or 1.0 mol dm ” sodium chloride solution and then with water.

phosphate buffer

The protoplasmic membrane material is then removed from the walls by the
action of enzymes such as trypsin, RNase or DNase (Cummins and\Harris, 1956).
The general chemical composition of the cell of Gram-positive bacteria
has been the subject of numerous investigations and the broad features of
amino acid, amino sugar and monosaccharide constitution are now well known
(Cummins and Harris, 1956, 1958; Work, 1957, 1961; Salton, 1953), Hydrolysis
of cell walls with 6 mol dm"'3 HC1 at 120 °C of wide range of organisms for
amino acids were examined, Alanine, glutamic acid and lysine or diaminopimelic

acid were universally present, the last two being mutually exclusive, In
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many organisms either glycine, or aspartic acid were also present,
Rogers and Perkins (1968) have grouped Gram-positive species into
groups, according to the amino-acids obtained from cell-wall preparations,

The strains of Staph, aureus which were examined, contained only alanine,

glutamic acid, lysine and much glycine. Some of amino acids showed the
unusual D configuration, e.g. the alanine and glutamic acid found in

Staph, aureus walls,

Cumnins and Harris (1956) found that glucosamine together with
another hexosamine were present; the latter was identified as 3-0-8-
carboxyethyl-D-glucosamine (Fig, 1.2) (Strange and Kent, 1959); This
compound since known as muramic acid, has been found in the cell walls of
other eubacteriales and a few actinomycetes, blue-green algae and larger
viruses,

The heteropolymer of N-acetylglucosamine and muramic acid was
suggested to be a basis of cell wall in Gram-positive cell walis (Work, 1957;
Salton, 1956), apparently few amino-acids combine with tﬁese two amino-
sugars, Park (1952) discovered the presence of a nucleotide compound in the
walls of staphylococci treated with penicillin, and showed later (Fig. 1.2)
that the compound consisted of one molecule each of N-acetylglucosamine,
glutamic acid, lysine and three molecules of alanine (Park and Strominger,
1957). It was suggested.that the !Park nucleotide' was a precursor for the
proposed basic polymer complex, The structure of the polymer peptidoglycan
(Fig. 1.3) was suggested'after quantitative work (Strominger et.al, 1959;
Mandelstam and Rogers, 1959; Roéers and Perkins, 1959, Hancock, 1960,
Mandelstam and Strominger, 1961). Many other names have been used for this
polymer, including glycosaminopeptide, glycopeptide, mucopeptide . and murein.
The general structure in.Fig. 1.4 is an approximation intended to describe

the peptidoglycan from the walls of strains of Staph. aureus. It is composed

of polysaccharide chains in which N-acetylglucosamine and N-acetylmuramic acid

alternate regularly, Attached to the carboxyl group of the muramic acid is
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Fig, 1.3
The structure of staphylococcal peptidoglycan

according to Mandelstam and Strominger (1961)
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a peptide composed of L-alanine, D-alanine, D-glutamic acid, I-lysine

and five glycine residues, These pentaglycyl peptide chains‘cross-

link from the €-amino group of the lysine in one pépfidg chain to the

free carboxyl group of the terminal alaﬁine of the neighbouring peptide

chain (Fig. 1.5), the free carboxyl group of the glutamié acid is

substituted by an amidé. Treatment of the wall with peptidascrevealed

that every tenth peptide chain on the N-acetyl muramic acid terminates

with a di-D-alanyl group, the other nine having only a single terminal

D-alanine (Petit, Munoz and Ghuysen, 1966; Ghuysen, Tipper and Strominger,

1965). | |
Whereas it is likely that the peptidoglycan in a number of

staphylococci is represented approximately by the structure (Fig. 1.4),

it is now believed that in many bacteria the chemical strﬁcture of this

wall component may differ markedly from the relativelyvregular network,

For exaﬁple, cross~linking may be less complete, it may occur between

units in the same polysaccharide chain, and there may be variations

in the nature and number of amino acids in the peptide_chains. In other

bacteria considerable variations in peptidoglycan structure have been

vnoted; some lack the pentéglyciné chains, whereas in others considerable

numbers of muramic carboxyl groups are unsubstituted, The Staph, aureus

mucopeptide is thought to be one of the most tightly linked.

Teichoic acids are known to be components of the oute; layers
of probably all Gram-positive bacteria; they apparently are not synthesised
by any Gram-negative bacteria, Teicﬁoic acid and strﬁcturally related
sugar phosphate polymers occur covalently attached to the peptidoglycan
in the walls of most Gram-positive bacteria (Archibald and Baddiley, 1966;
Baddiley, 1972). Other teichoic‘acids, exclusibely derivatives of poly

(glycerol phosphate) are located in or on the surface of the cytoplasmic
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membrane of probably.all Gram-positive bacteria (Hay et. al,, 1963); these
have been called membrane teichoic acids and are covalently attached to
glycolipids or phosphatidyl-glycolipids in the membrane (Wicken and Knox,
1970; Toon et. gl., 1972; Coley et. al., 1972).

The cell walls of staphylococci contain distinct teichoic acids

(Davison and Baddiley, 1963). 'In Staph., aureus the polymer is of the ribitol

type with a- and B-N-acetylglocosamine residues (Fig.b1.6,a)‘3,'

(Baddiley et. al., 1962 .) whereas in Staph. epidermidis it is of the

glycerol type (Fig. 1.6,b), (Davison and Baddiley, 1964). There are many

examples of organisms lacking these wall polymers, e.g. lLactobacillus casei

and Bacillus cereus, Baddiley et. al.,(1968) also found that in all cases

.. glycerol teichoic acids occur elsewhere in the cell, This so-called
Vintracellular' teichoic acid which is found in the supernatant from: S
disrﬁpted céils after removal of walls, Studies with protoplasts have

shown that 'intracellular' glycerol teichoic' acids are located in the vicinity
of the membrane, attached to it ‘in an undefined mamner. For this reason

‘they are referred to as membrane teichoic acids,

Rogers and Garrett (1965) have shown that frequent'linkages between '

teichoic acid and peptidoglycan do not occur in Staph., aureus and favour the
view that the terminal phosphate group is involved in a‘linkage. ‘Hay et. al.,
(1965) showed that this linkage could not be a diester linkage to an
alcoholic hydroxyl group of the peptidoglycan, and proposed either the -
terminal reducing linkage of the peptidoglycan,’ or a phosphoramidate bond,
A1l evidence so far is accumulating of teichoic acid being linked generally
by its terminal residue to an amino-sugar in the peptidoglycan.

Thus the location of the teichoic acid polymer in walls of Staph. aureus

is probably external to the peptidoglycan network and since it shows antigenic

activity, it must be accessible to the exterior. ‘The electron micrographs



Fig, 1.6

" (a) A ribitol teichoic acid,

(b) A glycerol teichoic acid,
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of B, megaterium KM, shows.e 100 % thick rigid peptidoélycanllayerhthich
is surrounded by a 120 R thick plastic layer of teichoic acid bristles
C C -
(Nermut, 1967).
The role of'teichoio‘acid in the celilis'still onfesoived':the

most convincing data favours a role in the antoly51s of Dlglococcus

pneumoniae cells (Mosser, and Tomasz, 1970) Mutants lacklng telch01c

acid have been obtained by phage selection in B, subtilis (Glaser, Ionesco

and Schaeffer, 1966), Lactobacillus (Douglas and Wolln, 1971 ), Staph aureus

i

(Coyette and Ghuysen, 1968 3 Chatterjee, 1909) It has been shown that
teichoic acids are assoclated with serological speclflcltes (Dav1son et.al,
1964) receptor sites for bacteriophages (Archibald and Coapes, 1971 )

and ion transport (Heptinstall et,al., 1970),

.The 51mplest and most direct study of the surface of 1ntaot bacteria
involves the use of the technlque of partlculate electrophore51s. At any
solid-liquid interface there ex1sts a potentlal difference due to the
asymmetrlcal distribution of 1ons. The present work is concerned with the
phenomena of electroPhore51e which is the movement of tﬁe eolid phase
relative to the liquid.on the application of ; potential gradient.

The concept of the double layer was flrst proposed by Helmhotz (1879),
in this, two parallel layers of charge or 1ons, of unlform charge den51ty,
but opposite sign are held at a small distance apart, one f1rmly attached
to the solld surface, and the other in the llquld Thls theory, was later
modified by Gouy(1910) who introduced the 1dea of a dlffuse part of the
double layer, in which the potentlal decreased exponentlally to zero

over the distance /K, the statistical thlckness of the double layer, an

equilibrium in the diffuse layer being maintained between the opposing
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forces of the potential field, tending to order the idﬁs, and the forces

of thermal motion tending to redistribute them réndomiy; Stern (1924)
utilised both these hypotheses suggesting that the fall'in potential at

the interface can be divided into two parts; a sharp fail!over the molecular
condenser in contact with the surface where ions are fixed to thé solid
surface, followed by an exponentiél decrease over the diffuse outer
atmosphere of the Gouy-Chapman fheory (Fig. 1.7). A condition of electrical
neutrality is maintained, since the surface charge is equal in megnitude,
but opposite in sign to the total charge in the fixed and diffused parts

of the double layer, ! o

The phenomenon of electrophoresis arises when an electric field is
applied, and particle movgment‘relative to suspension liqhid résults. This
causes the development of a shear plahé within the double layer, énd the
particle velocity is governed by the magnitude of the potential at this
plane, known as the zeta potential, The zeta potential is defined as the '
potential across the diffuse part of the double layer. .

In biological cells the charge originates from ionogenic groups, e.g.
amino, carboxyl and phosphate, located at the surface, There is no chargé‘
due to ion adsorption on to such surfaces (Gittené, 1962).

The method for the determination of-the eléctrophoretic'mobiiity used
in this investigation is based on that 6f‘Ellié (1911);"A bacterial suspeﬁsion
is contained in a closed glass chémber, and a potential difference is applied
across the suspension from two electrodes, Using a microscope, thé'migration
of the suspended bacteria is observea, and individual cells arée timed
moving across a graticule eyepiece, ' However, when an electric:fieid is
applied across a system, not only will' the bacteria move relative to the
suspension liquids, bﬁt due to electro-osmoéﬁé the suspehsion liquid will
move relative to the glass surface of the observation chamber, Thus the

observed particle velocity Vo1 is given by the expression;

VO=VL+VP
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where v is the velocity of the suspension medium relative to the .

glass walls ahd the velocity of the particles relative to.the . | -

'p
liquid, In dealing with a closed system, the liquid will flow along

the top and bottom faces of the chamber, and return through the centre
resulting in a variation of vy, and hence vd, with depth, As the liquid is

being continuously deformed within a closed system, it follows that there

=

must be a plane at which the liquid is stationary, at this In

| vo VP .
the flat cell of rectangular cross-section used, this is equidistant from
the cell centre., Komagata (1933) derived an expression for the position of

the stationary levels in a cell of whose width/thickness ratio is K, such

that

+ 1 32 - i
- +
12 5 K

a -l
o~ 2
where aO is the fractional depth measured from the top inside surface, For
a cell with K greater than 20, stationary levels are at 0.21 and 0.79 of the
total depth from an inside face (Abramson, 1934), and the mean particle

velocity, v, may be determined by the method of Ellis, whereby

X

1 ;/” 1
v o= = 3 v, &
x1 0

0

where X, is the cell depth, and Yo the velocity of the particle observed

at dépth X, . For a symmetrical cell the curve of vé against i should be a
parabola symmetrical about the centre,

¢ Cells aﬁd electrode design have been extensively reviewed by James
(1957) and Seaman (1965), The cell used in ;his work was that described
by Gittens and James (1961)., With this apparatus, the applied field

strength (X) is best calculated from conductance and current data, using

the equation
X = -

gk
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where I is the current (amps) k is the specific conductance of the
suspension medium, and q the cross—sectlonal area of the cell (m ).
Moyer (1936) showed that the use of the applied volfage to measure the field
strength may lead to errors of up to 50% 51nce slight changes 1n the
electrodes may result in large changes in the field strength without
affecting the applied voltage. | |

For the application of microeiectrophoresisiéo the study of fhe
bacterial ceil surface, the measurements musp be maie on cells suspenoed
in a medium of known chemical'composition, pﬁ and ionic sfrength. The
nature of surface ionogenic groups on cells:of a fixed age may be gained by
varying'the pH of.the suspension medium, whilst the ionicvstrength is

maintained at a constant value, e,g., with a carbokyl-amino type surface,

the ionogenic groups will be titrated according to the equations:

€00~ + BY ——— coon
, .

-NHE, + H — gt . o
2 | Sm— 3

At a low pH, the surface charge will be due to the p051t1ve1y charged
amino groups, but on decreasing the hydrogen ion concentration, not only
is the p051t1ve charge reduced, but the carboxyl groups 1onise, giving riss
to a negative charge, The Sigmoid type‘pH—nobility curve typical of a
carboxyl-amino surface (Fig. 1.8)‘nas an.isopofential point between pH 4 and 5,
the exact value being determined by the relative numbers of amino and
carboxyl group and their pK values, Between 5 and 9, a:plateau reéionloccurs
where both amino and carboxyl groups are‘fuily ionised, the mobilify then
depending on thevrelative nunbers of'carboxyl anu‘amino groups; Tne
effective negative charge increases beyond pH 9 as shown, due to supre551on
of the 1onlsation of the amino group. Such curves have been obtained

experimentally (Douglas, 1959; Plummer,et.al., 1962).
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The pH-mobility curves characteristic of a surface with ionogenic
carboxyl groups only are shown in Fig, 1.8, and wereé obtained for the
polysaccharide surface of K. aerogenes (Lowick and James, 1957,

When varying the pH of the suspension ﬁedium; care must;bé taken
not to cause irreversible changes in the s&rface by using extreme pH values,
After suspending cells at a high or low pH, the reversibility ﬁust.be checked
by re-washing and measuring the mobility at pH 7;i The mobilify Gélﬁe should'
not differ significahtlytfrom'that of control céils at pH 7.: An iffeversible
change indicates cell:sufface'damage, making useful interpretation difficult,
This variation of mobility with pH will only give information on the nature

and quantity of surface ionogenic groups.

1.5 Antibiotic resistance and plasmids of staphylococci

The word 'antibiosis' was coined by Vuillemin (1889) to denote
antagonism between living creafures in general; but the noun ‘anfibiotic' was
first used by Waksman in 1942,:who defined'it as a'substéncé broduced by a
micro-organism whiéh is an%agoﬁistic to the gréwthnor bther activities of
other micro-organisms inAhigh dilution, As early as 1889, Doehle was .

recommending the clinical use of pyécyanéée, produced by’Pséhomanés'pyocyaneus

against the anthrax bacillus, However, these compounds were too unspecific
in their toxic action to be used clinically, The outSténdiﬁg feature of the
penicillin group of entibiotics discovered by Fleming‘(1940),iwas their spécific

toxicity against bécteria, especially thosé'of the Gfam-positive species,

Penicillin was first extracted from Penicillin notatﬂm; with impressive clinical
results (Abraham-szzfi;, 1941), It had been necessary to find ﬁeans of
extracting a very labile substance from culture fiﬁids, to examine itsiaction
on a wide range of bacteria, to examine its toxicity, to establish a unit

of its activity and to prove its systematic efficacy in infections in mice,
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Penicillin is the first of the antibiotics to come into general
|

therapeutic use, and the first which was suitable for systemic use 1n man,

It can be prepared in quantity only by the original process of cultivating

.

a mould forming it (a high—yielding mutant of a strain of Penicillin
' o Lo ' |

chrysogenum is now used) in a suitable 1iquid medium. In early stages of

large-scale production it was found that four different penlcillins were
b
formed, known as ¥, G, X and K, Of these G, or benzyl penlclllin, had the

most desirable properties, and its almost exclusive formation is ensured by
" . .

adding the appropriate 'precursor', phenylacetic acid to the medium,

The penicillin molecule is shown in Fig. 149 The properties of the

molecule differ according to the side-chain, R, peniclllin G is the most

] i

commonly used penlcillin, but the B-lactam ring 1n this compound is very

easily opened by the action of penicillinase, The ring may be stabilised

against this action by substituting different s1de chains; for methlcillln,
the penlclllin of special interest in this 1nvestigat10n, the side group is
2-6-dimethoxybenzyl, Methicillin is readily soluble in water but its
solutions are very unstable, Neutral solutions lose 50% of their act1v1ty
after 5 days at room temperature and 20% when stored at 5 C. Acid solutions
are much more unstable and at pH 2.0 half the activ1ty is lost in 20 minutes
at room temperature (Rolinson et al., 1960).

