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Staphylococcal infections in man and animals 

This thesis describes experimental work which led to the 

evolution of a technique whereby subcutaneous abscesses could be 

produced in mice using small doses of staphylococci inserted on 

plugs of cotton dust. 

- taphylococci collected during studies on cross—infection 

in surgical wards were used to produce abscesses by this technique 

and the soverity of the lesions produced compared with the infectivity 

of the strain for man (as observed in the wards', with the in vitro  

production of toxins and enzymes and with other characteristics of 

the staphylococci. 	There was a correlation between the 'virulence' 

of the staphylococci for mice, the 'epidemicity' for man and the 

production of toxins such as the alpha and beta haemolysin and 

enzymes which split proteins. 

The production of abscesses was used to investigate the 

relative infectivity for mice of 'fresh' and 'dried' staphylococci. 

It was found that, although no significant difference in virulence 

could be detected between fresh and dried staphylococci using this 

technique, the dried staphylococci appeared to have a longer lag 

phase in vivo than did the fresh cocci. 

Yinally, using various techniques which affected the 

reaction of the host to staphylococci, an attempt was made to 
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determine some of the factors which influenced the production or 

severity of staphylococcal lesions. 

2-ecause of the inherent variability of this technique of 

producing staphylococcal lesions (the assessment of severity is to 

some extent subjective) statistical methods have been used throughout 

the work to help assess the significance of observed differences in 

behaviour. 

The experimental work is preceded. by a discussion on 

part of the extensive literature on the virulence of staphylococci. 
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STAPHYLOCOCCAL. INFECTION-  IN VAN AND AI IYALS 

INTRODUCTION  

In recent years there has been a great deal of 

interest in the staphylococcus in ite role as the moat frequent 

cause of cross—infection in hospitals. 	In the wards, transfer 

of staphylococci from patient to patient has sometimes led to 

widespread disease. 	'Staphylococci have been isolated from 

almost every part of the human body and from every inanimate 

object in the wards. 

One of the problems that has been given close attention 

is the search for the mechanism by which the staphylococcus 

causes disease. 	Some bacteria, such as the diphtheria bacillus, 

possess toxins which are clearly responsible for a major part of 

the symptoms of disease and although infection with non—toxigenic 

strains may occur, the disease is then not diphtheria. 	No such 

simple mechanism can explain staphylococcal disease, however, 

except in staphylococcal food poisoning where a stable toxin 

can be implicated. 

It has long been known that strains of staphylococci 

which cause disease generally possess the ability to coagulate 

human plasma, but within the category of coagulase positive 

strains are some which appear to be able to cause disease. 



regularly and others which appear unable to do so. 

Staphylococci have been examined by a number of biochemical 

tests and the cocci or their products injected into a variety 

of animals, from rabbits to goldfish, without finding a single 

factor unequivocally distinguishing the more virulent free, the 

lees virulent strains. 	:.any of the tests resolve into methods 

of distinguishing between coagulase positive and coagulase 

negative cocci rather than between strains of coagulase positive 

cocci. 

Staphylococci cause disease in man, but apart from. 

cattleo  cause little natural disease in animals. 	Laboratory 

animals are, in the main, fairly resistant to staphylococci and 

experimental studies have shown that, even in man, large doses 

of cocci may be needed to cause disease regularly. 	A. technique 

which requires the intraperitoneal injection of 108 cocci into 

an experimental animal is clearly unsatisfactory if relatively 

fine differences are being soteeht between strains. 

This theeis describes experimental work leading to a 

technique whereby subcutaneous lesions can be produced in mice 

using small doses of staphylococci. 	The uses of the method are 

explored in an attempt to distinguish between the degrees of 

pathogenicity (the virulence) of a lanes group of staphylococci 

isolated during studies of cross-infection in hospital wards; 



to determine whether dessication affects the virulence of 

staphylococci; and to explore some of the factors which 

affect the outcome of experimental infections. 

DEFINITIONS  

T,efore proceeding to discuss published work on 

staphylococci it is desirable to define some of the terms to 

be used. 

Then the term 'staphylococcus' is used without 

qualification, it is used to mean the Gram positive, catalase 

positive, coagulase oositive coccus ,taphylocoocus aureus. 

The term 'micrococcus' is used without qualification 

as a general term for the Gram positive, catalase ponitive, 

coagulase negative cocci variously known as Staphylococcus albus, 

h. epidermidis or  icrococcue. 

ft is most convenient to use the terms virulence and 

pathogenicity in the way that !Ales (1955) defined them: 

"Pathoenicity is best regarded as an attribute of a species, 

a genus or some other group of parasitee". 	"Virulence is 

conveniently reserved for the pathogenicity of a given stable 

homogeneous strain of a microbe, as determined by observations 

of its action on the host in relation to which the statement 

about virulence is made." 