When a bacterial cell grows and leldes, the fioal outcome is two
cells where before there was one; every molecule in the parent cell has to

be duplicated and 1nserted into its correot place during the process. Any
chemlcal compound which hinders tﬁe cell's endogeaous biosynthetic processes

by restricting the building materials or catalytic enzymes or which 1nterferes
with the supply of usable energy, either alrectly or 1ndirectly, w111 affect
growth, The point at which the drug affects the cell is a single point 'target!

or ‘'‘chemoreceptor!,
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penicillin nucleus

The various forms differ in their side chain (R) as follows:

(1) CH,,~CO-~ » - benzyl penicillin G
(2) 0-CH,,~CO- phenoxymethyl penicillin V
_~ CH,
- (3) o- : methicillin
f OCH
! 3
' Fig. 1.9

The naturally occurring penicillins (1),(2) and

1 semi-synthetic penicillin (3).
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The knowledge of the action of antibiotics has increased recently,
it haé become clear that many attack specific molecular targets, and much
biochemical work has concentrated on investigating the nature of interaction
of the drug with these molecules,

Antibacterial agents may be conﬁeniently divided into four groups
of which the effeéts centre about the syﬁthesis of nucleic acid, of protein
of cell membrane or of cell wall, o L

The effect of sulphonamides and diaminopyrimidines is ultimatgly'to’
deprive the cell of nucleic acid, the effect of nalidixic acid is to prevent
its replication, Exposure to nalidixic acid causes specific degradation of
the chfomosoﬁe just behind its replication point which then extends fapidly
backwards to involve previously formed DNA (Ramareddy and ‘Reiter‘, 1969).
Rifamycins specifically inhibit the bacterial enzyme concerned with replication
of RNA, This effect is brought about by the biﬁding of one molecule of the
antibiotic to one molecule of the enzyme. " :

It is thought that the site éf antibiotic action on protein is at the
initiation of polysome construction in which the first riﬁosome attached to
the messenger is halted by streptomycin. The process of pfdtein synthesis
~is essentially the same in all cells and the differential toxicity of anti-
bacterial agents for different species depends either on differences in the
ribosomes or on impérmeability of the cell to the agent, =

The lipoprotein layer of cell membrane controls the ingress into
~and of egress of material from the cells, The bundles of lipoprotein molecules
are held together by magnesium ions in such a way that gaps are left through
which molecules of suitable size can move. Some antibiotics unite with the
membranelénd function as ionophores, i.e, compounds which provide a way fdr
abnorhal movement of ions through the membrane, ‘Therapeutically the most -
important agents which act on the membrane are the peptides. These consist
of circular moleéules, the attachment of which to the membrane modifies the

ion flux and brings about lysis of the cell.
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The penicillins are specific inhibitors of the biosynthesis of

bacterial cell walls., This discoyery was first made in 1957 and was based

on two obsarvations.l Flrst, penicillins 1nduced the formatlon of protoplast

or spheroplasts in bacterla in which the cell wall has been lost or weakened
4 | |

(Lederberg, 1957). Secondly, a uridine nucleotlde accumulated in Staph aureus

and other bacterla 1nh1b1ted by penicillin whlch had a strlklng relatlonshlp
to compos1t10n of the cell wall (Park and Stromlnger, 1957) It was therefore
suggested that this nucleotlde was an activated precursor of the wall. A

great deal of work was carried out to elucidate the structure of the
}

bacterial cell wall and the mechanism of its blosynthes1s from the urldlne

[

nucleotides and other precursors (Stromlnger and Ghuysen, 19673 Ghuysen, 1968).

i

It was demonstrated that 1nterpept1de cross-llnks were an 1mportant structural
R i
feature of the wall. Experlments carrled out w1th whole cells indicated that
the final step in cell wall synthe81s, the cross-llnklng reactlon catalysed
by a transpeptldase, was the 51te of actlon of penlclllln (W1se and Park,
1965).. The cell wall polymer is weakened, and the high osmotic pressure of
the cell pushes the.delicate protoplasmic menbrane through the weak wall,
‘ . _ i ST | : .
~and cell lysis occurs. This is why high salt concentrations in the medium
helps cells resist penicillin action, Penicillin inhibits glycopeptide
biosynthesis, whereas lysozyme brings about hydrolysis of the B-1-§ linkages
of the glycopeptidercausdné cell wall solubilisation., Penicillin can only |
. P o
bring about the lysis of actively growing cells, whereas lysozyme is active
against restlng cells. - | | | |
BT : . o :
~ Apart from cycloserlne whlch 1nterferes with the 1nh1b1t10n of the
alanine linkage; most other antlblotlcs 1nterfere w1th later stages of cell

[

wall synthe51s. Vancomy01n 1nterferes w1th the release of the phosphollpld
P ;

carrled thus preventing further transport of new material, and beacitracin

1nh1b1ts the next step in which the carrier, having delivered up its load,

is regenerated in the active form.
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Antibiotic resistance problems have long been récognised. In 1887
Kosaihof noted that bacteria tend to édapt to poisonous agenfs, and in the
early days of chemotherapy, Erlich discﬁssing tﬁe treatment of syphilis
recommended the use of "massive doses" of salvarsan fo guard against any
resistant spirochetes which might have developed during prolbnged treatment
with smaller amounts, The problem became of major importance when the use
of sulphonamides.in the 1930's was severely limited byfhe development of
resistant érganiéms. Soon after the introduction of penicillin as a
therapeutic agent, there was evidence of the presence of penicillin resistant
organisms (Barber, 1947; Barber and Rozwodowska-Dowzenke, 1948), - !

Resistance to penicillin and cephalosporins, as with other antibiotics
may arise in bacteria in one of two ways. AResisténce may occur as a result
of chromosomal mutation or it may arise as a result of the transfer of genetic
information from a resistant bacterial cell to a sensitive cell and this
transfer may take place by transformation, by conjugation or by the phage -
mediated process of transduction., Resistant strains, once they afise, may
be at a selectional advéntage when the drug is used and as a fesult they may
become more prevalent. The frequency at which antibiotic resistant strains
arise, and the rate at which they subsequentljvincrease in numbers, varies
greatly with different antibiotics and different péthogens. Although'penicillin
was first used in 1940 some organisms aré still sensitive to peniéillin, €8s
B-haemolytic streptococcus. With other pathogens hbwevef, penicillin-

resistant strains have become more numerous, e.g. gonococcus, Emergence of

penicillin resistance was particularly marked in Staph. éureus which was

established as being due to the destruction of the antibiotic by the extra-
cellular enzyme penicillinase, a B-lactamase, In an attempt to overcome this
resistance semisynthetic penicillins and cephalosporins,'weré'iﬁtroduced,

the most important of which was methicillin., A high proportion of the

penicillin-resistant strains of Staph, aureus at that time (1960) were

sensitive to methicillin,
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The most rapid increase in the frequency of penicillin-resiétant organisms

over the past years has been that 6f the penicillin-resistant strains of

Staph, aureus, These strains owe their resistanée to fhe formatidn of the
enzyme penicillinase (Knox, 1962) which inactivates benzyl beﬁicillin. The

enzyme penicillinase was first found in extracts of a penicillinase-resistant

strain of Escherichia coli, thch destroyed the growth iﬁhibiting properties
of penicillin (Abraham and Chain, i9h0). This enzyﬁe, which is oftep inducible,
has since been found in many Gram-éoéitive ﬁnd Gram-negative strains, the
quantity formed varying frém strain to strain (Pollock; 1957). The Gram-positive
organisms produce the enzyme.wifh éhe highest activity, and in the greatest
amounts; penicillinase ih some Gram-positive strains can amount to 3% of the
total cell protein (Pollock, 1967):,

The inactivation of peniciliin by penicillinase‘is a hydrolysis reaction,
(Fig. 1.10) forming penicilloic acid, as with the chemical break down in dilute
alkali (Scudi and Woodruff, 1949), The temperature coefficient of the enzyme
is low even at low temperatures while the optimum pH is 6 - 6,5,

The problem of the penicillin- resistant staphylococcué, barticularly
in hospital, was changed in 1960 by the introduction of methicillin, and
the other semi-synthetic penicillins, which are able td exert their anti-
bacterial activity against these résistantAstrains beééuse they are highly
stable to staphylococcal peniéillinase. This stabiiity to ﬁenicillinase
has been achieved by the choice of suitable side chain structures within the
penicillin molecule, 'The staﬁhylococcal resistance to methicillin occurs
with little or no destruction of the antibiotic.' Tﬁe mechanism of this type
of resistance is unknown, although in a few cases it has been éttributed to
the presence of a penicillinage, nevertheléss, thisiis nof the sole mechanism

of resistance, Organisms may produce penicillinase but at the same time may

also be intrirsically insensitive to the penicillins (Sﬁtherland, 1964),
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Jevons (1961)‘reported this intrinsic resistance; fhe incidence was
very low probably less than 0,1%. Since that time the numbers of methicillin -
resistant straiqs have increaeed, (Berber, 19613 Stewart and Holt,,1963; Jevons
et.al., 1963). Some indication of the general 1ncldence of methlclllln-
resistant staphylococci may be gained from the data of Parker and Hewitt, (1970),
the percentage resistant among many thousands of strains tested at the Central
Public Health Laboratory rose from 0,06 in 1960 to 0.97 in 1964 and to 4,11%
in 1969, There also appears to be a difference in the incidence in different
countries, | |
Naturally occurriﬁg methicillin-resistant strains show a heterogenous

' response to the antibioticj fhey consist of mixed populations in which #he
majority of cells show a normal sensitivity to methicillin, with a slower
growing minority showing a very high resistance, (Jevons, 1961; Sutherland
and Rolinson, 1964; Rozgonyl and Redai, 1968), For this reason the MIC of .
methicillin resistant strains depends on the size of the inoculum and #he
length of incubation at 37 oC; fherefcre it is customary to use a heavy inoculum
and to continue incubation for 48 h, Annear (1968) repofted that enhanced and |
nearly uniform reeistance was seen if cultures were incubated at BOAOC for’18 h;
Hewift, Coe and Parker, (1969), who investigated this problem most thoroughly,
concluded that the moet depecdable method is thatvall resistant strains will -
grow te within 1 mm of 10 pgbmethicillin disc on nutrieﬁt agar, if incubated
at 30 °Cvfor 18 h, It has been recently reported that the Kirby-Bauer method
gives reliable results when cultures are incubated at 35 °c (Drew et.al., 1972),
Furthermore, Parker and Hewitt (1970) showed that if.the resistant culture is
grown at extremes of temperature (e.g. 25 and 43 °C) there is a totally
different response to methicillin, Incubation at 25 °C renders all the cells

highly resistant, while at 43 % all cells in the population are very
sensitive fo even low concentrations of methicillin, These effects are

immediately reversed when the cells are grown at different temperatures,



ik,

Methiciilin—resistant strains often belong to fhage group III
(Stewart and Holt, 1963; Parker and Jevons, 1969; Benner and Kayser,
1968). It has been observed that when staphylococci resistant to a’
particular antibiotic first emerge, they often have e restricted range
of phage typing pattern, predominantly group III, but later:as fresh
resistant strains appear, fhe range broadehs.' |

The extrachromosomal elements (plasmiaé in bacteria afe‘
independent replicons consisting of double-stranded deoxyribonucleic acid

molecules,  The genes determining the producfion’of penicillinase by

Staph, aureue are usuelly located extra—chromoeomally'on a plasmid (Novick,

1963), but there is evidence that they form part of the chromosome
(Asheshov,1966 a). Other genes that have been found on the same plasmld
as the penicillinase genes are those that determlne re81stance to metal
ions and to erythromycin (Richmond and John, 1964; Novick and Richmond,
1965; Novick and Roth, 1968). N

Resistance to mercury ions (Moore, 19605 is very frequently a
character of staphylococcal strains that have become established endemically
in hospitals, and mercury-resistent strains usually produce‘lahge quantities
of'penicillinase and are resistant also to antibiotics unfelated fo_
penicillin (Richmond‘ggﬂgi., 1964), There are at leasf three immunologically
distinct staphylococcal penicillinases (Richmond, 1965)'.'hospital'
staphylococcl generally form A-type penicillinase in conslderable quantlty,
and a relatlvelxalarge proportion of the enzyme is found extra-cellularly
in such cultures, Resistance to heavy metals other than mercury, such |

as cadmlum, arsenic (as arsenate), bismuth and lead has been observed in

Staph, aureus cultures, and the ‘determinants for these resistances are

sometimes on the same plaSmid as the penicillinase and mercury-resistant

genes (Novick and Roth, 1968).
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Barber (1949) observed that penicillinase’ production was'
spontaneously and irreversibly lost at a low freauency, and it was
subsequently reported that aﬂ increased freqhenc&vof loss reSultedlafter
growth of some strains at elevated temperature (May éE&EE:,'1964; N
Asheshov,1966 b)or after exposure to compounds which'iﬁterfére Qith
deoxyriﬁonucleic acid (DNA) replication suchkas acridin dyes:(Harmon'and
Balawin, 1964 ; Hashimoto and Mitsuhashi,'1964);:ethidium bromide
(Bouanchand 9&:?&)* 1968) and by growth in the presence of the ‘anionic
surface-active agent sodium dodecyl sulphate (SDS) (Stephen and Baldwin,
1972), This effect is often referred to as 'curing! of the plasmid; it '
being implied that the plasmid is éelectiveiy'iﬁacfivétéd.ér'inhibited in"
replication, A

" In all methicillin-resistant clinicsl strains examined, methicillin
resistance has a unique phenotypic:nature:and;fhére is 'no evidence for a
'methicillinase! (Dyke, 1969). It is probable that the resistant strains.': :
have the same m&de of resistance, determiﬁed byﬁthe samé:genés.' Some
methicillin-resistant strains lose their resistance in vitro (Ddrnbuéchiééégz:,
1969; Lacey, 1972 ; Grubb and Annear, 1972); this evidence implies an' E

extrachromosomal 1ocﬁs for the relevant genés:? But Cohen and Sweeney (1970)
reported that methicillin resistance is étable'éuggésfing a éhrﬁmosomélvlécus
for the genes, Thus the genes coding for‘methiéillin:fesisténce have !
properties characteristic of both plasmid and éﬁromosbmalﬁloci (Grinsféd'and
Lacey, 1973 a and b) suggesting large extrachromosomal linkage group for

several antibiotics and haemolysin production in strains of staphylococci.
ST |

1.6 Object of the present investigation

- b ~y. . 0
Earlier work (Brewer, 1966 and Marshall, 1969) has shown that the

surface structure of cells of Staph. aureus, as revealed by pH-mobility

studies is complex and dependent upon factors as origin and type of antibiotic
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resistance, Later Hill (1971) showed the "temperature effect?! of

cells of strains of Staph, aureus with natural resistance to methicillin,

He suggested that the presence or absence of surface teichoic acid is

- intimately associated with methicillin-sensitivity or resistance

respectively, .

These investigations have been extended with many strains of
staphylococci, to observe:

(a) changes of surface properties of cells of methicillin resistant
and sensitive strains when repeatedly gfown at different temperatures;

(v) the loss of the gene determinant (plasmid) of methicillin resistance
and penicillinase production;

(c) the changes in the surface properties following the growth on the
media (liquid and soli&) containing various amounts of inorganic
phosphate; |

(d) the surface properties of cells of methicillin resistant and

sensitive strains of Staph. epidermidis,

While most emphasis has been piaced on changes in the surface
structure as revealed by particulate electrophoresis, other techniques
including tests for penicillinase production and antibiotic sensitivity

have been used,
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SECTION 2

Experimental

i

2.1 ; Bacteriological techniques

. (a) Media ‘ 1 .
'+ Standard nutrient agar was prepared by adding ?8 g of Oxoid agar
(code CM3 batch No, 273, 8762) into 1 dm> distilled water, the solution
. < I ! .
3 3

was distributed in 500 cm lots in (16 oz) medic?l bottles and in 10 cm
in McCartney bottles. These were immediately sﬁe?ilized by autoclaving
at 15 1b in-a fp; 20 minutes, McCartngy bott1e§ were sloped and allowgd
to solidify., Nutrient agar platgs were prepared by melting a sufficient
amount of this stock agar in a steam bﬁth and astticglly pourigg into
sterile petri dishes and allowing to cool.i . | :

Oxoid nutrient agar CM3 other than batch No, 273, 8762 (standard -
media) was found to contain relatively large amounts of inorganic phosphate.
A media preparation‘wa§ established inlthis laboratory to remove excess
inorganic phosphate as follows: L o

13 g of nutrient broth (Oxoid CM1, 197,”14154) were dissolved in

100 cm® of distilled water, and 4,7 cn’

of a 10%‘solution of Ca(OH)2 were
added, The mixture left at room temperature for:20 minutes to allow
inorganic phosphate to be precipitated, It was ﬁhen filtered at the

3 ]

pump and immediately 3 cm” of 3 mol dm-3 HC1 were added to adjust the pH to 7.2,
distilled water was then added to make up to 1 de. Solid agar (Oxoid No,1)
was-added so that the final concentration was 1%, The mixture was boiled

with constant stirring and then dispensed in @ o0z) medical bottles and -

- McCartney bottles and finally sterilized by autoclaving.



Table 2,1

Antibiotic broperties of strains of Staph, aureus used,

Text code number Strain number Antibi?ti?
characteristics
* ’ +
1 13136/60 . P(pen’) ST M
. ‘
2 9341/67 Sensitive
* +
3 By 9322/67 P (pen’)
. L 3 3
L 4916 P (pen’) ST M
7 10101/67" P (pen*) S T M No E' N
8 . Oxford Sensitive
*
9 _BRL 1800 P (pen’) s T M
‘ : * +
. 10 4155/72 : P(pen’) STHM
Z * ‘ +y
n" L143/72 P(pen ) ST M
Key: pen+ = penicillinase producer
* = routine isolate from Staphylococcal Reference Laboratory,
Colindale,

»* = Dornbusch et.al. (1969)

*kx

Obtained from Beecham Research Laboratories Ltd (Grubb and
. o Annear, 1972).
Antibiotic resistance: P = Penicillin; S = Stroptomycin;

T = Tetracycline; E! = Erythromycin (inducible); M = Methicillin;

N = Neomycin; No = Novobiocin
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. Nutrient broth (Oxoid CM1, 297, 14154) treated with Ca(OH)2 and

untreated were also prepared. These media were distributed in 200 and

3 3

X0 cm” amounts in medical bottles and 5 cm” in metal capped test tubes.

These{media were sterilized by autoclaving as before, Lo
, Nutrient broth (Oxoid CM1 297, 14154)solidified with 1% w/v Oxoid

agar (No. 1) was prepared, and used in few experiments; this medium was

not treated with Ca(OH)Z.

. (b) Strains

~ The strains_of Staph, aureus (Tablev2.1) used in this work

were supplied by the Cross Infection Refgrence Labo:atqpy, Colindale;.

either growing on nurient agar slopes in Bijoux bottles or as freeze-

dried preparations.l All strains were subcultured on nutrient agar slopes

in McCartney bottles the cultures were grown at 37 QC and ;hgn storegij

at room temperature, ' ’ _ 4 ' , -
The strain of Klebsiella aerogenes (NCIC 418) was maintained by

3

regular subculturing in bottles containing 50 cm” of nutrient broth., When
required for calibration of the electrophoresis apparatus, the cells were
inoculated in nutrient broth and grown for 18 h at 37 °c with the bottle

sloped and loosely capped.

(c) Growth of cells for measurements of electrophoresis ! v
i mobility | ‘ - S . ;

After one subculture on nutrient agar from the slope, the required

strain was grown on nutrient agar plates in the quantity required for
examination, In some experiments nutrient broth was used as the growth

media. All cultures incubated for 18 h at the required temperature.



(e¢) Phage typing of strains

Phage typing was used to check the purity of the strains after
the culture had been used in the investigation and also after the
repeated growth at the different temperatures., In addition it was used
to check variants which were derived from the strain in routine use. The
phage typing was carried out according to the method employed by Blair
and Williams (1961).
In general, any good nutrient medium can be used for phage
propogation and typing, the phages require calc¢ium ions for adsorption
to or growth on the cocci, media containing agar did not usually require
additional calcium, Excess heating of the media during preparation was
avoided as it may bind the Ca' ' ions in some way making them unavailable -
A deficiency of calcium was rectified by addition of calcium (400 pg cm—3)
but the resulting agar appeared slightly cloudy. Solid media for
propogation and typing were kept rather soft to facilitate the recognition
of small phage plaques, Care was taken not to dry the plates excessively
to rémove surface moisture,
Phages:
The basic set used consisted of 22 phages:
Group I 29 52 S52A 79 80
II 3A 3 55 71
III 6 L2E 47 53 5k
75 77  83A 84 85
v 42D
Miscellaneous 81 187
Before each phage was used it was titrated to estimate the RTD,
The RTD or routine test dilution is the highest dilution which just fails
to give confluent lysis on the propogating strain. The propogating strain

was identified by the same number as are used to designate the phages;
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thus, 'PS 29' is used for the propogation of phage 29, A sample of .

dried phage was suspended in 1.0 cm3 of;broth énd this;fluid was diluted

in fenfold steps to 10#5. Séparate pipettes were used for each dilution

step. One drop (0,02 cm®) of each dilution was then applied to the

surface of an agar plate, previously spread with a & f,ﬁ h ?roth culture of

the propogating strain, ; The plate was incubated at 30,?0 overﬁight. The

follbwing day the RTD values were;establishéd.. The phages were diluted

in broth to their RTD and stored at 4 °C and used for not more than 7 days.
Strains for typing should be pure and coagulase positive, they

3

were‘picked up from single colonies into 5 cm” of broth.and incubated at
37 °C for 4 - 5 h, Plates were flooded with this culture and the excess
fluid pipetted off, The plates were then dried with the lids removed:
for about 30 minutes and_#he phage at fhe RTD was applied either with
a fine pipette (éare was taken not to touch the agar with the pipette)

or with a multiple-loop applicator,

Reading of results:

The plates were eiamined by indirect transmitted light against a
dark background with the aid of a hand lens of moderate magnification,
Susceptibility to phages was indicated by varying degrees of lysis from
a few discrete plaques to completely confluent lysis as follows:

++ 50 or more pléques |
+ 20 - 50 -plaques . . i,
+ -1-20 .plaques | |

Al lytic reactions from 50 plagues to confluent lysis were |,
regérded as strong reactions, Lesser degrees of lysis was considered as
indicative of weak reactions, The phagelpattgrn Qf Fpe’gpiain was reported

in the following form: 5§/52A/80. When weak reaction of other phage was

present a + sign was placed after the pattern, such as 52/52A/80 +.
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(f) Antibiotic susceptibility tests for the strains:

(i) Minimum Inhibitory Concentration (MIC) of methicillin:

Methicillin is unstgble gt tgmpergtgres a?ovg.§5 ?C andvéﬁ Fapidly
loses its activity when stqred ;n agugous‘golution.z Hencg fresply Prépared
solutions of the[antibiotig weré alyays used eacP tim?; ?hg\dilgf}op§
which were used were in the range of. 0 -'290 ng c?-B“gethicillipr“$pe
solid medium containing the antibiotic was prepa?ed py adding sy%table
volume (not exceeding 2% of the final volume) of a saturated methicillin
solution to a knoyn volume_of mglted nptrient agar gt.a‘temperatu;elof
45 ¢, The agar was poured almost immediately to set into_plaﬁ§§1§p§ all
the plates and tubes including contro}s‘yhich lacked antibiotic were, . -
inoculated with approximately 105 bagte;ia from;?n 13 h Plate gu;Fg;e;and
the plates were incubated atreither Qr:all of thq,temperatures; 25, 37 or

43 °C. The conventional MIC (i.e., the lowest concentration required to
'prevent cell growth) was reqorded af?gr L8 n at 37 °%.
v Tl ‘ REEE

(ii) Disc diffusion test:

[ A B SR

I

Methicillin discs were prepared as follows, Ford blotting paper
6 mm in diameter was sterilized by autoclaving and then dried thoroughly.
. . . . [ . K e
One drop (0,02 cm3) of an appropriate dilution of antibiotic was placed L

on each with a calibrated pipette, the discs were immeéigtgly'dgied, gnd

stored over anhydrous CaClzvat L OC. Discs were prepared conta%ping 10 ug cpf3

3

and 20 ug cm methicillin..lPlates of nutrient agar were spread or flpoded

with an undiluted turbid broth culture and allowed to dry at room temperature.

The discs were applied and the plates incubateda18 h at 30 OC? ., The width

of the zones of inhibition were recorded.

I N P

Antibiotic discs otheg than methicillin were obtained frqp Mast

i 1

Laboratories Limited, Liverpool, which contained concentrations of

streptomycin 10 pg, erythromycin 10 ug, Tetracycline 10 pg, penicillin G

one unit, Novobiocin 5 pg, Neomycin 10 ug.

-

|
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. os . - ++ - +++
Discs containing metal ions Cd ', Hg and As were also used,

- |
Cadmium 20 pg cadmium sulphate
Mercury 0,13 pg phenyl mercuric nitrate
Arsenate @ 0,32 ug sodium arsenate

i . .
[ § . N : [T PRRSR L I

(g) Replica plating

v P ' o

The technique of replica plating was devised by Lederberg and Lederberg

)

(1952)., The idea behind it was to substitute many,operationsbof one needle by
a large multiplicity of needles attached to a base plate. In this way the
entire pattern of bacterial growth on the agaf surface of an initial or

master plate can be sampled in a single operation and transferred as a whole
La

to the surface of plates used for analysis, : , , L

Pile fabrics, such as velveteen, in which the pile serves as a close-
. . O ) . [ e e P

|
i

set and orderly array of short flexible needlesawere_used.' A squareyqf sterile
velveteen was placed, pile upwards,'over the flg?.?nd gf.a wquep cy}?nqyégélJ
block of diameter slightly less than that of a‘§?égdard petriwdish, the

material was held in posifion by elastic beand (Fig. 2.1). The initial plate which
was used, contained about 100-200 discrete c?ionies, which were’not‘toq

‘Close to the edge of ?he pla?e. The plate was‘iéverted over the fabric an§

the agar surface pressed gently against the piié,‘the platéAwaslcar§fu;ly

rgmoved. In t§is position the pile carrieshg p%gcigely fositépnedlpfint of

the bacferial growth on the initial plate, ‘The;;eplica plate gnut;ient agar
containing 10 ug cm-s‘methicillin)was marked, iﬁ#erted over the fabric and

pressed gently against it. When it had thus been subcultured it was, then removed

1

and incubated overnight, Examination was made by putting one plate on the other
to confirm if the colonies had lost methicillin-resistance or not, The colonies

were marked and subcultured for further tests.



 ’ %///////////;‘

Fig. 2.1
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(h) Detection of penicillinase

The starch agar method which was used is‘based on a modification

of the method of Perret (1954), This method is the simplest method for
testing for penicillinase, It is easy to perform and also it is very

sensitive, allowing for the detectlon of as llttle as O, 05 unlts of enzyme

per mg dry weight of the organism, ‘ t
] [ B [

The strain under test was plated on‘starch agar;(O,Z% w/v soluble

starch in nutrient agar), Bacteria were grown in nutrlent broth for
. | S :

L -~ 6 h until it reached medlum.turbldlty; then 0.1 cm3 of a 105 dllutlon

was incubated, To obtain large numbers of colonles the bacterla were
0 .

spread but again not too close to the edge of the plate, After overn1ght
incubation at 37 °C the plates were replicated (2.1 g) and the two plates
were examined and the colonies were marked, Then the colonies were developed

N : o BRI AN e
3

by flooding the starch plate with a mixture containing 2 cm” of a solution

of 0.16 mol dm.3 iodine diseolved in 0,32 mol dm-3 and 10§‘units benzyl-penicillin
dissolved in 20 cm’ of phosphate buffer solution (2.2) at pH 5.9. The agar

stained a deep blue due to the reection between starch ane iodine, penicillinese
producing colonies wefe recognised by the appearance of a white halo
surrounding the colony; this is caused by the production of penici;leic acid:
as a breakdown product of‘penicillin by penicillinase. When ehe method was
used to detect and isolate penlcllllnase negatlve mutants it was adVantageous
to add a small amount of inducer to the nutrlent agar. Methlclllln at a ’
concentration of 0,5 pg cm -3 was suitable, When starch plates were flooded
with the penicillin-iodine mixture penicillinase produc;gg colon;es qulckly‘mtl
turned white and produced their characteristic halo. Penicillinase negative

: ' Co

colonies were stained a deep yellow which gradually faded, they were recognised

easily and subcultured to confirm the result.

(i) Cleaning and sterilisation of apparatus

The disposable contaminated apparatus was immersed in 1% lysol
, -
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solution prior to disposal, and glass pipettes‘wefe submerged in a 2%

milton solution, Other contaminated glassware was immediately autoclaved t
at 15 1b in.-2 for 20 minutes, The glassware and 'apparatus weré then

scrubbed in tap water and then rinsed once in tap water and ‘once in distilled
water, It was finally dried and sterilised in.an‘oven af 150 °%c cvernight
Pipettes and Pasteur pipettes were plugged with non-sbsorbant cotton wool,

and re-sterilised in a metal container at 110 °C for two days.

2.2 Preparation of cell suspension for electrophoresis

Barbiturate-acetate buffer solutions were used as the suSpending electrolyte
Michaelis (1931), In all mobility determinations a pH range from 3-7 were

used. 5 dm® of stock solution I = 0.5 mol dn™> contained:

0.15 mol dn™> sodium barbiturate, 154,635 g

0.15 mol dn™> hydrated sodium acetate, 102.0675 g

0,20 mol dn~> sodium chloride, 58,450 g

This stock solution was stored at 4 oC, the required buffer solutions
were prepared by diiuting the stock with distilled water to give the ionic
strength, I, of 0,02 mol dn™> and adjusted with HC1 (1mol dn~>) to the
required‘pH. The pH was measured using a calomel and glass electrode assembly
on a E,I,L, (Model 23A) pH meter, Before each measurement the pH meter was
calibrated with a Sgrensen phosphate buffer solution at pH 6.81 prepared by
mixiné equal volume of following solutions:
Solution A - 0,667 mol dm"3 disodium hydrogen orthophosphate dodecahydrate

23,88 g dm ™

Solution B - 0.667 mol dm > potassium dihydrogen orthophoéphate 9;07#33 a2,

The conductance of each buffer sglution, used for mobility 4 measurementé
was determined with a Wayne-Kerr (B224) Universal Bridge in a bottle type
cell mounted in a thermostat maintained at fhe same témperature as that used

for measuring the electrophoretic mobility.
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The cells of K. aerogenes were harvested by centrlfuglng the
. P
nutrient broth culture, and washlng the cells tw1ce in the approprlate
[ S T -
veronal-acetate buffer solutlon before resuspendlng in the same buffer

solutlon. MOblllty measurements were made on the cell suspension as soon

as possible after preparatien. B I
Cells of Staph, ‘adreus were harvested from plates'b& Washrhg with

distilled water, The cells were washed tw1ce and flaaII; resuspended in

the appropriate buffer solution for mobility measurements,

2.3 Treatment of cells with sodium metaperiodate

The method, modified after Garret (1965) and Brewer (1966);‘was

used to destroy and remove teichoic acid from the surface of gram-positive
. | H
bacteria,
. ' )
Cells of 18 h growth on nutrlent agar plates were harvested in

[

distilled water, and washed once in phy51ologlcal sallne (O 85% w/ﬁ NaCl).

The cells were suspended in 0,1 mol dm -3 queous ammonia to remove any

i
ester-linked alanlne and then washed in dlstllled water to remove any alanlne

and the aqueous ammonia, The materlal was then suspended 1n barblturate
buffer solution pH 6'0 (I = 0,02 mol dm 3) contalnlng sodium metaperlodate
(0,05 mol dm 3) for 30 minutes in a water bath at 37 C The suspens1on

of oxidised cells was divided 1nto the requlred number of allquots, and the
cells were centrlfuged from the sodium metaperlodate solutlon andkwashed twice

in barbiturate buffer solutions (I = 0.02 mol dm 3) at suitable pH values.

Mobility determinations were then made on cells in these suspensions,
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2.4,  The Microelectrophoresis apparatus

(a) Description a SRR R f 

The apparatus used throughout the inveétigétibn was thaf déveloped
by Gittens and}James (1961) and is shown in Fig. 2,2,
The electric field was éppliéd acroés’a”suspénéio# of bacterial
" cells contained in the glass observation chamber A, Observiﬁg the cells
under a micrbscope, the velocity due to a known aﬁplied field was ‘determined
by timing individual cells across a given number gf'squarés‘in an ‘eyepiece
graticule, The rectangular chamber (A) was made from two optically
flat Hysil Plates (40 x 25 x 0.5 mm),’ fused together to‘give a:Sepa;aéion
of 0,5 mm, This was attached to side arms fitted wifh hemispherical ground

glass joints (B and C) and filled with suspension from fhé»resérvoir (D)

by opening taps 1' and 1.
A constant electric field wés apﬁlied between the Ag.AgCl/KCl electrode

systems in the compartments (E and F), The electrodes coﬁsiétéd'of spirals

of silver wire (diameter 2 mm and length'14 cm) mounted in the compartments

by means of rubber bungs, through which the wifé ﬁaséed’forming'a'water-'

tight seal. The silver wire was first:cleaned“with diluté nitric acid

and then anodised in 0.1 mol dm™> ‘HC1 using a platinum cathode at a current

2

density of 2 A m < for 20 minutes, to give a grey-purple depositof AgCl on the

electrode, The electrodes were anodiSedvihiéeriéé to ensure they were

' identical, | o

The electrodes were then placed in the' compartments, which were

: filled with potassium chloride solution (3.5 holldm-z).' Electrical contact
with the bacterial‘suspension:was made tﬁrough the sintered glass discs

(G and H), The electrode compartments could be conveniently refilled at
regular intervals with the electrolyte solution from reservoirs, using

t

taps 2 and 3, 2% and 3'.
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The electrical circuit (Fig. 2,3) was based on that of Abramson et.al.
(1942), The voltage was supplied by a 120 V battery, and ﬁontrolled‘by a
variable resistéﬁcé, maximum resistance 10,000 ohms. The currentflowing
was measured by a Sangamo-Weston multirange millismmeter connected in
series with the cell., The applied potential could be reversed using
the switch R, The switch S, shorted the electrodes when not in use;:
this prevented electrode polarisation. LoE R L I OIS SO

A Watson Service microscope was used to observe the cells in the
chamber, This was fitted with an annulus phase contrast condenser and: .
objective (x 40) and angled stem ( x 1.5) and a focusing eyepiece (x 10), con-
taining a cross -etched graticule, Illumination was provided by a Watson
microscope lamp , with control unit; the light was reflected‘from,a concave
mirror below the stage. SR S s

Since the viscosity and conductivity of fhe buffer solution and " -
hence the cell electrophoretic 'mobility were temperéture dependent, it
was essential to:maintain the bacterial suspension at a constant: temperature,
This was made possible by immersing the cdeervation chamber in a small water® -
bath adapted to fiﬁvon the stage of the mi&roscope. The water. in the bath
was maintained at 25,0 : 0.5100 by circulating water from a large thermostatic
bath controlled by a Tecum "Tempunit". The water bath system was constructed
of Perspex sheeting, and this was cut away beneath the observation chamber
to allow the condenser lens of the microscope system to pass through. : The
condenser lens passed through a flexible, water-tight rubber diaphragm
attached to the perspex,  Both the condenser and objective lenses were .
waterproofed, - o S v

 An additive stop-watch, reading to 0.01 s, was used to record the
time taken by a bacterial cell to cross a given number of squares on the

graticule,



(b) Mode of operatlon

Cells of K. aerogenes were dr1ed on to the 1nner surface of the
observation chamber before assembly. By focu51ng on these reference .

surfaces, the depth of the chamber was found in arbltrary unlts.
b ol

All the taps and ground glass j01nts were thoroughly cleaned and
adequately greased, Thls ensured that there were no leaks which would

have given rise to movement of the cells in suspen51on in the absence of
. Vb | f

any applied electrlc field.

oo

The following procedure was carried out each day before use of the

apparatus, to glve reproduclble electrlcal connections through the szntered

.‘)‘ v [

glass plates,
3

. X - P S ' [ .
50 cm” of KC1 solution were flushed through each electrode compartment
by opening'taps 2 and 2, and 3' and 2%; then taps 2 and 2% were closed and:‘
tap 1' opened, forcing solution through the sintered glass plates. The
. IR . | B -

observation chamber was then flushed through with distilled water to remove

the electrolyte which had been forced through the sintered plates. The

~ chamber was then filled with buffer solution, at the temperature, pH and

ionic strength, as the suspension to be examined, In all operations great
care was taken to ensure that no'air bubbles appeared in the closed system.

The chamber was finally filled with bacterial suspension under observation
. : Sl ' [ . N

. and all the taps were finally closed. In routine use, the stetionery levels

were located at fractlonal depths of 0,21 and 0 79 from the top 1n51de .
surface, All mobility measurements were made at the upper statlonary
level, From the known depth of the cell the microscope could be adjusted

to focus at this level,
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The veloclty of a cell in focus at the statlonary 1evel was
i
measured by recordlng the time taken for the cell to cross a glven number
s

of graticule squares under the influence of an applled electrrc f1eld

A time of between 2 and 4 s was con51dered sultable, and the number of
squares across whlch 1t was timed was adjusted accordlngly. The current
flowing durlng the tlmlng was measured on theim1111ammeter. For esch
suspenslon LO cells were tlmed, and by rever51ng the current uith switch R
. the cells were timed in alternate‘uirections.x‘The botenﬁial was never o
applied for long periods of time in any direction, this minimised electrode
polarisation during operation, | o | c

'

The mobility values obta1ned for suspen51on of cells of the same
S
strain grown on different occasions were found to be reproduclble to within
- 3%. If the cultures under 1nvest1gatlon had moblllty values differing by

10% or more they were considered 51gn;flcantly different.