REVIEW OF THE LIT'eRATURE 

YETHODS (V DETERrINING PATHOOTPAICITT AND VIRULENCE IN VIVO  

In order to pursue the experimental work on which 

this thesis is based, it was necessary to use a test which would 

distinpuish degrees of Pathogenicity among a large number of 

strains of staphylococci collected during studies of cross— 

infection. 	1.;urther, since the survival of staphylococci on 

drying had been studied previously (Noble, 1961; 	Thesis) 

it seemed natural to look for a technique which would also enable 

the investigations to be extended to a study of the virulence of 

dried organisms. 	As will be seen, many of the published teets 

distinguish between coagulase—positive and coagulase—negative 

cocci rather than between strains of coagulase—positive cocci, 

but it is this latter distinction which is of interest in the 

context of this thesis. 	2rom a study of published work it 

seemed unlikely that gross differences in behaviour would be 

encountered between strains of staphylococci and so the technique, 

to be useful, would need to give results which were susceptible 

of analysis by statistical methods. 	These various criteria 

impose restrictions on the tests available and it is convenient 

to bear them in mind in the discussion of methode of determining 

virulence. 



TABLE A Routes of injection 

Dose of 
cocci 

of staphylococci. 

Evidence 
of disease 

References 
Route of 

Host 
injection 

intra-guinea 	107  infection Foster 	(1962a) 
peritoneal 	pig 	of viscera 

mouse 	109-10
10 
	death Christie, North 

& Parkin 	(1946) 
Lack & Wailling 	(1954) 
Anderson 	(1956) 
Fisher & 
Thompson 	(1956) 
Grogan & Artz 	(1961) 
Cohn 	(1962) 

mouse 
rabbit) 
rat 	) 

Fisher & Goshi 	(1963) 

guinea) 	growth Gladstone & 
pig 	) 	in sacs Glencross 	(1960) 

Lam et al. 	(19631)) 

intra- 
venous 

mouse lo7-lo10 death Gorril 	(1951) 
Lack & Wailling 	(1954) 
Smith & Dubos 	(1956a) 
Crogan & Artz 	(1961) 
D. 	D. 	Smith 	(1962) 

(1963) 

107  infection. 
of viscera Gray et al., 	(1957) 
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Experimental infection in animals  

The various routes of infection, the infecting doses 

and the animals used in Published work are shown in Table A. 

This list is not exhaustive but presents examples drawn free 

the extensive literature on staphylococci; within each group 

the references are riven in order of date. 	A thorough review 

of this subject prior to 1958 is ,given by -;lek (1959). 

Intraperitoneal infection. 	infection intraperitoneally 

with large doses of staphylococci, but not micrococci, has been 

found to lead to death of the experimental animal within 6 to 

9 hours (e.g. Cohn, 1962); the main cause of death in these 

circumstances appeared to be the alpha haemolysin (Christie, 

orth ,!e Parkin, 1946; 	I.-tiler 	Thompson, 1956; Fisher & Coshi, 

1963) but relationships to other staphylococcal products have 

been described (Lack & 	1954; %ndereon, 1956; Grogan ,,7c 

Artz, 1961). 

!Audiet; of the Production of various substances 

in vivo have been carried out using intraperitoneal sacs from 

which growth products could be withdrawn (Gladstone 1 Glencross, 

1960; Lam et al., 1963b). 

Intravenous infection. 	Death of the animal may 

also follow the intravenous injection of large doses of 

staphylococci (e.g. Lac 	1954) or acre prolonged 



TABLE A continued 

.route of 
injection Host Dose of 

cocci 
74Aridence 
of disease References 

intra- 
dermal 

rabbit 

guinea 
pip 

man 

107-108 pustule 'Burke A wiles 	(1958) 
:kilo 	(1962) 
Johnson, Cluff 
A Goshi 	(1961) 

Simon 	(1963) 
7.1ek & Conen. 	(1957) 

intra- 
muscular 

uinea 
pig 

_ 	, 
abscess 

swelling 

Taylor et al., 	(1962) 

Selbie & Simon 	(1952) 
mouse 107  and 

ulceration 
Howard 	(1954) 
Gorrill A YoNeil 	(1963) 

sub- mouse 102-107 stitch James A racLeod 	(1961) 
cutaneous 
suture 

abscess Rountree 	(1963a) 
Taubler, Kapral 

Nudd 	(1963) 

guinea 
pig 
rabbit 
man 

Ye Dade A Hall 	(1963) 