T R
i

(c) Calibration of apparatus

P

The electrophoretic mobility of a particle'; ma sh1’V-1vis.defined

-1

as the particle velecity v/m 8~ per unit potential gradient, X/Vm-1.

It is given by the expression: : L

- _ ¥ aL gk _ Lg :

where nl/h is the distance travelled (n 15 the number of squares of side
L/m) in time t/s; q/m 1s the cross-sectlonal area of the cell and I/l is
the current flowing. K/ohm m~ ' is the conductlvxty of the buffer solutlon,
which was obtained from the uessured eohductance (¢ ohm-1) and the cell

_constant J/cm”" of the conductance cell,

i
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The values of G, I and t 'were obtained experidentally: It is
not possible, hewever, to determine the cross-sectional a#ea‘(q);of !
a rectengular observation chamber, This difficuity'ﬁas overcome:by L
using a standard partiEIe, which had a knewn absolute mobility (i;f), when
suspended in a buffer of a known pH and ionic étrength. By timing thie
under the conditione.previously described, a '"cell constant" for the
chamber K was determined, where K was given bye
; 7 t I o l,hw;v; "‘ T N
K = Lqd = -

nG ) )
T IS ! N A

The value of K also included the'ceil constants of the conductance
cell. The subsequent timings (t!) on cells under examination were
converted to mobiliti using the relationship:

V.= o

' ) . . [ Lo | S :
where the primed values are those obtained for cells in that particular

. (towards the positive electrode) of 1.56 x 0 w8 V.,

1 + . T
| K R [N T i

suspension,
Cells of g;_aerogenes were used as a sfaﬁdard pafticie;:he£vestedv

from 18 h culture grown in nutrient broth at 27 °%¢ (2.1.b).' The standard

conditions used for determining the mobility values of these standard

particles are at an ionic strength of 0,02 mol dm-s,te pH of 7;O‘and at

-8 2 =1

25 °C; under these conditions the absolute mobiiity is -1,67 x 10" m sy .

This value was obtained as a result of extensive calibration studies of suspensions

of X, serogenes against human erythrocytes as standard (Gittens 1962), In the

present work, K was determined before each set ofvelectfephoretic'méasurements

i Vo ‘ R [T P N R ,‘l|;‘t, [P
were made, : ‘ ' :
-

' . , "| .
All mobility values are quoted without sign or units, a value 1.56

means that the particle is negatively charged with an electrophoretic mobility
8 2 -1 .1 ‘

1
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SECTION 3

Studies of the Surface and Biological Properties

of Cells of a Naturally Occurring Methicillin-Resistant

Strain of Staph, aureus, Strain 1.

Sutherland and Rolinson (1964) showed that a culture of methicillin-

fesistant Staph, aureus grown at 37 % consists of a mixed population in which

the majority of the cells are of normaisensitivity to methicillin but with
small minority showing resiétanée to very high concentrations, The heterogeneous
response was found in all naturally occurring resistant strains when grown
at 37 °C; the temperature of incubation was found to have a marked effect
on the heterogeneity of the culture(Annear (1968), Parker and Hewitt (1970)). It yas
found that the strains were highly resistant to the antibiotic if incubated
at temperatures between 25 and 30 OC, while at 43 OC all the cells were
totally sensitive,
Cells of such resistant strains exhibit surface properties which
were dependent on the temperature of growth (Hill and James, 1971,b) when
grown on nutrient agar in the absence of éhe antibiotic, After growth
at 43 OC surface teichoic acid was shown to be a surface component, while
there was no surface teichoic acid on cells grown at 25 °C. The surface
properties of the strain grown at 37 % although intermediate between those B
of cells grown at 43 °%C and 25 °C, were closer to those of cells grown at
43 %,
The determinants fof methicillin resistance are believed to be in’
extrachromosomal elements (Dornbusch, Hallander, Lofquist, 1969), which
were lost after treatment with acriflavine, Grubb and Annear (1972) reported
the spontaneous loss of resistance on ageing cells at room temperatufe.
Therefore it was important to see how these surface properties varied

and were possibly stabilised by maintensnce of the cells at different

temperatures, This section discusses studies on cells of Strain 1.
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Se1 Effect of temperature of growth IR TR
| .
i (a) p;7m0b111ty curves of cells grown on nutrient agar

at 25l737 or 43 C

i

Standard nutrient agar (2.1.a) plates were 1noculated from the parent

i

culture grown on nutrient agar at 37 . The plates were 1ncubated at 25,
37 or 43 C for 18 h, The cells were harvested washed (2 2) and

resuspended on buffer solutions of appropriate pH. All mobility measurements

b S
were made at 25 C ‘

'

Brewer (1966) and later workers have defined H-value as the increase
of mobility (at the maximum) compared to the values at pH 7‘;5 a pereentagé
of the plateau mobility value, Thls is a valid method of classlfylng pH-

mobility curves of cells of strains of Staph aureus,

The straln used in thls investigation (Flg. 3. 1) showed a marked
variation in snrface charge with the temperature of growthﬁ The results
were very reproduoible and wene consistent with:the results‘obtalned by |
Hill and James‘(19?1 b). When the strain was grown at 43 C and potentlally :
sensitive to methicillin the cells had a high H-value (30) and exhlblted
accentuated minimum mob111ty value at pH 4.5, The cells grown at 25 C
and potentially very re51stant to methlclllin had a low or zero H-value |
and there was no minimum mobllity at pH 4,5, The cells grown at 37 °% had

a low H-value (3) and a much less marked minimum mobility at pH 4.5,

(v) Minimum']hhihitony Concentration measured at

P

25, 37 and 43 °c

. - { - .
MIC levels of methlclllxn were determlned by the plate method in the

range 0-200 pg cm =3 methlcillln (2.1, f(l)) all plates were inoculated with
approximately 105 bacteria from a 18 h plate cultnre grown at 37 °c. The

|

|
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Fig. 3,1 o

pH-mobility curves of cells of Staph. aureus,

(Strain 1) grown on standard nutrient agar

at 25 °c (0); 37 °c @) or 43 % (@)

Mobility




i i
I

plates were incubated at each of the temperatures 25, 37 and L3 °¢ (Table 3.1).

The conventional MIC was recorded after 18 h at 37 °C.

. . ' P .
P [ . . . - .~1y~.,‘.'

" Table 3.1 -
Growth of cells of Staph. aureus (Strain 1) in

R

the presence of methicillin

i

Tgst Temperature S ‘Growth in the preséncevofimethiéilliﬁ:
% - » concentration/ug cn™> X i
0 4 - 10 20 Lo 100 200
43 - 0 0 o o o0 ©
37 TR s TRt TR IR SRRy I
25 L anaJRNNEE o o L R s ST L

i

(The profusion of growth is denoted as ++++, +++, ++, +,'t, 0.) =

The MIC for the cells at 37 % was 200 pg cm-3, the cells were
completely sensitive when incubated a§v43 OC, and very resistant at 25 %.

1
(A}
i

1o
]

(c) = The removal of surface teichoic acid

The oxidation of surface teichoic‘acid'én the cells with sodium’
metaperiodateﬁ(z;B) was carried out, The strain was grown at 37 % for 18 h
on nutrient agar and the pH-mobility curves were determined for cells both
before and after the oxidative treatmént (Fig. 3.2)." The peék mobility ;
value at pH 3.5 to 4.0 was ‘sbsent from the curve for the treated cells.

‘This indicated the removal of phosphate groups' of the teicholc acid, similar
;studies of cells'growg‘at 43 % showed that greater amount; of surface teichoic

acid were present, Tn contrast no surface teichoic acid could be detected

on cells grown at 25 °C,
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Fig, 3.2

pH-mobility curves of cells of Staph, aureus

(Strain 1) grown at 37 °C (@) and after oxidation (O)

2.0 |-
Ko}
[o]
=
1.0 L
0 | | l | |
0 3 L 5 6 7
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B . F

3.2 Effect of repeated growth at 43.°C on nutrient agar

B . . o o . 1 C e, [ .
Following the previous observation (3.1) which confirmed the results

of Hill and James (1971,b) it was important to know whether these changed

o

surface properties could be stabilisedlby naintenance of the’cells at
high tenperature. Cells of strain 1 uere subculturedtfor 20Ltimes,
i.e. trained to grow at 43 °¢ on standard media (2,1,a) in the absence
of the methlcillln at 43 ° (2 1,d)q The surface propert;es of the

strain were studied and compared with the parent cells.gg”"h;j. Pt

(a) pH-mobility curves of cells trained to grow at 43 °c and

finally grown at 25, 37 or &3 % i

Cells from the culture tralned on standard nutrient agar at #3 C

were 1noculated on to plates and grown at 25, 37 or 43 °¢ for 18 h, The
|
cells grown at each temperature were harvested and washed in the normal

manner (2,2), and the electrophoretlc moblllty measured in buffer solutlon
IREER T

at 25 C. The pH-mobility curves (Flg. 3 3) showed marked changes with
1ncreaslng subcultures during the growth at L3 C the surface propertles

of the cells were in all respects 1ndlstingulshable from those of cells of |

a sensitive straln. Even the growth at 25 °c of these trained cells nreduced'
cells with all the characterlstlcs of highly sensltlve strann:wzth a high
H-value (40) in contrast to the parent cells whlch had a very low er

zero H-value when grown at 25 °%. Growth at 3? and 43 C gave cells

:whlch had a high H-value (72, ?3) and no minimum moblllty at pH 4 5. B

The pH-mobility curves were independent of the temperature cf final growth

within the limits of experiuental error,
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Fig, 3.3

pH-mobility curves of cells of Staph. aureus

(Strain 1) growﬁ repeatedly at 43 °C on standard media

and finally grown at 25 °C (0); 37 °c (8) or 43 % (@)

3.0 g=
2.0 -
»
)
:—1
ol
o)
o]
g
1.0 omn—
o | I | | |
0 3 4 5 6 7
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Fig, 3.4

pH-mobility curves of cells of Staph, aureus

(Strein 1) grown repeatedly at 43 °C followed by

15 subcultures at 37 °C on standard nutrient agar snd

finally grown at 25 % (0); (8) or 43 % (@)

3,

mobility
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(v) Minimum Tnhibitory Ooncentration measured at

25, 37 and 43 °C for cells trained at 43 °C

MIC levels of methicillin were determined by plate'method on plates
3

containing 200 ug cm “ methicillin (2.1,£(1)). The plates wefe inoculated
from 18 h culture of cells grown repeatedly on standafd nutrienf agaf
'(2.1,a) at 43 °C, The plates were incubated at 25, 37 and 43 °C and

e o
the growth recorded after 48 h (Table 3.2)., At 25 C cells were more
sensitive than cells incubated at 37 °C (c.f, Table 3.1), while the MIC

value at 37 °C were less than ﬁO 1g cm-3.

Y

Table 3,2
Growth of cells of Staph. aureus (Strain 1)

in the presence of methicillin after repeated

growth at 43 °C in the absence of antibiotic on

standard nutrient agar

Test Temperature . ., Growth in the presence of methicillin
% . concentration/ug em™>
0 L 10 20 Lo 100 200
L3 i+ 0 0 0 0O o 0
37 ' b+ 5 o 0 o o0 0
25 : e+ 0w 8 3 0 o

This result was inlagreement with tﬁe shape and positioning'of fhe
pﬁ-mobility curves (Fig. 3.3); that is the cells wére'now seﬁsitive to
mefhicillin. It seemed that the determinants of methicillin were carried
on a plasmid, and this was lost during the repeated growth at 43 % and

thereby gave rise to methicillin sensitive cells,



740 ) ’

(e) pH-mobility curves after final growth at 25, 37 or 43 %

of cells after repeated growth at 43 °C and subsequent

growth at 37 °C

After 35 subcultures at 43 °C the cells were repeatedly grown at
37 ° for 15 times, Thercells were inoculated in parallel on to nutrient
agar platesand.incubated at 25, 37 or 43 ?C, The pH-mobility curves .
(Fig. 3.4) of the different cells are very similar to the curves of
cells of the parent strain kept at 43 °C after final growth at the three
temperatures (c.f. Fig. 3.3). This confirmed that the change of surface
properties of the'resistant cells to those characteristic of sensitive
cells was stabilised on repeated growth at 43 % and was not revérsible when
the cells were subsequently grown at a lower temperature. The plasmid
responsible for methicillin resistance did not reappear when the cells were
grown at the lower temperature, The curves haa all éhe typical characteristics
of those of sensitive cells with high H-values (30, 33 and L45) at each of the

three temperatures and no minimum mobility values at pH 4.5 The strain

also possessed considerable amounts of surface teichoic acid,

(d)  Minimum Inhibitory Concentration at 25, 37 and 43 °C of

cells grown first at 43 °C and then at 37 °c

MIC levels were determined (2,1,£(i)) on 18 h cells which had been
repeatedly grown at 37 O¢ after the training at L3 °C in the absence of
antibiotic, The plates were inoculated then incubated at 25, 37 and
43 °C, The cells were completely sensitive (Table 3,3); when grown at
ény temﬁerature there was not any growth even at low concentration of the

jantibiofic at 2590, the temperature at which the original parent cells were

very resistant.,
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‘Table 3.3

Growth of cells of Staph, aureus (Strain ﬁ) in

the presence of methicillin’growh 35 times at

43 °¢ and then 15 times at 37 °C on standard

nutrient agar

Test Temperature _ Growth in the presence of methicillin-
°% concentration/ug —

o L 10 20 Lo 100 200

43 4+ 0 0] 0 0O . 0 0

27 ++++ 0 0 0 o o . 0

25 ++++ 0 0 0 0 0 0

The suggestion of plasmid éontrdi of methiciliin registance became
more clear, the plasmid did not reaépeér; when tﬁe cells were grown at a
lower temperature, The cells were leff for a féﬁ months on nutrient
agar slope and then were examined; they were still sensitive to methicillin

at each temperature,

(e) The removal of surface teichoic acid

It was apparent from the results of pH—moBility curves (Fig, 3.3)
that the cells possessed a considerable amount of teichoic acid, characterised
by the maximum in the mobility when suspended in;solutions of‘loﬁ pH, i.e.
thé cells showed all the characteristics of methicillih~seﬁsitive‘cells which

P S

James and Brewer (1968) associated with the phosphate groups of teichoic acid.
The cells tralned at 43 °C and flnally grown at 43 % 1ost their telch01c
acid (Fig. 3 S) after treatment w1th sodlum metaperlodate (2 3). Slmllar results

were obtained for cells which had been maintained at Lz °c and finally grown

at 37 %,
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Fig, 3.5

pH-mobility curves of cells of Staph, aureus (Strain 1)

© grown repeatedly at 43 °C on standard nutrient agar

after oxidation (0); control (@)
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(£) Detection of penicillinase

Staph aureus strains produce an 1nduc1ble enzyme, generally known

as penicillinase, which hydrolyses the B-lactam ring of penieillin, with

the production of the antibiotically inactive pen1c11101c acid, ZEvidence
that the genetic elements controlling penicillinase production (and thus
penicillin resistance) in staphylococc1 are carried on plasmid has been
proved (Novick, 1963; Novick and Richmond, 1965).

The cells trained at 43 °C which lost their methicillin resistance
were examined for the production of peﬁicillinase (2.1,h). Starch plates
were inoculated to obtain large numbers of colonies, after incubation of
theée plates at 37 °C the colonies were developed with iodine solutidn.

The agar stained a ‘deep blue and the colonies were stained a deep yellowg
this showed tha£ the cells had lost their ability to prodace peniciliinase.
It was thus apparent that the plasmid-controlling penicillinase was also
lost during repeated subculture at 43 °C,

The coionies were subcultured for purity and were tested again
for penicillinase production, The test was carried out agzin after the cells
had been subsequently subcultured at 37 % 2nd alss after leaving the cells
for a few months on nutrient agar slope at room temperature, There was no
change; the cells were still penicillinase negativé.

Ioss of the ablllty to produce penicillinase thus appezr ”é to ke
irreversible and all attempts to demonstrate back mutation to thke
production of the enzyme have failed (MNovick, 1963). The loss, therefore,
resembles a deletion of the entire region controlling enzyme production
rather than a point mutation. The ease with which these genetic elemerts
can be lost irreversibly from a strain of staphylococcus without apﬁarently
affecting the vizbility of the cells, has led to the hypothesis that the

genes are carried extrachromosomally.
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3.3 Effect of repeated growth at 25 OC on standard nutrient agar

Cells grown at 25 °C and potentially very resistant to methicillin
had very low or zero H-values, (Hill and James, 1971,b) as shown in
Fig. 3.1. It was importaﬁt to know whether these altered surface properties
could be stabilised by maintenance of the cells at low temperature., Cells
of strain 1 were therefore repeatedly subcultured for 20 subcultures on

standard nutrient agar (2.1,a) in the absence of methicillin at 25 QC.

'(a) pH—mobiiity curves after final growth at 25, 37 or 43 °c :

of cells grown repeatedly at 25 °c.

Three nutrient agar plates were inoculated in parallel from a culture
which haa been grown at 25 °%¢ for 18 hj the cells were harvested and'washéd
(2,2) and the pﬁ-mobility‘curves determined (Fig. 3.6). There was no
change on the shape of the curves (c.f. Fig. 3.1). Thelcurves were displaced
slightly from their original position, although it was ndt sufficient to
be considered significant, After growth at 43 °c and 37w°C there was a
minimum mobility at pH &.5, but this was less than that shown by the parent
cells; the cells also possessed surface teichoic acid., The H-values of
cells grown at either 37 or 43 oC was lbw (14), this characteristic led to
the suggestion that the cells had become more methicillin-resistant,cells
grown at 25 OC had zero H-value as the parent cells,

The pH-mobility curves of cells grown at 25 °C, measured after
k, 6, 10, 15 and 51 subcuitures‘are shown in Fig. 3.7. The shape of the
pH-mobility curves was indistinguishable from that of,parentvcells grown once
at 25 °C, There was, however, a marked increase in the negative mobility

of the cells as the number of subcultures at 25 oC increased,
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Fig, 3.5

pH-mobility curves of cells of Staph., aureus

(Strain 1) grown 20 times at 25 °C on standard

nutrient agar and finally grown at 25 °C (0);
37 °¢ (8) or 43 °C(@)
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Fig, 3.7

- pH-mobility curves of cells of Staph, aureus

(Strain 1) grown repeatedly at 25 °C on standard
nutrient agar, after 1 (0); 4 (®); 6 (4&3) 10 (@) 15(®)

51 (@) subcultures at 25 °¢
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(v) Minimum Inhibitorj Concentration measured at 25, 37 or

43 °C for cells trained at 25 °C -

Cells.from é 18 h culturé growﬁ at 25 od wé;e iﬁoculéted on tdll
the plates containing methicillin 2,1, £(I) and incubated at 25, 37 or
43 °c, | - -
’ The cells beca@e moreIEsistant (Table 3.4) ﬁo methicillin measured
both at 25 and 37 °C, the populétion bécémelmore homogeneous in its
resistance and differed from that of the original parent strain‘grown at

37°°C (c.f. Table 3.1). The conventional 27 °C MIC was more than 200 pg cn™>,

The cells were, however, still sensitive at 43 .

!

Table 3.4
|

Growth of cells of Staph. aureus (Strain 1) in thelpresence

of methiciilinvéfter repeated growth at 25 °c

Test Temperature | Gfowth'in the preSéhce of méthicillin
°% . concentration /ug —
0 L 0 20 ko 100. 200
43 ++++ O 0 0 o . 0 0
37 ++++ et +++ bt et 20 - 10
25 b T +H+
(c) The removal of surface teichoic acid

Cells, grown repeatedly at 25 OC, were finally grown at 37 QC for

18 h, Cells from this culture were treated with sodium metaperiodate.
. N ‘ , . . 4

" to remove teichoic acid, pH mobility determined before and after treatment

| (Fig. 3,8), The small amount of surface teichoic acid was lost from treated
! . _
cells and there was no recorded maximum mobility in suspension at low pH values,



Fig, 3.8

pH-mobility curves of cells of Staph, aureus

(Strain 1) grown repeatedly at 25 °C after

mobility

oxidation (()) control ( )
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-3 b Independent loss of methicillin and penicillinase plasmi&s

during repeated growth at 43 °C

A number of different types of plasmids have been identified
in staphylococci by genetical analysis. They include plasmids conferring °
resistance to antibiotiqs, heavy metals, toxin and pigment production,
According to Dornbusch et, ale, (1969) -  the genes controlling methicillin
resistance and production of enterotoxin B appear to be associated together.
Both characters were lost after treatment with acriflavine.‘ Dornbusch
and Hallander (1973) suggested that in some strains at least two plasmids
were present, one of them is responsible for penicillinase productién and
résistance to metallic ions and the other forvmethiciilin resistancé with
enterotoxin B production. The present work was undertaken to show if the
plasmids for penicillinase production and methicillin resistance were
lost independently or not, |

- (a) Isolation of mutants by replica plating

| Cells which had been grown on standard nutrient agar at 43 °c for
10 subcultures were inocplated on to starch plaﬁes, and incubated 18 h
at 3?'°C. The colonies were replicated on to plates containing‘
10 ng cm™> methicillin (2.1,8). The master plates were kept and the replica
plateé were incubated for 18 h at 37 °C. The colonies which did not grow
;ere‘marked on the starch plates, and then the plates were developed
with iodine solution (é.1,h). Two types of penicillinase-positive colonies
were recognised, one type which had grown on methicillin plates (pen+ met-r)
these are the same_as the parent cells, the other type, few in number did
nof grow on methidllin plates (pen+'met-s). Two types of penicillinase-
negative colonies were élso recognised, one type which had grown on the
methicillin plates (pen met-r) and the other type which did not grow on the

methicillin plates (pen met-s).
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Celis from single colonies of four variants were subcultured
on to other nutrient agar plates for purification. The variants were
phage typed to make sure that their phage patterns resembled that of the
parent cells., Tests were also carried out for loss of metal ion resistance

and antibiotic resistance (Table 3.5).

(b) 'Eﬁ—mobilitﬁ curves for cells of the variants_grown at 37 °C !

Cells of fhé four variants which-were'selected by replica plating
were subcultured on to nutrient agar plates and incubated at 37 °%c for
18 h. The cells were harvestéd and vashed (2.2), and the mobility values
ofvthe cells measured in suspension over the normal pH-range at 25 °c.
The pH-mobility curves (Fig. 3.9) of cells of the variants showed a marked
variation in their surface properfies. These were dependent on the resisténce
to methicillin but not affected at all by the production of penicillinase,

V ACells of~the variants, pen+ mgt-r (penicillinase-positive, methicillin-
resistant)land pen met-r (penicillinase-negative, methicillin-resistant),"
(Fig. 3.9 a and b) showed a typical pH-mobility curve characteristic of

~ resistant cells grown at 37 °C. Both had iow H-values (O and 12 respectively)
and both exhibited minimum mobility values at pH 4,5, although the minimum\
was much less than that shown by a methicillin resistant strain grown at
3 °c, |
The variants pen+ met-s (penicillinase-positive, methicillin-
sensitive) and pen met-s (penicillinase-negative, methicillin-sensitive),
(Fig. 3.9 ¢ and d) showed a pH-mobility curve which was characteristic of
- methicillin sq;sitive cells grown at any temperature, Both variants had
a high H-value (60 and 55 respectively) with maximum mobility values at
low pH and a plateau value in suspensions of high pH valﬁes.
~ Thus the variants which had lost their methicillin resistance plasmid,

possessed a considerable amount of surface teichoic acid.
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(a)

(b)

(c)

(d)

- Fig. 3.9

pH-mobility curves of cells of Staph. aureus

variants grown on nutrient agar at 37 °c

pen' met-r (penicillinase-positive,
pen met-r (penicillinase-negative,
penf met-s (penicillinase-positive,

pen met-s (penicillinase-negative,

i ' . " '

x : .
methicillin-resistant).

. | .
methicillin-resistant).
methicillin-sensitive).

methicillin-sensitive).
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i(b)

Fig., 3.9
1.309.
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(c) Characteristic of the mutants

n
i
|

Cultures of the variants were phage—typed (2. 1 e) and tested
for res1stance to benzylpen1c1111n, streptomy01n tetracycllne,

i

methicillin and metal ions by paper discs contalnlng approprlate
concentrations (2.1, f(ll)) The MIC of meth1c1111n and penicillinase
production were checked for each of the variante; | ) |

The phosphatase acthlty of cells of each tarlant was assayed at
37 °¢ (Davies and James. ,1974). A1l the results were summarlsed in
Table 3.5. The variants all showed the same phage pattern es the parent
cells. The variant pen+ met-r which was methicillin re81stent and a
penicillinase producer was re51stant to tetracycllne, streptomyclnland
the metal ions, cadmium, mercury and arsenate. Thls varlant exhlblted
little surface telch01c a01d and the phosphataseact1v1ty of the cells
grown at 37 °C was hlgh. Cells of the varlant pen met-r was resistant
to methicillin but had lost penicillinase plasmld together w1th resistance
to metal ions (which are believed to be linked); they also exhlblted hlgh

i

phosphatase activity at 37 C. Cells of the varlant pen+ met-s senSLtlve

to methicillin and a penicillinase producer were also re51stant to the
A , ; . ,

metal ions and exhibited low phosphatase ectivity atv37 °c; Cells of

variant pen  met-s, sensitive to methicillin, pericillinase negative

were also sensitive to metal ionms, | | o |
Irrespective of the loss of the metﬁicillin and‘penlelllinase

HN , [ B
plasmids, tetracycline and streptomycin resistances were not lost with the
J 2 U B i
two antibiotics markers, This suggests that there is not any linkage
between the genes controlling these two antibiotics and the methicillin

and penicillinase plasmids,
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3.5 Effect of repeated growth on other solidifed media at 43 °%

A1l the experiments were carried out on oxoid nutrient agar

Code CM3 regardless of the batch numberé. The repeated growth of cells of

Strain 1 on batch No, 152,13727 at 43 °Cc did not produce the same change

of surfaqe properties as did growth on standard:media.iiTaking into acc¢ount

other experimental results in this laboratory it was suggested that this

qbservation could be related to the confent of inorganic phoéphate in the

media, High concentrations of inorganic phosphate in the media caused |
suppression of the phosphatase enzyme system of the cells; however, low

cpnéentratiops of inorganic phosphate were required in growth media to

give good growth of cells which exhibited a high activity (Davies and

James, 1974).

(a) pH-mobility curves of cells trained to grow at 43 °C and

finally grown at 43 °C

f Cells were grown repeatedly on media with high phosphate concentration
(Oxoia.nutrient broth Code CM1, batch No, 264,14154, solidified with Oxoid
agar F°'1) in the absence of antibiotic at 43 ?C. After 20 subcultures cells
of 18 h growth were inoculated in parallel on to 3 plafes, and incubated at
25, 35 or 43 %. - o :

The pH-mobility curves of the cells grown at all of the temperatures
were coincident (Fig. 3.10) znd independent of the temperature of growth
(c.f. Fig. 3.1). The typical characteristic of a marked minimum mobility
at pH 4,5 was observed for cells grown at each temperature, The cells had

also lost the ability to produce penicillinase,
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Fig, 3.10

pH-mobility curves of Staph, aureus (Strain 1)

grown at 43 °C on nutrient agar batch No. 297, 1415k

after grbwth at 25 °%C O 3 37 O or 43 °C @
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(v) Minimum Inhibitory Concentration measured at 25, 37 and

43 °c of cells trained to grow at 43 °C

Nutrient agar plates containing methicillin in the range O - 200 pg cm

were inoculated from 18 h growth of cells grown repeatedly at 43 °C on
solidified nutrient medium (297,14154),
after 10 and 20 subcultures (Table 3.6), Atv25 °c the growth was very

homogeneous at all concentrations and the strain appeareﬁ very resistant,

MIC at 37 °% after 48 h was > 200 ug cm-3 while at 43 °c the cells were sensitive

to methicillin,

Table 3.6

Growth of cells of Staph, aureus (Strain 1) in the

presence of methicillin after repeated growth at 43 °%c

on nutrient agar batch No. 297,14154

MIC determinations were carried out

The

Subcultures Test temperature

Grthh in the presence of methicillin

at 43 °C / % concentration/ug c:m"3
0, 4 10 20 4o 100 200
L3 ++++ O 0 0 0 0 0
10 37 ++++ + 50 20 9
25 e A S T & = +++ +++ ++
L3 ++++ O 0 0 0 0 0
20 37 ++++ bt ++ ++ 30 10
25 +H+ 4 +++ +++ +++
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J

Effect of growth media on pH-mobility curves of cells after

N
0
o

one subculture from standard nutrient agar Co

"It was apparent that'the presence of a high inofganic phosphéte level
in the grqwth medium prevented‘the loss of methicillin resistance of cells
of strain 1 when grown repeatedly at 43 °C. A more detailed study of the
.effect of inorganic phosphate on the MIC and the sﬁrface properties was

undertaken,

The quantitative analysis of different batches. of Oxoid nufrient
agar and broth showed that there was a marked variation of content of inorganic
phosphate, The presence of inorganic phosphate has a marked effect on the

phosphataseactivity of methicillin-resistant cells of Staph, aureus (Davies

and James, 1974).
Nutrient agar plates or nutrient broth bottles were inoculated from
parent cells grown 18 h at 37 °C which were maintained on standard medium.

The cells were grown for 18 h at 37 °C and the pH-mobility curves were

determined (Fig. 3.11). The cells were electrokinetically very homogeneous

after growth on all media, The pH-mobility curves after growth on different

media (Table 3,7) were characterised by minimum mobility values at 4.5, with

varying H-values and phosphatase activity (Davies and James, ?9?4) depending
. i Col _ .

on the growth medium,
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Fig. 3.11 . |

pH-mobility curves of cells of Staph, aureus (Strain 1)

(a)
(v)

(c)

© ()

grown only at 37 °c

SO

On solidified calcium hydroxide treated medium,
{ ,

On Oxoid nutrient agar, Code CM3, 152,13727.

In Oxoid nutrient broth, Code CM1, 297,14154,

In Oxoid nutrient broth, Code CM1, 297,14154, treated with

calcium hydroxide,

(Standard medium) Oxoid nutrient agar Code CM3, 273,8762,
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3.7 Effect of repeated growth at 43 °C on calcium hydroxide

treated medium

It was obvious from the results of repeated growth at 43 C on
standard medlum with a low concentratlon 1norganlc phosphate (Flg. 3 2)

L‘,

that the surface propertles of the cells of meth101111n-res1stant strain 1

| . S
were changed markedly; the cells also became sensitive, Repeated growth at
43 °C on media containing lerger amounts of phosphate (Flg. 3.10) did not
produce any change in tEe surface properties of the resistance ef the.
population, | o

Therefore a method Qas established (2.1,b) to remove excese inefganic
[ I N

phosphate from the commercial media, This treated medium was used instead

of the standard media to see the effect on the change of the surface properties

of resistant cells when repeatedly grown at 43 oC.

I

(a) pH-mobility curves of cells trained at 43 °C after

growth at 37 °c

[

Cells from the parent strain which was maintained on standard medium were

inoculated on to calcium hydroxide treated medium, The cells were repeatedly
grown both at 37 °c and 43 0C, pH-mobility curves were plotted for cells

grown 18 h at 37 T at regular intervals.

i

The MIC determlned at 37 % after 30-40 subcultures at QS °C was reduced
-3 -3

from an original of > 200 ug cm © of methicillin to about 40 pg cm ~ and

-3

after a further 10 subcultures there was further reductlon to < 20 pg cm
|

of methicillin. The curves (Fig. 3.12 a,b and ¢) for cells subeultured LO times

at 43 °C were characterised by‘a minimum mobility value at &, 5.“ The

pH-mobility curves of cells which had been subcultured forlt5 tlmes

(Fig. 3.12, d), exhibited no minimum mobility value at 4.5, the shape of the

curve was now indistinguishable from that shown by methicillin-sensitive cells.
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Fig. 3.12

pH-mobility curves of cells of Staph, aureus (Strain 1)

grown at 37 ?C after repeatedly subculture at 43 °C

on calcium hydroxide treated medium

(a) 30 subcultures at 43 °C
(b) 33 subcultures at 43 °C
(c) L0 subcultures at 43 °C

(a) 45 subcultures at 43 °c
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Fig, 3.1

pH-mobility curves of cells of Staph, aureus

(Strain 1) grown repeatedly at 43 °C on calcium hydroxide treated

media after growth at 25 OC'(C)); 37 UD) or 43 % (@)

mobility
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pH—moblllty curves were also determined for cells whleh had
56 subcultures at 43 °c followed by final growth at 25, 37 or 43 °c (Fig. 3.13).
The curves for cells grown at all three temperatures were c01nC1dent with
no minimum mobility value at 4.5 and a H-value of 33. Even when these
trained cells were grown at 25 C, a temperature at which the cells ere’
potentially resistant to methicillin, they possessed the surface properties
of methicillin sensitive cells. | .

The cells had also lost the ability to produce penieillinase at a

frequency of about 82.3% when repeatedly grown at 43 °C,

(v) Mlnlmumf[nhlbltory Concentratlon at 37 °c of cells grown

repeatedly at 43 °C on ca101um hydrox1de treated ‘medium

MICs at 27 °c after 48 h incubation were tested regularly durlng the

training at both 37 and 43 °C, After 8 and 18 subcultures there was no
}
significant difference between the growth at all concentratlons at both

temperatures, After 32 subcultures the growth of cells, grown repeatedly

at 43 C showed a marked change, there was no growth at e} ug cm -3 methicillin,

i

while for the cells malntalned at 37 °C there was growth of cells up to 200 1g cm 3.

After 56 subcultures at 43 °C there was only sparse growth at 4 ug cm 3;
in contrast cells grown repeatedly at 37 °c still grew at concentration of
methicillin up to 200 ng en™, |

: lt is now clear that the surface propertles end Mlcwlevel changed in
barallel after subsequent growth at 43 °C on the prepared mediuu. The change
in these properties was much slower and H-values were not so hlgh as in the
case of repeated growth on standard medla at 43 °c. It might be suggested
that the standard media contained some constltuents whlch helped the curlng'
‘of the plasmid but thatvwere lacklng in the prepared medla; alternatively,

the presence of higher concentrations of inorganic phosphate causes the

retention of the plasmid.



Table 3.8

Growth of cells of Staph, aureus (Strain 1)

at 37 °C in the presence of methicillin after repeated

( growth at 37 or 43 °C in the absence of antibiotic on

calcium hydroxide treated medium

101,

No. of Temperature of CGrowth in the presence of methicillin
subcultures repeaged growth concentration/pg em>
/ C ’
o L 10 20 Lo 100 200
One (parent) 27 HH+ o+ p4 20
37 PP o+ o+ £ 30 12
8 .
L3 i+ ++ + 20 12 9
37 A + + ¥ 20 10
18 ‘ + o+
L3 e - = K 10 >
37 - o+ 225 15
32 +
43 - + - 50 0 0 0
37 s = +¥+ + X 20 10
56 .
43 PUPPEE 20 5 © o o
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3,8 Summary
(a) Cells of the methicillin-resistantstrain of Staph. aureus

(Strain 1) showed a marked variation in surface properties with the
temperature of growth, After growth at 37 °C for many subcultures the

cells had a low H-value and there was a minimum mobility value at pH 4.5,

‘(b)' Cells trained to grow at 43 °C on'standard nutrient agar‘(low
inorganic phosphate), lost their methicillin resistance’ana ability to produce
penicillinase; then surface properties became characteristic of those of
methicillin sensitive strains. These changes were not reversible when the

: . 1 .
cells were subseguently grown at a lower temperature,

)

(e) . Celis trained to grow at 25 °¢ or 37 OQ on standard nutrient
agar did not show change in the surface properties., At 25 °C the cell
became more resistant.

B ; I T !