Taylor et al., 	(1962) 

Robertson 	(1958) 
Elek A 	;oven 	(1957) 

surface 
lesions 

man 10
1
-10

6 
pus, 
erythema 

poster & Hutt 	(1960) 
Vay 	(1961) 

chick 
embryo 

101-106 death Jones 	(1946) 
Knothe 	(1952) 
c1'enna A Taylor 	(1953) 

.rappier A Sonea 	(1953) 
(1954) 

Kienitz & Preuner (1958) 
Aley 	(1961) 
?;cCabe 	(1962) 



disease of the kidneys may result ( 	Gorrill, 1951). 

iochemica1 changes in the tissues may be followed if 

doses of 107 cocci are given, when death tends to be delayed 

for a few days (Gray et al., 1957). 

There were usually very clear cut differences in 

the behaviour of the coagulase positive and the coagulase 

negative cocci on both intraperitoneal and intravenous injection; 

only the coagulase positive cocci caused disease (e.g. timith 

Albos, 1956a). 	Observation of death in animals as a criterion 

of infection has two major disadvantages however. 	(1) The 

factors which cause death in an experimental animal may not be 

those which enable the staphylococcus to cause disease, such as 

wound infection, in man. 	(2) The death rate is closely 

dependent on the dose of cocci administered. and large groups 

of animals must be used to overcome random fluctuations in dose 

and response. 	Against these must be set the advantace that 

observation of death is not influenced by subjective assessments 

made by the investigator. 

Intradermal infection. 	The production of pustules 

in animals by intradermal injection of staphylococci appeared 

to require a dose of about 1c)7 cocci unless prior inflammation 

had been induced (Burke &; ,;Iles, 195E; Johnson, Gluff 	Goehi, 

1961; Simon, 1963). 	Similar doses were needed to produce 



sustrlet in man ( lek & Conen, 1957) and this topic is discussed 

more fully in the section on disease in man. 

Intramuscular infection. 	Intramuscular infection of 

guineapigs with doses of up to 7 x 1C cocci failed to produce 

lesions (Taylor et al., 1962). 	However, mice injected 

intramuscularly in the thigh with doses of more than 10
6 

staphylococci developed severe swelling and sometimes ulceration 

(:="elbie & :Anon, 1952; Howard, 1954). 	Weasurement of the 

diameter of the infected thigh and comparison with the uninfected 

thigh enabled Selbie and Simon to draw us a table of virulence 

based on a graded response to the cocci. 	Using this technique 

Corrill & teNeill (1963) found only a very small gap between the 

dose needed to cause 100% infection (5 x 10
6 

cells) and the dose 

causing no infection (1.5 x 10
6 

cells). 

Infections produced using subcutaneous sutures.  

Stitch abscesses were produced using as few as 10 viable units 

of staphylococci when these were introduced subcutaneously into 

mice on suture material (James 	VacLeod, 1961). 	Different 

materials varied in their ability to pick up the inoculurs but 

cotton and silk sere found to be satisfactory. 	Although James 

and WacLeod did not claim to detect differences other than those 

between staphylococci and micrococci by this technique, there 

appeared to be some differences between the response to 



staphylococci lysed by phages 80/81 and 52/80/81 and the 

response to the other staphylococci tested. 

Elek & Conen (1957) used this method to produce 

lesions in man and recently a number of workers have used 

this technique to study the pathogenisie of staphylococcal 

infections in animals (see Table !O. 

The frowth of staphylococci in embryonated eggs  

The use of chick embryos to study staphylococci has 

shown that very low doses of cocci, of the order of 10 viable 

units, cause death although large dopes of micrococci may leave 

the embryo unharmed (Knothe, 1952; and others see Table A). 

Although at least the alpha haemolysin is produced in epps 

(Jones, 1946) no relation has been found between death of the 

embryo and the in vitro production of alpha and beta lysins, 

quantitive production of coagulase (vienite 4 Preuner, 1958) 

or the presence of a capsule on the coccus (.Aley, 1961). 

Experimental infections in man  

The production of superficial lesions in man has 

required techniques very similar to those used in animals and 

references to infection in man are riven under the appropriate 

methods in Table A, 	'hen staphylococci were injected intradermally 

into man (Elek & Conen, 1957) pus was formed consistently only when 

the dose was greater than io
6 

viable units of c( lei. 



subcutaneous injection failed to produce lesions as did 

staphylococci injected into skin incisions or on to scarified 

or intact skin. 