() The genes which control methicillin resistance and penicillinase
production are most probably carried by different plasmids. These were lost
independent of each other during growth at'high‘témperature..i:‘

(e) Methicillin sensitive varianfs showea typical surface properties
of methicillin sensitive cells irrespective of the loss of penicillinase |

plasmid, * _ 1 T ‘

(£) Resistance to metal ions was linked with the penicillinase

plasmid,
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(g) Cells trained to grow at 43 °C on nutrient agar contalnlng
high amounts of inorganic phosphate did not lose thelr re51stant to
methicillin, however, the cells lost the ability to préduée penicillinaée.

o SR |

(n) pH-mobility curves after one subculture from standard media

on to different media were characterised by minimum mobility value af

4,5, with varying H-values depending on the growth medium,
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SECTION 4

Studies of the Surface and Biological ?roperties

of Cells of Methicillin Sensitive Strains

of Staph. aureus

The surface properties of the fully antiblotlc (including meth1c1111n)
lsen51t1ve strains and meth1c1111n sens1t1ve, penlclllln re51stant stralns
_were studied. The cells were electrokinetically homogeneous when studied
at all pH values in the range 3 - 7. The pH-mobility curves of cells of

these strains were independent of antibiotic sensitivity, growth media, and °

the temperature of growth;

4.1 Cells of fullyantibiotic sensitive strain (Strain 2)

(a) Effect of temperature of growth on pH-mobility'curves of

cells grown on nutrient agar at 25, 37 or 43 °c -

The pH-mobility curves (Fig. 4.1) were typical of cells of methicillin

sensitive strains of Staph. aureus, = The curves were characterlsed by having

a sharp increase in negative mobility value in the pH range 3 5 - 4 0 and a
plateau value from 5.0 - 7.0. This was in accord with the results of Hill
and James (1971, b). The curves showed no dependence on the temperature of
growth; within the limits of experimental error the curres of cells grown
at 25, 37 or 43 °C were coincident. The strain posseseee considerable

amount of surface teichoic acid with a high H-value (56).

(v) Effect of growth media on pH-moBility curves of cells

after one subculture from standard nutrlent agar

Nutrient agar plates or nutrient broth bottles were 1nocu1ated from
parent cells grown for 18 h at 37 ®C maintained on standard media. The cells

were grown for 18 h at 37 °C and the pH-mobility curves after growth on
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Fig, 4.1

pH-mobility curves of cells of Staph, aureus

(Strain 2) grown on nutrient agar at 25 °¢c (O),
37 OC(@) or 43 OC(@)
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(a)
(v)
(c)

(a)

o Fig. b2

pH-mobility curves of cells of Staph, aureus

(Strain 2) grown once at 37 °C

On solidified calcium hydroxide treated medium.
On Oxo0id nutrient agar, Code CM3, 152,13727.
In Oxoid nutrient broth, Code CM1, 297,14154,

In Oxoid nutrient broth, Code CM1, 297,14514 treated with

calcium hydroxide.

(Standard medium) Oxoid nutrient agar Code CM3, 273,8762.



- 107,

(a)

(e)

£
1TTIq0W

£
}TTTqoW

pH

pH



108,

solid media (Fig. 4.2, a and b) were characterised by high H-values (50 and 51)
at pH 3.5 = 4 and a plateau value from 5.0 to 8.0, this was independent of

the amount of inorganic phosphate in the medium, On the other hand the
pH-mobility curves of cellsgrown in liquid medium (Fig. 4.2, ¢ and d) showed
lower H-values (32, .21) than the H-values of the same strain grown on nutrient
agar (c.f. Fig. 4.2, ¢ and d). Allowing for experimental error, the curves a
and b, and ¢ and d) were coincident and were characterigtic‘of methi;illin
sensitive staphylococci, This was in accord with the results obtained bj

Marshall (1969) and Hill (1971) which showed that growth on solid medium

enhanced the H-value compared with that for cells grown in broth.

(c) Effect of repeated growth at 25 and 43 °C on nutrient agar

on pH-mobility curves - . _ \

Cells from the culture subcultured 20 times on standard media (3.1,a)

in the ébsence of antibiotic at 43 or 25 °C‘were inoculatéd on to élates and
grown at 37 oC. There was no change on the shape 6f the pH-mobility curves

(Fig. 4.3) with increasing subcultures at either temperature (c.f. Fig. k.1).

4,2, Cells of a methicillin sensitive, penicillin resistant . strain (Strain 3)

(a) Effect of temperature of growth on pH-mobility curves

of cells grown on nutrient agar at 25 or 43 °c

The pH-mobility curves (Fig. 4.4) of cells of methicillin sensitive

strain of Staph. aureus grown at 25 of 43 °C, were coincident and showed no
dependence on the temperature of growth. The curves are characterised by

a sharp maximum negative mobility value in pH range 3.5 - 4 and plateau‘
values from 5 - 7 with a very high H-value (115). This characteristic was

independent of the resistance to penicillin i.e. penicillinase producer.
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Fig, b4,

pH-mobility curves of cells of Staph, aureus

(Strain 2) grown repeatedly on nutrient agar at 43 °c(® or

25 °c(O) and finally at 37 °C, —=-c- control

2.0 |

mobility

1.0 2




mobility

110,

Fig., 4.4

D e

pH-mobility curves of cells of Staph., sureus

(Strain 3) grown on nutrient arar at 43 OC(@); 37 °c (D)

2.0
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FlEo 4.5 :

pH-mobility curves of cells of Staph. aureus

(Strain 3) grown repeatedly at 37 °c(O)or 43 °c (@)

and finally at 37 °C
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(v) Effect of repeated growth at 37 or 43 °C on nutrient agar

on pH-mobility curves and penicillinase production

Cells fromithe culture subcultured 20 times on nutrient agar at
27 or 43 °C were inoculated on to plates and grown 18 h at 37-°C. .There
was no change in the shape or position of the pH-mobility curves (Fig. 4.5).
They were typical of a methicillin sensitive strain (c.f. Fig. 4.4) with
high H-values (100 and 83). - : L

The tests for penicillinase production (2.1,h) were éarried out for
cells repeatedly grown at 37 and 43 ©C; 12%0 and 1076 colonies were screened
- respectively., All the colonies of cells grown at both temperatures were
still penicillinase positive; 758 colonies from parent cells. were also included
as céntrol. This was in contrast to cells of strain 1 whicﬁ lost their ability
to produce peniéillinase at high frequency when repeatedly'grown at 43 °c,
This suggests a chromosomal control of penicillinase production in such strains.,
%5 Sumary . S A P

(a) pH-mobility curves of fully antibiotic sensitive strains were
characterised by maximum mobiiity value between 3,5 and 4.0 and a plateau value
from pH 5.0 - 7.0. The shape and position ofrthe curves were independent of
the growth temperature. | .

(b) A typical pH-mobility curve of fully sensitive cells was obtained
after one subculture in media containing various amounts of inorganic phosphate.

The H-value of cells grown in liquid media were less than that'of cells grown

on solid media,
. I

i
i}
i
i
\
!
i
i
|
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(c) Cells of fully antibiotic sensitive strains trained to grow at 25 or

43 °C showed no change on the shape or position of pH-mobility curves.

(d) Methicillin sensitive, penicillin resistant cells exhibited
a typical pH-mobility curve of a methicillin sencsitive strain before and
after repeated growth at 37 or 43 °C. The strain did not lose the ability

to produce the enzyme penicillinase, after repeated growth at 43 °c.

(e) Thus the surface properties of methicillin sensitive cells are
constant independent of the ability to produce penicillinase, and independent

of the growth temperature.
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SECTION 5

L Studies of Surface and BiologicalAPrgperties of

Cells of other Strains of Staph. aureus with

Natural Resistance to Methicillin

561 Recently isolated methicillin resistant strains of Staph aureus

(Strains 10 and 11)

(a)  pH-mobility curves of cells grown on nutrient agar at 37 °C

These two recently isolated strains were studied to find out if they
exhibited the same characteristics as the other methicillin resistant strains.
The pH-mobility curves (Fig. 5.1) of 18h cells grown at 37 °C showed the typical
characteristic features of methicillin resistant strainswith low H-values

(21, 0).

(b)  Minimum Inhibitory Concentration measured at 25, 37 and 43 °c

MIC values were determined by the plate method, the plates were inoculated
with 18 h cells grown at 37 °C. The results were recorded after 48 h growth
at 25, 37 and 43 °Cc (Table 5.1); the conventional MIC at 37 °C exceeded

200 ug cm-; for both strains.

5.2 A strain of methicillin resistant Staph. aureus which shows the

‘surface characteristic of sensitive strains (Strain 9)

(a) pH-mobility curve of cells grown on nutrient agar at 37 °c -

The strain, obtained from Beecham Research Laboratories, was that used
'previously by Grubb and Annear (1972). The shape of the pH-mobility curve
(Fig. 5.2) was indistinguishable from that shown by cells of methicillin

sensitive strain grown at 37 %C (cof. Fige 4e1) with H-value of, 42...
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Fig, 5.1

pH-mobility curves of cells of methicillin

resistant strains of Staph, aureus for

strain 10 @) and 11(0) grown on nutrient agar

115,
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Table 5.1
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Growth of cells of Staph, aureus (Strains 10 and 11)

in the presence of methicillin

Test temperature

Growth in presence of methicillin

Strain No. -3
/% concentration ug/cm
0 L 10 20 Lo 100 200
25 e T e s o e A = f+'
10 37 ++++ R ++ I few
L3 - 4 (o] 0 0 0 0 0
j .
; 25 R e = = R = = S +
11 27 i+ + + b 30 18 10
43 Lt 0 0 0 0 0 0
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Fig, 5.2
pH-mofailit): curves of cells of Staph. aureus (Strain 9)

grown at 37 °C (€))and after oxidation (O)
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Fig. 5.3
pH-mobility curves of cells of Staph., aureus (Strain 9)

grown repeatedly on nutrient agar at 43 °¢ and finally
grown at 43 ¢ (Q) and 27 % (D)
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!

The sﬁfface teichoic acid was removed by oxidaéion ;ifh sodium
metaperlodate (2 3). The pH-mobility cufve'of the treeﬁedlcelle was
compared with that of the control (Fig. 5.2). The peak mobillty'value
was absent from the curve of the treated cells. This indicated the

removal‘of the phasphate group of the teichoic acid, -

(v) pH-mobility curves of cells trained to grow at 37 and

43 °C and finally grown at 37 or 43 °C o

i

Cells from the parent strain were inoculated on to fwo nutrient

agar plates, one plate was 1ncubated at 37 C and the other at 43 %.
]

The cells in these two series were grown 20 tlmes at ezther 37 C or

43

°C. The conventlonal MIC at 37 °% for parent and tralned cells were

i
i

determined (Table 5.2), The population of theAcells tra1ned\to~grow at
. 3 :

43 °C became more sensitive with a MIC of 10 pg cm 7, whereas MIC for

parent cells and cells grown repeatedly at 37 % exceeded»ZOO 1g cm-z.

Table 2.2

Growth of cells of Staph, aureus (Strain 1) in the

4
[P
a0 d

presence of methicillin after repeated grcﬁth at

43 and 37 °C in the absence of antibiotic

Temperature Test Growth in presence of methlclllln
of repeated temperature concentration/ug cm”
growth / O
/ ° 0 b4 10 20 . Lo 100 200
Parent 37 IR =t o R ++ + b few
7 37 _ S e .
(20 subcultures)
43 . 27 ' ++++ few O O O O O
(20 subcultures)
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pH-mobility curves for cells‘trained‘to grow at 43 °¢ were
plotted after 18 h growth on nutrient agar at 37 and 43_'°c (Fig, '5.3)e i
The curves of cells repeatedly grown at 43 °C showed that the P
same features as that of the parent cells (c.f. Fig. 5.2) and théy were all
indistinguishable from the pﬁ-mobility curves of cells of typical |

methicillin sensitive strains. :
. . . b N S
1 .

(c) ' Effect of ageing on the MIC . = = .. Co

Nutrient broth and nutrient agar containing lvarious amounts' of
inorganic phosphate were used in the ageing experiment. Cells from
_parent slopes of strain 9 and strain 1 (as control) were inoculated «:
in duplicate in these media, After overnight incubation at 37 °C,
the cap of .each culture was screwed down tightlyfand'the cultures’ were !

stored at room temperature, NE

'At intervals of 2, 5, and 10 months the MIC' values were determined
by inoculating one drop of 18 h.culture from 5oth strains on to methicillin
plates. The results were recorded after 48 h incubation ati37-°C;- A
(Table 5.#). The tablé only lists the MIC values after 10 months, over

this period there was no change in the MIC level as a result of leaving

the culturés at room temperature,

i
1
i
i
[

A
1
f
|
[

i
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Table 53.
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—
A

Growth of cells of Staph, aureus strain 1 and 9 in

presence of methicillin after leaving the cultures at -

" room temperature for 10 months in different média

Growth medium

MIC at 37 °C/p.g cm-'3 methicillin

Strain 1 Strain 9
Oxoid CM3 nuti'ient agar
273,8962 > 200 200
Oxoid CM3 nutrient agar , .
152 ,13727 - 200 > 200 .
Oxoid CM1 nutrient broth -
297 14154 > 200 > 200
Oxoid CM1 nutrient broth
297,14154 (treated with . 200 200
ca(oH )2)‘ |
Oxoid CM1 nutrient broth ‘
297,14154 (treated with - 200 > 200
Ca(OH)2 + agar)
Oxoid No.2 nutrient broth > 200

> 200
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5¢3 Summary

(a) Recently isolated methicillin resistant Staph., aureus strains

. . P [
exhibited the same surface characteristics as the other methicillin

resistént sfrains, with low H-values and a minimum mobility value at
pH 4,5,

(b) Strain 9, which is methicillin resistant shows the surface
characferistica of methicillin sensitive strains;‘ Whe; thé.Sfrain was
trained to grow at 43 °%c ;ﬁ the absencé of antibiotic the population

3

became more sensitive, with MIC of 10 ug cm -,
. . 1 ] 4 N ‘

(¢) There was no change in the MIC level as‘a result of
leaving the cultures of strain9 and strain 1 at room temperature for
long periods of time in media containing various amounts of inorganic

phosphate,
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SECTION 6

Studies of the Surface and Biological Properties

{

of Cells of Staph. epidermidis
' ' i, ! L

The strains were obtained from the blood cultures at the Cross
| ‘ o .

Infection Reference Zaboratorj, and had'been tested for cosgulsse reaction,
antibiotic sensitivity and phage‘typing; Coagulsse-negaéivevstrainsv‘
which were sensitive or resistant to methicillin were seiected for study.
The numbers refer to the blood culture number of the Cross Infection

Reference Laboratory,

6.1 Meth101111n sen51t1ve strains (Stralns 8 and 70)

The pH-mobility curves (Flg. 6.1) of 18 h cells grown at 37 % have

the typical shape of methlclllln sensitive cells of Steph aureus (c f. Flg. L,1).

The curves were characterlsed by maximum mob111ty values at 3.5 - 4 O with

no minimum negative mobility and H-values of 40 and 63 respectlvely.
: } | N X ! ] ’
Cells of strain 70 were incubated at each of the temperatures

25, 37 or 43 °C on nutrient agar for 18 h, The pH-moblllty curves (Flg. 6. 2)

were c01nc1dent and independent of the temperature of growth At all
4

temperatures the maxlmum moblllty occurred 1n the pH range 3 5 4 0, w1th

'

a plateau value from pH 5 =-7.. The curves 1nd1cated that the cells possessed

considerable amounts of surface telch01c acid The pH-moblllty curves of
cells (Flg. 6.3) before and after treatment w1th sodlum metaperlodate
confirmed this, The peak moblllty value at pH 3 5 - # was absent from the

curve of treated cells, this indicates loss of phosphate groups of teichoic

acid, 1 ‘ ‘
Vo i ) :

uThe MIC of methlclllln for such stralns were < 4 Bg cm =3 methicillin

and an 1nh1b1tlon zone of 22 mm occurred around a disc containing

10 ug cm™> methicillin,

1
|
|
|
[
i
L

|
{
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Fig, 6.1
pH-mobility curves of cells of Staph, epidermidis

grown 18 h at 37 °C on nutrient agar.

strain 8 (O Yand Strain 70 (@)

mobility
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Fig, 6.2
pH-mobility curves of cell of Staph, epidermidis

(Strain 70) grown on nutrient agar at 25 °¢ O
37 % (D Yor 43 %c (D)

mobility
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Fig, 6.3 ‘ ‘ A

pH-mobility curves of cells of Staph, epidermidis (Strain 70)

grown on nutrient agar at 37 % () and after oxidation ()

mobility




127.

6.2 Methicillin resistant strains (Strains 15 and 42)

| .The pH-mobility curves (Fig. 6.4) for cells of strain 15
showvmérked variation in surface éha#ge with the tempefaturerf gréwth.
The cells grown at 25 °C had low H-Qélue of‘6, while célls grown at 37 °C
or 43 °C exhibited an accentuated minimum mobility value af pH 4.5 with
higher H-values (38 and 36 respectively). Tﬁe MIC of methicillin of this

strain was > 200 ng cm™>

3

and there was no inhibition zone around discs
containing 10 ug cm Z methicillin,
The pH-mobility curves (Fig, 6.5) for cells of strain 42 grown

at 25, 37 or 43 °C are almost coincident and are typical of the curves of

cells of methicillin resistant strain 15 and methicillin resistant

Staph, aureus when grown at 25 °%. The curves are typical of those shown
by a carbox&l surface, |

 The MIC of methicillin for strain 42 was > 200 pg cm-3; growth
occurred at all concentrations, This strain showed an ébnorﬁal phenomenon
in which optimal z&nes were found around metﬂicillin discs cgntaiﬁing
10 ng cm-3; around each disc were three zZones; éﬁ immediate contact with the
disc, there was good growth overia regioﬁ of 3 mm; in the next zone (3 mm
wide) there was very sparse growfh, and beyénd this there was luxuriant
growth, Cells from the zone immediately éurrounding the disc and from the
outer zone, beyond the sparse zone weré inoéuiated on to plates and incubated
for 18 h at 37 °C. The pH-mobility curv;s (Fié. 6.6) show tﬁe same shape
and positioning as did cells of the parent cells grown at any temperature
(c.2. Fig. 6.5). | |

lThe pH-mobility curve‘of cells of the pérent strain tréated with
sodium metaperiodate (Fig. 6.6) vas coinciaent, within the limits of

experimental error with those of parent cells grown at any temperature,
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Fig, 6.4

pH-mobility curves of cells of Staph, epidermidis

(Strain 15) grown on nutrient agar at 25 °¢ O ;
37 °c(@) or 43 °%C(®)
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Fig- 6.5

pH-mobility curves of cells of Staph. epidermidis

(Strain 42) grown oﬁ nutrient agar at 25 °¢ O ;
37 % (@) or 43 % (&)

mobility
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Fig, 6.6
pH-mobility curves of cells of Staph, epidermidis grown

on nutrient agar at 37 °Cc. Outer layer growth ( ®)

inner layer growth (O ) and oxidised (@)

mobility
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6.3 Summary

(a) The pH-mobility curves of methicilliﬁ seﬁéitive cells

of Staph. epidermidis show a maximum mobility value between 3.5 - &4
and a plateau value from pH 5 - 7. The shape and position of the

curves were independent of the growth temperature,

) | . A

i

(b) The pH-mobility curves of methicillin resistant cells
of strain 15 showed a marked variation in surface propertieé Qith the -
temperature of growth, i.e. similar to the curves of methicillin

resistant Staph., aureus,

(c) The pH-mobility curves of methicillin reSistént cells of
strain 42 were independént of the temperature of growth; the curves

were typical of a carboxyl type surface,
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'SECTION 7

DISCUSSION

Any information which is obtained by analysis of celi wall
components after acid hydrolysis, gives no indication of.tﬁe actual
molecular structure which exiéts in the cell wall.‘ Ideaily:an attempt
should be made to make studies on intact cells, but at the ﬁoment
this is impossible; the best which can be achieved is a stﬁdy of
cell surfaces on intact cells, The study of the surface-of cell walls
is important for the following reasons:.