A.ek and Conen found little or no difference in 

response on intradermal testing of 6 strains of staphylococci 

except at high dose levels (le7 viable units) when differences 

were seen in the appearance of lesions caused by staphylococci 

from a stye and those from an outbreak of cross—infection in a 

nursery. 	No potentiation of virulence was found when mucin, 

plasma or starch was added to the inoculum as adjuvant. 	'Alen 

the staphylococci were inserted on suture material however, 

marjed eotentiation of 'virulence' was seen. 	'.:esvere stitch 

abscesses were produced using as few as 1(12  cocci. 	If the 

suture was stitched in and then rmoved, no lesion resulted, 

although it was shown that 80 of the inoculum remained in the 

skin. 

Investigations of surgical sepsis (Clarke, 1957) showed 

that the incidence of wound infection was statistically 

significantly higher in lesions which had been closed with 

stitches than in those closed with clips and this was thought 

to be due to the presence of the foreign material in the wound. 

Poster and. Hutt (1960) found that experimental lesions 

made by scraping the epithelium from a small area of the forearm 



of man produced lesions of a constant size which did not bleed 

but in which the capillary loops were visible. 	An overnight 

broth culture of staphylococci was used as the inoculum and the 

lesions were sealed with a coverelip held on with adhesive tape. 

Infections were produced with inocula as small as 15 viable units 

of cocci, a sero-ourulent exudate being present with erythema at 

24 hours; however no difference was detected between 5 strains 

of staphylococci using this test. 	Uninoculated lesions gave a 

serous exudate and an inoculum of micrococci gave a seropurulent 

exudate but neither caused. erythema. 	If the lesions were allowed 

to dry, no exudate formed and after removal of the coverelips all 

the lesions driei up and healed in about a week. 	even from an 

inoculum of 15 viable units the staphylococci multiplied to about 

10 viable units within 24 hours. 	The coverslips were stained 

and examined and although evidence of phagocytosis was seen on 

all slides, most of the cocci were extracellular. 

:similar studies, though of limited extent, were reported 

by ray (1961), strains of staphylococci from bullous impetigo and 

from a boil were put on the forearm. 	when dry, the inoculum, a 

loopful of an 18 hour broth culture, was enclosed with a plastic 

curtain ring and covered with a cellophane window held on with 

adhesive tape. 	Lesions developed close to, or under the ring 

and tended to resemble the lesions from which the staphylococcus 

had been isolated. 



comparisn of routes of infection  

The effects of introducing staphylococci into mice 

by a variety of routes has been studied by several authors. 

Staphylococci given subcutaneously or intramuscularly were far 

less often lethal, except at high dose levels, than those injected 

intraperitoneally or intravenously. 	home staphylococci were 

found to be more lethal by the intravenous route of infection 

than by the intraperitoneal route but for others the reverse was 

true. 	The fact that a strain was 'virulent' by one route of 

infection but not by another suggested that each route might 

measure a different attribute of the staphylococcus (smith, Hale 

& Smith, 1947; 	;XItton, 1955; pass & Hii,:,:ginbotham, 1960; Smith 

et al., 1960; Gorrill r eceeill  1963). 

Discussion and Summary  

This thesis has the title "Staphylococcal infectionsin 

man and animals" and experimental work of this nature always has 

the disadvantage that the interest in the virulence of the 

staphylococcus stems from its behaviour in man, whilst the 

experimental work must usually be carried out in animals. 	It 

should be remembered that virulence or pathogenicity for one 

animal species does not necessarily imply virulence for another. 

There are some infective agents, for example the eoliomyelitis 

virus, whose host range is almost completely restricted to man, 

and others, for example the salronella species, where the host 



range includes man, rodents, fowl, cattleo sheep and pigs. 

It is equally important to consider the route of infection; 

it has been demonstrated that some strains of staphylococci may 

be virulent by one route of infection but relatively avirulent 

by another and there is no evidence that the factors that cause 

death in a mouse following intraperitoneal infection are 

necessarily those involved in producing a boil or stitch abscess 

in man. 

Me number of deaths in man due to staphylococci is 

small compared. to the amount of disease (e.g. Public Health 

Laboratory ervice, 1960). 	It would seem therefore that techniques 

leading to the production of non—fatal Oisease in an animal would 

be more likely to give a result which had some relevance for man. 

Against this must be set the advantage that death is an absolute 

measurement and does not depend on subjective assessments. 

As has been seen, very large doses of staphylococci are 

needed to cause skin infection by simple injection, but the use of 

cotton sutures has been found., by several workers, to reduce the 

dose neeed to cause infection in both man and animals. 	it seems 

unlikely that, in the production of natural stanhylococeal disease, 

more than a few staphylococci are introduced initially to the site 

at which the lesion is to occur. 	Potentiating agents such as 

sutures or crushed tissue may therefore be of considerable. 

importance in the aetiology of staphylococcal disease. 



From the experimental point of view, the most 

useful of the techniques described seem to be those employing 

infected sutures or the infection of surface lesions. 	?oth 

these methods give rise to non—fatal infections in man and 

animals and in addition permit the use of dry inocula. 

FACTORS WHICL °AY INFLUENCE THE VIRULENCE 02 STAPHYLOCOCCI  

in the following sections are discussed those factors 

peculiar to the staphylococcus which may be connected with the 

initiation of infection and whose variation might influence the 

degree of pathogenicity of the organism. 	?actors which may 

predispose the host to infection are discussed later. 

A considerable number of factors have been described 

as influencing the virulence of the staphylococcus. 	These may 

be divided into two basic groups referred to here, for 

convenience, as 'markers' and 'virulence factors'. 

MARKERS  

Amongst the characteristics of a staphylococcus 

which may be regarded as 'markers' rather than as 'virulence 

factors' are sensitivity to pillage, resistance to antibiotics 

and mercury malts and the production of pigment. 
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The relation between phage-type and virulence  

The relation between sensitivity to phage and 

virulence is complex. 	There is no doubt that a great many 

epidemics of staphylococcal disease are caused by a few nhage- 

types of staphylococci. 	or example, analysis of staphylococci 

sent to the ;:taphylococcus reference Laboratory in the years 

1954-1960 showed that 4 types were responsible for 501 of the 

maternity ward epidemics and 3 types for 50 of the epidemics 

in surgical wards. 	Zince these types were responsible for only 

25; and 21: of all lesions in the material submitted, it is clear 

that they had greater epidemic propensities than other straine 

(Williams, 1959; Williams & Jevons, 1961). 

It seems reasonable to regard these 'epidemic' strains 

ae more virulent than 'non-epidemic' strains although epidemicity 

might simply imply greater ease of transmission. 	If there were 

a direct relationship between phage lysis and virulence it might 

be expected that all staphylococci lysed by one particular phage 

would be virulent. 	However 7illiams and Jevons (1961) found for 

example that staphylococci lysed by phage 80 only (81 was not 

considered) caused 10.5% of the sepsis in hospitals and those 

lysed by phages 52/52A/80 and 52/80 caused 7.1 of the infection. 

Staphylococci lysed by phages 29/52/80 however caused only 0.5% 

of the sepsis. 	Thus it seems that lysis by one particular 



phage cannot be correlated with the ability to cause disease. 

There is a general correlation of virulence with phage pattern 

however and it may be that multiple pathways for phage 

absorption and lysis exist. 

The type 8o staphylococcus was first isolated in 

Australia (Rountree & ireeman, 1953) and soon spread to other 

countrie,,s but did not become common in 7ritain until 1955 

(Rountree, 1963c). 	'taphylococci lysed. only by phage 80 can 

be produced from similar strains by lysogenic conversion 

(e.g. Rountree 	Asheshov, 1961), but it is impossible to 

determine whether type 80 appeared in this way more or less 

simultaneously in several countries or whether it spread from 

Australia by a form of world-wide cross-infection. 	Similar 

changes in the incidence of other phage-types of staphylococci 

have been observed (Parker 	Jevons, 1963). 

In summary, some phage-types of staphylococci are more 

frequently causes of epidemics than others. 	It seems possible 

that exceptionally virulent mutants mipht arise which could spread 

through a large population; whether this could happen on a world- 

wide scale is not known. 	lirulence is probably not related 

directly to susceptibility to a particular phage or phages but 

both may be related to some other characteristic of the strain. 



The relation of antibiotic resistance to virulence  

:''any of the staphylococci which cause sepsis in 

hospitals are resistant to antibiotics, particularly penicillin 

and tetracycline (see for example AJliams et al., 1962). 

It seems possible that this is due to the selective advantage 

which resistance to antibiotics confers on the staphylococcus, 

for Barber et al., (1960) showed that if the use of particular 

antibiotics was restricted, sepsis occurred with antibiotic 

sensitive rather than resistant strains. 	_ntibiotic resistant 

strains alo appear to persist less well in carrier sites in 

persons discharged from hospital than do the sensitive strains 

(Noble et al., 1964). 	There seems to be no reason why resistance 

to antibiotics as such should affect the virulence of a strain 

except in a hospital where many of the potential hosts of the 

coccus are under treatment with antibiotics. 	It may be, however, 

that strains showing resistance to antibiotics are those which are 

most active biochemically or those with the highest mutation rates 

(Barber & Alitehead, 1949; Barbour 	Edwards, 1953). 