(a) The surface is the only part of the cell which is in equilibrium
and in contact with the environment, | |

(b)°  Through the cell surface, passes food stuffs and metabolites
inward and toxins and other waste products othardS.’ -

(c) The surface is the first and often the final site of attack

of drugs and antibiotics on the cell

Thus the information about structure and nature of components at
the surface and any variation of these durxng growth in dxfferent media
or as a result of baéteria becoming resistant to antibiotiés'will be
a great interest, Sucﬁ information should be of use in the design of molecular
structure of drugs or antibiotics. In such}phyéicai studies, it is‘
essential to know how such changes cén be correlated with known biological
propertles such as MIC, enzyme activity etc. | A

Studies of the surface of bacteria must be carried out on |
undamaged surfaces. Thé technique ‘. chosen was that of particulate
electrophoresis, in which the cells ﬁnder study are suspended in Suffe;
solutions, TUnder these conditions;of correct pH and ioﬁic strengfh, thej

suffer no serious surface or cellular denaturation, This is in marked
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contrast to electron microscopy or light microscopy in which the cells
must be stained and fixed on a grid or glass sheet befdre observation,
The surface studied in particulate electrophoresis is not the same '

surface as revealed by light or electron microébopy. It is a region

within a distance of about 5 R from the cell surface in which the ions are held,

where ionogenic surface groups contribute to the total charge and where
food and toxins are about to eithér enter or leave the cell. Under
the correct conditions of washing and age, this is found to be a
reproducible region; reproducible results were obtained throughout the
investigation,

The zeta-potential at the cell/electrolyte interface is determined
partly by the nature and quantity of the ionogenic gfoups at]the surface
and partly b& the pH and ionic strength of the suspending medium. Although
the viscosity and rélative permittivity within the electrical double layer
are generally assumed to have the value of bulk water, recent work
indicates that this'may not be so, Thus any conversioniof the mobility
value (v) to a zeta-potential using the Smoluchowski equation:

4n1 Uy
(where Q’ is coeff of viscosity, £, the permittivity of free space and
N the relative permittivity of the medium), and the subsequent discussion
of the variation of the zeta-potential is open to criticism.” However,

if the pH and ionic strength of the suspending electrolyte are kept
constant, then it is permissible to discuss changes in the experimentally
determined mobility in terms of changes in the nature and quantity of

surface charged groups., This is the experimental situation obtaining

1
in this work.
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For the interpretation of the electrokinetic results it is |
essential that the surface under study is free from adsorbed’material,
e.g. components of the growth medium or antibiotics, ang further thgt
it is reproducible from day to dgy. Cells washed three‘times by
centrifugation before suspension for mobility measupements possessed
no material that could be subsequently removed by w?sh;ng; this was fhe
adopted washing procedure, Under éhese copditions‘any yariation of_
mobility represents true changes in the surface prﬁpertie§ of the cells,

Cells of all strains were electrokineticaliy homogeneous, The
homogeneity of a given population was independent of the antibiotic
Asensitivity or resistance of the‘cells, the temperatgre of growth; the
physical state of the growth medium and the pH and_iopic §trength Of, |
the suspending electrolyte, Earlier workers (Marshall,“1969; Hill, 1971)
showed that althougﬁ célls of naturally.occurring>methicillin registant

strains of Staph. aureus were biologically heterogeneous, nevertheless,

they are electrokinetically homogeneous.,

The observation chamber.in the electrophoresis appargius‘was
rectangular in cross-section and it was therefore necessary to calibrate
withva particle of known mobility. The accepted standard referencg

3

particles are human erythrocytes suspended in 0.667 mol dm phosphate
buffer solution at pH 7.35. The sub-standard reference (Gittens and
James, 1961) 18 h cells of K. aerogenes suspended in acetate-barbiturate

buffer solution, was used, In confirmation of previous work, cells of

a given strain of Staph. aureus after 18 h growth on standard nutrient

agar medium had a reproducible surface. The day to day reproducibility
of the measurement (including possible cell variation) was z %%; thus
cells with mobility values differing by more than 10% have significantly

-

different surfaces,
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Care was taken to ensure that denatura%idn of the cell surface
did not occur at the pH values used to detefmine'the mobility, The
influence of extreme pH conditions was estimated by the reﬁersibilityi
of fhesurface after exposure, After thé cellé had been suspended in a
buffer solution of extreme pH, they were centrifuged out of that solution
and resuspended in buffer solution at pH 7; if these cells did not have
a mobility value which agreed to within 3% of that of thé control cells
suspended immediately in buffer solution at pH 7, the surface was considered
to be denatured and the results discarded. The cells were reversible
vhen suspended in buffer soiutions in the pH range 3 -.9, without loss
of réversibility and denaturation; most work,ihowever, was limited to
thé pH range 3 - 7, |

E The experimental results indicated that the nature (solid or

liquid) and the composition (particularly indrganic phosphate content)
of the medium had a marked effect on the surface compounds of these
cells, Initially the results of the work using the standard medium will
be discussed, |

The shapesof the pH-mobility curves for methicillin sensitive

cells of Staph, aureus (Fig. 7.1, ) were confirmed (Hill and James, 1972,a;

Marshall and James, 1971, .). The curve is characterised by a maximum
value in the'negative mobility value in the'region PH 3 - 4 with a
pla£ean mobility in the region pH 6 - 8, The maximum mobility value,

and hence the H-value are reduced by the removal of cell surface teichoic
acid on oxidation with sodium metaperiodate; the plateau mobility at pH ?7
was not affected by this treatment, The maximum in the pH-mobility curve
(Fig. 7.130) is attributed to the presence of charged phosphate groups
from teichoic acid, As the pH of the suspension is reduced below pH 5
the surface carboxyl groups are no longer fully ionised; this change

in the electrostatic environment results in a new conformation of the
surf;ce teichoic acid molecules whereby phosphate groups from the teichoic

acid are oriented into the liquid which then contribute to the total charge.
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Fig, 7.1

Typical pH-mobility curves for cells of Staph aureus

A Periodate treated cell,

B Methic?ll%n resistant cells grow§ at 37 Og. |

c Methicillin sensitive cells grown at 25,.?7 or 43 %.
D . Metﬁic%llin resistant cells grow# at 43 °c,

E Methicillin resistant cells grown at 25 °C.
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At pH 3.5 these grbups are fully negatively charged and so give an
increased value and finally a maximum value 6f the surface charge,

At lower pH values,:however, the phosphate gr;ups also take on a proton
and the mobility then decreases from the maxiﬁum. These general
conclusions are consistent with all the experimental facts., Cells of
methicillin semsitive strains grown at 25, 37 or 43 °C had coincident
curves; the shape and positioning of the pH—mébility curves weré
independent of resistance or sensitivity to other.antibiotics including
penicillin, |

The shape of the pH-mobility curves for methicillin resistant cells

of Staph.aureué were confirmed (Fig. 7.1, B; see also Figs., 3.1 and 5.1),
(Hill and James, 1972,a; Marshall and Jemes, 1971, ). The curve for
cells grown‘at 37 °% is characterised by a minimum mobility at pH L5
and a plateau mobility in the region pH 6 - 8, Such cells have a low |
H-value which is defined as the.difference between the maximum mobility
at pH 4 and that atva 7.0 expressed as a percentagé‘of the value of the
mobility at pH 7 (JamesAand Bewer, 1968), The feature of 1§w H—valuesy
of these cells was first noted by Marshall and Hill, as a characteristic
of all clinicallymethicillin resistant strains grown at 27 °C. After
treatment of the cells with sodium metaperiodate, which remgvesvsurface
teichoic acid (Hill and James, 1972,a) the pH-mobility curve (Fig. 7.1 A)
is typical of a simple cafboxyl type surface. . | |

The essenfiél differeﬂcé between the pH-mobility cuives of methicillin

sensitive and resistant cells are in the much lower mobility curves at
i o

pH values below 5, and in particular the minimum mobility observed for

resistant cells at pH 4,5, This difference is due to the different

amounts of surface teichoic acid at the surface on this type’of cell,
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Since the pH-mobility curve of the oxidised cells is independent of the
methicllin resistance of the original cell, the difference of mobility at |
pH 3.5 - 4 gives a measure of the relative amounts of teichoic acid. At

PH 3.5 the charge on the normal cells is due to the presence of both carboxyl
‘and phosphate (from teichoic acid) while that on oxidised cells is due
Isolely to carboxyl groups. It is possible to calculate the contribution of
the surface charge densities at these points. From the charge densities for
the normal and oxidised cells a value of P04-——/COO- ratio can be obtained,

using the equation:

é/c 2 = 34713 x 10~ V(I/mol m'3) sinh (ed /2kT)

The values of ?his ratio forlsensitive and resistant cells grown at 37 °¢ are
2.25 and 0,75 respectively. It is thus obvious that there is considerably
less surface teichbic acid on the surface of the resistant cells and in
consequence the charge in conformation of these holecules does not have such

a drastic effect on the electrokinetic properties,

One of the first methicillin résistant strains of Staph. aureus was
isolated in 1961 (Jevons, 1961). Strain 1 used in this investigation is one
bf the original strains. Rolinson (1961) and Knox (1961) noted a peculiarity
in the fype of resistance shown. On incubation at 37 °c large numbers of cells
grew in;the preéence of low concentrations of methicillin and a few cells in
the population were capable of growing in the presence of high concentrations of
the antibiotic. Broth cultures grew well in the presence of the antibiotic
up to the MIC value, but after 18 h incubation, growth could be detected in
broth containing much higher concentrations of methicillin. The terms 'resistant'
and 'sensitive' can be misleading using only a simple sensitivity test with

heavy inocula.
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Sutherland and Rolinson (1964) concluded that cultures of naturally
occurripg methicillin resistant staphylococei consisted of mixed populations
in whicb the majority of cells were of normal sensitivity to methicillin
with‘a minority showing methicillin resistance. The resistant members
also differed from the rest of the population in that they grew more
slowly even in the absence of methicillin. Pure cultures of the resistant
minority were obtained, but on repeated transfer in the absence of methicillin,
the cultures reverted to a mixed population characteristic.of that original
naturally occurring parent strain,

Annear (1968) and Dyke (1969) showed that the state of heterogeneity
exists only at relatively high temperatures. Annear showed that a culture of
a clinically resistant strain grown at 30 90 had a much greater tolerance to
methicillin thén the same strain grown at 37 °C. A more detailed investigation

.was carried out by Parker and Hewitt (1970); cells were grown on solid medium
in the presence of varying amounts of methicillin and surface counts determined,
and these were expresséd as percentage viability of the original inoculum
after incuBation for 48 h at 25, 20, 37 or 4} OC.’ At 37 °c therwhole iﬁoculum
grew as normal staphylococcal colonies on up to 3.12 pg'cm-3 of methicillin,
but on higher concentrations progressively fewer cells formed‘colonies, i.e.
the culture was heterogeneous. At 30 °C the whole inoculum formed normal
colonies on media containing up to 50 ug <>zn"3 of methicillin in 2k h, with

3, whereas at 25 °C the whole inoculum grew

heterogeneous growth at 100 pg cm
well in the presence of 100 ug cm-3 of methicillin. At 43 °C?only a very
small part of the inoculum was capable of growing in the presence of a

concentrafion of antibiotic 8 times less fhan the conventional MIC for the

‘sensitive cells. Thus methicillin resistance and sensitivity can be clearly

distinguished by growth at 25 or at 43 °c.
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In an extension of this 'temperature effect' the shape and posifion
of the pH-mobility curves of cells with naturai resistaﬁce to methiciliin
have been studied (Hill and James, 1972,b); and these also proved to b;
dependent on the température of growth. In contrast, the shape and pogition
of the mobility curves of cells of methicillin sensitive and.of cells of
strains trained in vitro to methicillin were unaffected by growth at
different temperatures.

The large differences in the pH—mobility curves of cells grown at
25, 37 or 43 °C occur only when the cells are in suspensioh at the pH values
below 6. Thus the surface components éontributing to the charge at higher
pH falues are unaffected by the temperature of growth; Hill and James’(1972;B)
showed the diffgrences in the surface properties evidenf at pH valﬁes Below 5
can be associated with a variation of the surfacé teichoic acid.” Cells
grown at 43 °C have a high H-value more characteristic of cells of a sensitive
strain (Fig. 7.1,D) but they differ from truly sensitive ceils'(Fig. 7.1,C)
in that the pH—mobilitjvcurve passes through a minimum value at pH 4.5,

Table 7.1 | |

The contribution of the surface charge density of carboxyl

and phosphate groups on cells of naturally resistant Strain 1.

Temperature 10° x charge densityA:grz
of growth ‘ ‘ R ‘ :
°c carboxyl + carboxyl phosphate phosphate/
phosphate ' carboxyl
25 ' 5.7 3.77 1.93 ' Ok
37 6.6 3.8 2.83 0.75

Lz 9.40 3.8 3.8 1.0
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The teichoic acid which is a surface component is easily removed by mild
oxidation (Fig. 7.1,4). Cells grown at 25 °C (Fig. 7.1,E) have a zéro
H-value with no minimum mobility at pH 4.5, these aref?haracteristic of cells
known to be resistant to methicillin. Teichoic acid oﬁ such cells was very
much reduced, often to zero. Cells grown at 37 60 with a low H-value and a
minimum mobility at pH 4.5 have surface propérties mofé like those éf cells
growh at 43 °c. Tﬁe surface teichoic acid was also easily removed by mild
oxidation., Although cells grown on nutrientlagar at 37 °C are known to be
biologically heterogeneous, there was no evidence of heterogeneity in their
electrokinetic properties. In marked contrast the surface properties of
methicillin sensitive cells were affected by'the temperatufe of growth.

The indiqation of a temperature deéendent enzyme syéteﬁ associated
with methicillin resistance (Annear, 1968) was supported by the data of Hill
and James (1972,b) who suggested that the enzyme system coﬁld be a phosphatase.
Recent studies (Davies and James, 1974) have demonstrated the presence of an
alkaline phosphatase system in cells of methicillin resistant strains,

Following these previous observations of the change in surface properties
of methicillin resistant cells as a result of growing the ¢ells once at different
temperatures, the probability of stablllslng these changes was coincident
Within thls aim, methicillin resistant and methicillin sensmtlve cells
(maintained at 37 C) were repeatedly subcultured on standard nutrient agar in

the absence of antibiotic at each of the temperatures 25, 27 and 43 °c. In
addition to the following changes in the shape and position ;f the pH-mobility
curves, changes in biological‘properties (e.g. MIC of methicillin and
penicillinase production) weré also assayed. ‘ o

Cells of a fully antibiotic sensitiveAstrain (2) wefé.grown repeatedly
at 25 or 43 °C for 20 subcultures‘on standard nutrient agar; thé‘shape and

positioning of the pH-mobility curves were unchanged, and were undistinguishable

from those of the parent cells grown at any temperature.
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Cells of the methicillin sensitive, penicillinase producer organisms (3)
exhibited typical and coincident pH-mobility curves similar to those of cells

of fully sensitive Staph. aureus strain (2). When such cells were repeatedly

grown at 25 or 43 °C for 20 subcultures, the shape and positioning of the
curve did not change., The ability to produce‘the enzyme penicillinase after
repeated growth at 43 °c was not lost; a result which confirmed the suggestion
of the chromosomal as distinct from extra chromosomal control of penicillinase
production in such strains. Ashoshov,(1966 a)has also shown such kind of

the
stability of gene controlling penicillinase production in some strains of

penicillinase producer Staph. aureus. It would bevinteresting to speculate -
whether the penicillinase control is located chromosomally on methicillin
sensitive penicillinase producers, but extra chromosomally (or in a plasmid)-
when the penicillinase producing organisms are resistant to methicillin., It
will be necessary to study further strains before a firm cohcluéion can be
arrived at,

It was thus apparent that the surface properties of methicillin

'sensitive cells are consistent and independent of the ability to produce
‘pencillinase, and independent of growth temperature. However, it was confirmed
that cells of metﬁicillin sensitive strains which may or may not be resistant
to other antibiotics carry large amounts of teich&ic acid; cells of these
strains exhibit no‘phosphatase activity when grown at any temperature,

(Davies and James, 1974).

In contrast, cells of methicillin resistant strains of Staph. aureus

have a minimum mobility value at pH 4.5 and the shape of pH-mobility curves

was dependent on the temperature of growth.: Cells grown once at 43 °C have

large amounts of teichoic acid (Fig. 7.1,D):(as revealed by sodium meta-periodate
treatment) and exhibit no phosphatase activity; when grown once at 25 °c

(Fig. 7.1,4) or 37 °C (Fig. 7.1,B), however, the cells which in general are
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resistant to a wide range of antibiotics, have little or no surface
teichoic acid, but exhibit’high phosphatase activity. Recently

isolated methicillin resistant cells exhibited the same surface
characteristics as cells of other and older methicillin resistant strains,

When the resistant cells were repeatedly grown for 20 éubcultures
on standard nutrient agar at 25 °%¢ or 37 °C there was no change in tﬁe
surface properties, At 25 °%C the cells became more resistant, the
MIC for methicillin at 37 °C for such cells were exceeding 200 ug cm"3
(Table 3.4), the population became more homogeneous in its resistance and’
different from that of the original parent strain‘grown at 37 °c
‘(c.f. Table 3.1), The pH-mobility curves were characteristic of resistant
cells, After one subculture at 43 °c the pH-mobility curve had a very low
H—vaiue (1#5 compared to the value of 30 for parent cellé. The minimum
mobility value at pH 4;5 for cells grown at 43 °C was less than that of
parent cells, These characteristics provide more support to the
suggestion that thé'cells had become more resistant to methicillin,

The shape of the pH-mobility curve measured at 25 % did not
change with increasing numbers of subcultures at 25 °C. There vas,
however, a marked increase in the negative mobility of the cells
(measured at pH 6,0) as the number of subcultures at 25 % (Table 7.2,
see also Fig, 3.7).