Thus in the absence of antibiotics we might expect the 

production of sepsis to depend on the virulence of the staphylococcus 

and the susceptibility of the host; whilst in the presence of 

antibiotics, resistance to antibiotics is also necessary. 

Communicability, the ability of the staphylococcus to become 
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established in carrier sites such as the nose or perineum 

rather than the ability to cause septic lesions, may well be 

influenced by resistance to antibiotics, e.g. among many other 

authors Williams et al., (1962) showed that the nasal carrier 

rate of staphylococci resistant to penicillin and tetracycline 

rises with the length of stay in hospital. 

Communicability. 	In a discussion of the communicability 

of a staphylococcus it is important to take account of the fact 

that some patients (dispersers) have an ability to disseminate 

staphylococci which is markedly greater than normal. 	This 

appears normally to be a function of the patient rather than of 

the staphylococcus and although it can contribute to the spread 

of staphylococci in a hospital ward, it may have no importance in 

a consideration of virulence (Hare & Ridley, 195&; Noble, 1962; 

'.vies 	Noble, 1962, 1963 and in preparation). 	Papers relating 

to this work are to be found in Appendix 3 of this thesis. 

liesietance to mercury salts as an index of virulence  

trains of staphylococci which might, on the basis of 

phage-type, be regarded as potentially epidemic for man were 

found by Moore (196c' to be more often resistant to mercuric 

chloride than strains which were 'non-epidemic'. 	Yoore found 

that 761 of phage-group I strains and 4O of group III strains, 

but only 6' of group II strains, were able to grow in the presence 
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of mercury. 	Staphylococci lysed by phages from more than 

one group were all sensitive to mercury but 37 of non-typable 

strains were resistant. 	Athin the phage-groups strains of 

80/81 and 52/52A/80/81 were almost uniformly resistant to 

mercury but strains of 52A/79 were normally sensitive. 	Hence 

the relation was with the staphylococci which spread in hospitals 

rather than those which spread in a non-hospital population. 

",:ooze noted that some coagulase negative strains were 

resistant to mercury and this was confirmed by P. P. Smith (1962). 

Moore found no relationship between sensitivity to mercury and 

either the egg-yolk reaction (Gillespie & Alder, 1952) or the 

serum opacity test (Tomlinson & Parker, 1956). 

Using Moore's technique, Green (1962) tested 717 

strains of staphylococci from patients and from the hospital 

environment. 	The distribution of resistance in relation to 

phage-type was the same as in 'loose's series except for local 

changes in epidemic type. 	Turner and eillis (1962) agreed with 

Voore's finding that staphylococci associated with hospital 

infections tend to he mercury resistant, but suggested that the 

value of the test lies only in its ability to detect strains 

resistant to many antibiotics. 	This view is also held by 

Akinlade (1962) and Jeesen et al., (1963. 

It seems likely that, taken in conjunction with the 

coagulase test, Yoore's test may give some idea of the 
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epidemic potential of a staphylococcus for there is a strong 

correlation of mercury resistance with resistance to more than 

one antibiotic; it is these strains which are most often 

responsible for outbreaks of staphylococcal disease in hospitals. 

Pigmentation and virulence  

The production of a golden pigment was the character 

which led osenbach to give the pathogenic staphylococcus its 

specific name. 	The species is now delineated by the production 

of coagulase and although the majority of coagulase positive 

strains produce the golden pigment, the correlation is not perfect 

(A.ek & Levy, 1950; 'Shaw, titt & Cowan, 1951). 

Farber (1955) found that strains with 'aureus' pigment 

isolated from a parent strain with 'albus' pigment, whilst 

resembling the parent in the production of alpha lysin, free 

coagulase and sensitivity to phage, differed in the production 

of bound coagulase and in being more resistant to antibacterial 

agents. 	White mutants from aureus strains generally resembled 

the parent except that they had lost the ability to produce bound 

coagulase. 	It was thus tempting to suggest that a series existed 

from the golden pigmented 'virulent' strains to the white pigmented 

'avirulent' strains. 