This might be due to slight changes in the orienfation of cell
surface peptidoglycan, whereby more negatively charged groups or less
positively charged groups are exposed at the surface, Since thege has
been no massive change in the shape of the pH-mobility curves it is obvioué

that there has been no massive alteration of surface components,



145,

Table 7.2

Variation of the mobility, measured at pH 6,0 with

number of subcultures at 25 % of cells of a

methicillin resistant strain (1) of Staph. aureus

Number of : % Increase of
subcultures Mobility negative
at 25 °% ‘ mobility
1 1.5 0
Lo 1,55 3
6 1.55 3
10 1.6 7
15-20 . 1.65 7 0
5 ’ , 2.0 33

When cells of a resistant strain were repeatédly grown at 43 °%
for 20 subcultures, they lost their methicillin resistance and the
surface properties of the cells became in all respects indistinguishable
from those of cells of a sensitive strain (i.e. the pH-moBility curve
changed from;typical of curve D to typical curve C, When these trained
cells were subsequently grown at 25 % the shape of the pH-mobility
curve still had all the characteristics of highly sensitive strains; with
high H-values. When grown at 37 or at 43 °C the cells exhibited no
minimum mobility at pH 4.5 and all showed high H-value, This independence
of the pH-mo?ility curves of the temperature of final growth suggested that
the cells had become homoéeneous with all the surface characteristics

of sensitive cells, in which teichoic acid is a surface component,
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When the cells of such sensitive population were'grown repeatedly
at 37 °C the pH-mobility curves (of cells grown at any temperatures)
were identical to that of the parent strain grown at 43 °C., Thus the
change of the surface properties of the resistant cells to those characteristic
of sensitive cells was stabilised by repeated growth at 43 OC and was |
not reversible when the cells were subsequently grown at a lower temperature,
These trained cells have the same phagé typing as the parent grown at
37 oC, thué the change of surface properties is not due to any change
of phage typing pattern,

The cells also became penicillin sensifive, they did not produce
penicillinase and the strain was classified as a penicillinase negative
variant, Therefore, the plasmids which were responsible for the resistance
of methicillin and penicillinase were lost, during repeated growth at the
higher temperatures, It is apparent that this is an irreversible phenomencn
resulting in complete loss of the plasmid rather than slight thermal damage which
could be repaired after growth at lower temperatures,

At this stage of the experimental work the batch of Oxoid nutriént
agar medium used became depleted and another bétch,was purchased, Cells
grown on this medium exhibited many different p:operties to those grown
on the original standard medium, e.g. cellé of methicillin resistant
strains exhibited little if any phosphatase activity. According to the
manufacturer there had been changes whereby the nutrient broth (hence
nutrient agar) was not treated with calcium hydroxide to precipitate
out exééss phosphate. Chemical analysis of this medium revealed the
presence of large amounts of inorganic phésphate compared with the

relatively small inorganic phosphate content of the original medium,
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Repeated growth at 43 °C of methicillin-resistant strains
en this nutrient agar containing high inorganic phosphate did notL
produce the same changes ef surface properties as did growth on standard
medium. It is an established fact (Davies and Janmes, 1974) that high
concentrations of inorganic phosphete in the media suppressed the formation
of the phosphatase enzyme system of the cells and thus permitted the
formation of surface teichoic acid. o

After 20 subcultures (on the high phosphate agar) at 43 °C, the !
pH-mobility curves of the cells grown once at each growth temperatyre
(Fig. 3.9) were still characterised by a marked minimum mobility at pH 4.5.
The MIC at 37 °C for such a strain was > 200 e cm-3 while at 43 % ehe
cells were sensitive to methicillin, These results suggest that high
concentrations of inorganic phosphate iﬁ the media suppfessed the curing
of methicillin genes which are probably carried by a plasmid. The strain,
however,.lost'the ebility to produce penicillinase, that is the plasmid loss
was independent of the inorganic phosphate content of the medium, It is
well known that this plasmid is lost spontaneeusly (Barber, 1949) end
after growth af high temperature (May, gﬁ,g;,, 1964; Ashoshov, 1966 b).

In an attempt to test the importance of the presence of inorganic
phosphate, various batches of nutrient broth and nutrient agaf were
treated with calcium hydroxide, as recommended by the manufacturers, After
repeated subcultures on this treated media at L3 OC, cells of the methicillin
resistant strains beceme more sensitive and the pH mobility curves showed
gfadual changes of surface pfoperties. The pH-mobility curves of cells
which had been subcultured for 45 times now exhibited no minimum mobility
value at 4.5 and the shape of the curve was indistiné&shable froﬁ that
shown by gethicillin sensitive cells. The pH—moBility curves of such
cells grown finally at either 23, 37 or 43 °C were coincident with no

minimum mobility value. The surface properties ahd MIC level changed in



1438,

pérallel after growth at 43 °C. In contrast to the changes observed
during growth on the standard medium the‘changes in surfacé properties
and MIC occurred more sléwly. Further, the H-values of the resultant
strain were not so high as in the case of repeated growth on standard
mediun at 43 °C.

It is, of course, probable that the standard medium contaided
some constituents which helped the curing of the plasmidibut which
were lackingin the prepared medium, thié could arise during the precipitation
of the calcium phosphate which may absorb some essential metabolite and
remove it from the medium, This is not vefy likely becaﬁse the cells grew
well in the treated medium, It is most likely that the presence of higher
concentratioﬁ of inorganic phosphate caﬁseé fhe retentioh.of the methicillin
plasmid although the cells lost the penicillinase plasmid independent
of content of inorganic phosphate, . “ | |

The alkaline'phosphatase activity of cells with néturéi resistanc&
tq methicillin is very dependent on the nafure aﬁd comboéition of the
growth medium (Davies and James, 1974). Although cells érowﬂ on sfandaid
nutrient agar exhibiteé a high activity, nevertheless, when thej were.grown
on media containing large amounts of inorganic phosphate;‘they exhibited‘
little, if any activity. However, when érown on relatively 16w phosphate
containihg media, there was a high alkaline phosphatase abtivify and in
consequence few surface phosphate groups; This relationship between "
phosphatase activity and surface phosphate groups is furfher sﬁpporteé
by the typical pH-mobilitj curves, It is obvious that cells‘of sensitive
strains possess considerable amounts of éurface teichoic acid and henée
phosphate, but exhibit no phosphatase.acfivity. while_cellé‘of strains
with natural resistance to methicilliﬁ show.a parallel temp;rature‘ |

dependence of surface teichoic acid and alkaline phosphatase activity,
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It is'of interest to recall that when methicillin resistant
cells grbwn at 37 °C are subcultured at 43 % they immediately lose
their phosphatase activity. In marked contrast many subcultures at
43 °C are required for the cells to become truly sensitive as revealed
by the MIC and the pH-mobility curve,

On the other hand methicillin resistant cells grown repeatedly
at 25 °C (the temperature at which the cells exhibit high phosphatase
activity and no detectable surface teichoic acid) again stabilise their
surface properties, the curves had all the fypical characteristicé of
methicillin resistant cells, |
| The experimental data for teichoic acid, H-value and phosphétase
acti?ity are\all listed in Table 7.3, There is é correlation between the
sensitivity to methicillin, phosphatase activity and H-valﬁe of strains

of Staph, aureus,

Teichoic acid is a known cell wall component of Staph., aureus

and from the a&ailable experimental evidence it seems that it is also

a surface component on cells of methicillin sensitive strains, or cells
of resistant strains which have been repeatedly grown at higher temperatﬁres.
There is evidence that it is not a major surface component of methicillin
resistant cells, but at present it is not known whether this polymer

is replaced by teichuronic acid (1:1 N-acetylglucosamine-glucuronic
acid polymer not contaiping phosphate groups) or whethef the teichoic

acid is only present at lower levels in the cell wall, Previous work
(Hill and James, 1971) has shown that if resistant cells grown at

25 °¢ showing no surface teichoic ééid, are grown at 43 °C then teichoic
acid?becomes a predominant sufface component; the.converse is also true,

b
i
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However, after repeated growth at 43 °%C the cells iose their surface

teichoic acid even when grown at lower temperaturés. 'fhus some mechanism

has been interfered with such that the teichoic agid polyme: has become
stabilised and independent of temperature, At the same time these cells

have lost their phosphatase activity and hence become sensitive to methicillin,
these facts probably all derive from a common Site‘within the cells; It

is not likely that these associated propepties are cause‘and effect.

The genes which control resistance and penicillin;se production are
most prqbably carried by different plasmids, They wgré lost independently
of each other during growth at higher temperature on staﬁdard medium., To
study this further the different variants were isolated by replica-
plating at 37 °C of a methicillin resistant penici}linése organism,
PenicillinaSe~positive and negative variants were recognised. Each of them
were either sensitive or resistant to methicillin (Table.3.5). Cells
of the methicillin sensitive variants showéd typical surface properties
of methicillin sensifive cells irrespective of the loss of the penicillinase
plasmid; The phosphatase activity of variant pen  met-s was'low, while there
was no activity for variant pen+‘met-s (Table 7.3). Methicillin resistant
variants showed typical characteristics for resistant cells regardless of
penicillinase production. Phosphatase activity for the{varianﬁ pen met-r
was very high as the ?arent cells (variant pen’ met-r).

It was concluded that the genes for both characters were located in
different plasmids, The cells became cured in the presence)of a low
concentration of inoréanic phosphate in the media‘as Vell as certaiﬁ
constituents in the standard medium whichvmay have helped the.curing of
the plasmid, but which could be lacking in the precipitated mediug. »Ig‘
contrast to the loss of methicillin resistance the plasmid>responsible for

pencillinase production was also lost when the cells were grown on media
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containing high inorganic phosphate, Apparently the loss of this merker

is not dependent on the phosphate content of the media, The resistence

to the metal ions was linked with the peoicillinase plasmié; penciliihase

negative variants were sensitive to the ions. 1But irrespective of the ioss

of the methicillin and peniillinase plasmids, tetraeycline and streptomycin
resistance were not lost. This suggests that there is no liﬁkage

between the genes controlling these two entibiotics and mettioillin and
pencillinase plasmids, Lacey (1972 b) reported that in some strains of methiciillin
resistant staphylococci, the genes that determine meth1¢1llin res1stance

are not linked to those specifying other antibiotic resistance or hamolysin

or pigment production, Dornbusch and Hallander (1973) and Dornbusch (1973)

suggested that a number of markers can be linked in Staph, aureus such as

metal ions with penicillinase plasmid and methicillin resistance with enterotox1n B
production, The present work confirms these conclusions,
f Fufther studies on the effect of phosphate on the‘sutface properties
of methicillin resistsnt cells revealed that,.alttoogt'the general shape of
the pH-mobility curve was unchanged with a minimum mobiiity curve et .
PH 4.5, nevertheless there was a variation of H—velueiwhen the cells were grown

at eaoh different temperature, Repeated growth on medium containing high

concentration of phosphate at'#B °%C resulted in the cells having a higher

negative charge at pH 3 - 4 as compared to that of cells after growth on
standard medium at the same temperature, | | |

o The phosphatase activity in the cells of resistant'straiﬁ was very
depeodent on the nature aad composition of the growth mediug. In contrast

to the high phosphatase activity the low H-value shown by cells grown on

standard nutrient agar and calcium hydroxide treated (low inorganic phosphate),
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no phosphatase activity and high H-valués were shown when the cells yere grown
on nutrient agar containing large amounts of inorganic phosphate,

7 Cells of methicillin sensitive or resistgnt strains were grovn
once on solid or liquid media containing varying amounté of inorganic
phosphate, The general shape of the pH-mobiiity curves were independent
of the émount of inorganic phosphate in the medium, However, cells of
methicillin sensitive strains grown in nutrient broth had low H-values -
(%2 and 21) compared with higher values (55, 50 and 51) for cells grown on
nutrient agar, Marshall (1969) and Hill (1971) have previously shown that
grpwth on solid medium enhanced the H-value., The H-value for éells grown
in nutrient broth containing 1oﬁer amounts of inorganic phosphate was‘lower
than that for cells grown in nutrient broth containing higher amounts of
inorganic phosphate, It thus appears that the presence of inorganic phosphate
in the growth medium has a greater effect when the medium is liquid, on
solid medium the pH-mobility curves in the presence of small or large
concentrations of iﬁérganic phosphate are coincident. In contrast the
phosphate does not play an important role in determining the surface
properties of methicillih resistant cells on solid medium, or in liquid
medium,

During the course of this work, Grubb and;Annear (1972) published

a paper on the loss of methicillin resistance by a strain (9) of .

Staph, aureus under a range of different experimental conditions, The surface
properties of cells of this strain were unlike any reported previously for

naturally occurring methicillin resistant strains of Staph. aureus

(Fig. 7.2) and were more typical of cells of a sensitive strain. The
surface teichoic acid was removed easily by oxidation with sodium metaperiodate,

This strain has a MIC at 37 % in excess 200 1g cm-3. When the strain was
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trained to grow at 43 %C in the absence of antibiotic the population
became more eensitive, with MIC of 10 ug cm_3‘ The pH-mobility curve

was still typical of that shown by sensitive strains. Grubb and Annear
report that when cells of this strain are kept for several months at

room temperature they lose their methicilliﬁ ﬁlasmid‘ It was hoped that
this weuld provide an alternative way of losing methicillin resistance .
and in consequence cells were left at room temperature in and on the
media containing various amounts of inorganic phosphate.;ACells of other
methicillin-resistant strains (strain 1) were left in the seme way. The
MIC values of all strains determined at intervals of 2; 5, and 10 months
showed no change with storage. Cells of the strain 9 had also a very low .
phoséhatase activity (Davies and James, 197#) and were thus more. -
characteristie of cells of a sensitive strain, in agreement with: the shape
of the pH-mobility curve, This strain is therefore mosf anomalous and

it was impossible to compare the results of Grubb and Annear, It is of
course not surprisieg that strains exist which do not fit into a common
pattern of behaviour,

Strains of the coagulaée negative Staph, epidermidis were also

studied, Cells of methicillin sensitive and methicillin reaistant strains

I

of this organism had very similar surface properties to strains of

Staph, aureus, The pH-mobility curve of methicillin sensitive strains show

a maximum mobility at 3.4 - 4; the shape and position of the curves were
independent of growth temperature, VThe surface teichoic acid was easily
removed with mild oxidation, The pH-mobility curve, and hence the surface
_ properties of cells of one methicillin resistaht (strain 15) strain,K were
markedly dependent on the temperature of growth (Fig. 6.4). In contrast

the pH-mobility curves of cells of strain 42, which is also resistant to

i
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Fig, 7.2

pH-mobility curves for strains of Staph. aureus

(resistant, sensitive and 9) grown at 37 °C
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methicillin were almost coincident and independent of the growth temperature,
The shape was typical to that obtained for cells of methicillin resistant

strain 15 and methicillin resistant‘stqph. aureus when grown at 25 °C;

the curve was typical of a carboxyl surface, The strain showed the
abnormal phenomenon in that an §ptima1 zone was formed around methicillin
discs containing 20 ug cm-3. The pH-mobility curves were determined for
cells isolated from the zone which is in immediate contact with the disc and
from the layer beyond the sparse growth, The curves (Fig: 6.6) show the
same shape and positioning as did cells of parent cells grown at any
temperature., There was no detectable surface teichoic acid on cells of
this strain grown at any temperature, These results suggested that a very
homogeneouspopulation were present although the strains showed the abnormal
phenomena of 'bptimal zone';

The surface charge differences between hospital isolated
methicillin resistant and methicillin sensitive strains have now been
conclusively confirméd. Using particulate microelectrophoresis, it is

possible to recognise cells of methicillin sensitive, clinically resistant,

strains of Staph. aureus grown at 37 % from the generalvshapeof the
pH-mobility curve (Fig. 7.1). | '

The methicillin marker was dominant in determining both the surface
properties and th; phosphatase activity, Cells resistant to penicillin
(i.e. penicillinase producer) or to other antibiotics do not produce
phosphatase or show sbnormal surface properties. This confirmed the
proposal that sepérate plasmids control methicillin resistance and
penicillinase production. The shape of pH-mobility curves for the variants
isolated for their ability to produce penicillinase and their resistance
or sensitivity to methicillin and their phosphatase activity strengthen

the proposal that there is a link between phosphatase production, the

'

|
i
'
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lack of surface teichoic acid and methicillin resistance. This is in
agreement with Cannon and Hawn (1963) who found no correlation bétween
high phosphatase production and penicillin resistance in cells of

Staph, aureus,

In conclusion the plasmid responsible for the methicillin resistance
is lost during growth at high temperatures in the presence of low

concentrations of phosphate ., while in contrast it is hét lost during

: growth in the presence of high concentrations of inorganic phosphate.

When cells are grown at 25 OC, the cells become competely resistant to
methicillin and exhibit a high phosphatase activity and no teichoic acid,
Daﬁies (1974) recently concluded that, in addition to controllirg the
resistahce of the cells, the methicillin resistant plasmid could also
control the formation of the phosphatase enzyme system which could, in
turn, prevent the formation of teichoic acid at the surface. Therefore
it seems that the same plasmid is controlling methicillin resistance,
alkaline phosphatasé production and either directly or indirectly the
formation of teichdic acid,

Thus, in conclusion it is evident that the suggestéd gene is
located on a separate plasmid.. The penicillinase plasmid carries genes
controlling metal ions resistance which are lost at the same time as
penicillinase plasmid, The loss of the methiciilin plasmid depends on
the g;owth medium, in particular inorganic phosphate, and on the growth

temperature,
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