The production of pigment on tryptose phosphate agar as 

a means of distinguishing between staphylococci ( Ampolinsky, 1962) 
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showed that the intensity of pigmentation diminished when the 

strains were stored and that the production of pigment was not 

always the same in otherwise identical strains. 

recently there have been suggestions that production 

of yellow pigment (probably distinct from the 'aureus' pigment) 

on glycerol monoacetate agar is related to the resistance of the 

staphylococcus to penicillin and tetracycline (Allis 	Turner, 

1962; Turner 	1962). 	It has been shown that the 

yellow pigmented 'epidemic' strains are physiologically distinct 

from the orange strains (Jacobs, 'Allis, Ludlam and Goodburn, 1963; 

Allis, Jacobs & Goodburn, 1964). 

It is not clear to what other factors, if any, the 

production of pigment on glycerol monoacetate agar is related. 

There appeared to be no direct relation to coapulase or haemolysin 

production or to the ability to cause opacity on egp—yolk or human fat 

agar. 	On ordinary media, pigment production has been related to 

the presence of fermentable carbohydrate ( erap 4- Green, 1944; 

'drown & Harris, 1963 or to milk (Christie &! Keogh, 1940; 

Chapman, 1943). 

VIRULENCE FACTORS  

The general concept of a virulence factor, as applied 

here, is of a product of the staphylococcus which in some way 

modifies the host tissue or otherwise helps the staphylococcus 
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to become established in host tissue. 	As will be seen, the 

search for a single factor which would explain differences in 

virulence between staphylococci has led to a great many paths 

being explored. 	Yet in 1948 Blair wrote: 

... the pathogenicity of staphylococci involves their capacity 

to produce toxins and their ability to become established in 

body tissue. 	Usually the pathogenic capacity of a given 

strain represents the total effect of both factors working 

together; 089 	Finally the ability of staphylococci to cause 

infection is conditioned by the relative susceptibility of the 

host and the efficiency of his defense mechanisms." 

In the following sections the various factors are 

treated separately but the view is taken that the 'virulence' 

of a strain is the observed result of the sum of a number of 

abilities. 

The role of the haemolysins  

riaemolysins have a deleterious effect on some red 

blood cells and have thus attracted a great deal of attention. 

Confusion arose in early work because the selective action of 

the various haemolysins on red cells was not appreciated; 

Hlek (1959) considered however that only 3 haemolysins need be 

postulated to explain observed haemolysis. 	The alpha lysin 

acts beet on rabbit, sheep, cow and goat red cells and not at 
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all on human, guineapig or horse cells. 	The beta lysin is 

characterised by the 'hot/cold' lysis of sheep red cells and 

has no action on rabbit cells. 	The delta lysin acts on many 

cells including horse and rabbit. 

Aloha haemolysin 

There are two aspects of the production of alpha 

lysin which are of interest in the context of this thesis. 

One is the frequency with which this lysin is produced by 

strains of staphylococci from clinical sources, although this 

must of necessity be confined to 'retrospective' studies; and 

the other is the direct observation of the effect of the lysin 

on experimental animals. 

Comparison of sources. 	There is a very close correlation 

between the production of alpha lysin and coagulase. 	It has 

variously been reported that from 82 to 100 of coagulase 

positive strains of staphylococci from human sources produce 

the alpha lysin but these reports differed, not only in the source 

of the strains, but also in the methods used to demonstrate the 

presence of the lysin. 	grading of staphylococci according to 

the site from which they were isolated showed that strains from 

lesions, presumably the most virulent, produced more alpha haemolysin 

than those from carrier sites (Tl.own, 1960). 	However, correlation 

does not imply causation and ?orssman (1930 has expressed the 
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opinion that alpha haemolysin might be harmless for man 

despite its action on rabbit erythrocytes in vitro. 

Experimental observations. 	The intravenous 

injection of attha lyain in sufficient quantities causes death 

of an animal in a very short time and. immunization against the 

lysin prevents or delays the death of animals injected in this 

way (e.g. Burnet, 1929; Conti, Cluff & ;':cheder, 1961; Lithander, 

1961; for other early papers see --A.ek, 1959). 	The toxin has 

been described as acting on smooth muscle (Thal 	1961), 

on the vascular system in general (Thal & Egner, 1956; Brown & 

Scherer, 1958) on the vascular system of the kidney (e.g. Rigdon, 

Joyner & Rickets, 1934; Thal, 1955) and on the lunge (Jackson, 

Gibbons & Yagner, 1958). 	The pathology of the lungs was said 

to resemble that of the human lungs following acute staphylococcal 

pneumonia. 

Injection of alpha lysin intradermally in animals 

results in necrosis (e.g. Goshi, Cluff & Johnson, 1961) unless 

the animal's serum contains antibody against the alpha lysin, 

when only erythema results. 	Smith, Goshi, Norman and Gluff 

(1963) found, however, that the reactions in man to the injection 

of alpha lysin were not like those seen in animals. 	The reaction 

was biphasic and consisted of a red wheal and a flare. 	The 

histology on biopsy was indistinguishable from that seen following 
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the injection of pollen antigens; marked infiltration of the 

area with leucocytes had occurred. 	:.smith and his colleagues 

noted however that none of the human sera that they examined 

were entirely free of anti-alpha lysin and this may have been 

responsible for differences in reaction. 

Injection of mice with very large doses of staphylococci 

intraperitoneally also causes death in a very short time and 

it has been sugp;ested that this is due to alpha lysin. 	However 

the addition of large quantities of antitoxic serum gave little 

protection to mice so challenged (Asher & Goshi, 1963) and it 

was concluded that either the lysin was absorbed on to tissue 

or that some other toxin was responsible for the death of the 

mice. 	Sellers and Leaistre (1960) found that alpha lysin was 

a constant feature of 'virulent' staphylococci but suggested that 

the rapid death observed in animals when 109  cells are injected 

intravenously, may be due to competition between the host and 

bacterium for some enzymes or substrates. 	Animals may die from 

staphylococcal infections despite the presence of anti-alpha-

haemolysin in the blood (Smith, 1937; Ekstedt, 1963). 

Intraperitoneal infection of mice with staphylococci 

from clinical sources showed that virulence, measured in terms 

of the death rate (Ld50), correlated best with those strains 

which manufactured a wide range of extracellular,products 
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including the alpha lysin (Lack & gaining, 1954; Howard, 1954; 

Anderson, 1956). 	D. D. Smith (19n2), using well established 

laboratory strains of staphylococci, found no correlation between 

the various haemolysins, the number of antigen/antibody flocculation 

lines and the 1,J50  for mice measured by intravenous infection. 

As discussed earlier, however, 'virulence' measured by one route 

of infection may not be the same as by another and Smith's 

investigations differed from those of Lack and others not only 

in the source of the staphylococci, but also in the method of 

challenge. 	Poster (1963) failed to find any relation of 

in vitro  production of alpha lysin to infection of guineapirs. 

Apart from such rare incidents as the Bundaberg 

Asaster, however, it seems unlikely that large doses of 

staphylococci or toxic products of staphylococci are ever 

introduced into man or animals (staphylococcal food poisoning 

is not considered here). 	The more relevant role of the alpha 

lysin is the !Dart, if any, that it plays in the infection of, 

for example, surgical wounds. 

The virulence of staphylococci injected intramuscularly 

into mice has been found to be correlated with the production of 

alpha lysin, and the presence of coagulase, fibrinolysin and 

beta lysin appeared to enhance the 'virulence' ()elbie & Amon, 

1952; Howard, 1954). 	Other studies have indicated that strains 
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possessian alpha and delta lysine were more virulent than 

strains possessing either lysin alone (-arks A-, Vaughan, 1950; 

Johanovsky, 1958). 

Using infected sutures in mice Taubler, vapral and 

Mudd (1963) found that alpha lysin appeared to be necessary 

for the production of a lesion, for mutants which produced 

little lynin rave fewer lesions than the parent strain. 

Active immunization with toxin gave protection against shall 

but mice passively immunized with anti-aloha lynin were not 

completely protected. 	This suPgests that whilst alpha lysin 

may he necessary for the production of lesions, it in not the 

only factor involved. 	Lambert (1960) reached sir. liar conclusions 

using intradermal infection of guineapigs. 

The beta haemolysin  

In contrast to alpha lysin, the beta haernolysin is 

not so commonly produced by strains of staphylococci of human 

origin,althaugh it is more commonly produced by strains from 

animal sources. 	?'eta lysin was found to be lees toxic for 

mice and rabbits than the alpha lysin (qryce r dountreel  1936) 

and was thought not to influence the virulence of staphylococci 

for animals (Howard, 1954; Lack oailline, 1954;  Werbyshire, 

1963). 	As discussed earlier, however, strains showing a broad 

spectrum of extracellular products are more virulent than those 

with a narrow spectrum. 	The beta lysin could well lie regarded 

as being unnecessary for lesion production but may ant nynerristically 
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with other coccal products. 	Beta and delta lysins have been 

reported as acting synergistically on human red cells (Sig*, 

1959). 	Christie and North (1941) reported the same for alpha 

and beta lysins and one may speculate whether their staphylococci 

also produced delta lysin or whether both the alpha and delta 

lysins are able to act synergistically with the beta lysin. 

It has been reported that strains producing beta lysin do not 

produce fibrinolysin (Rountree, 1947), but this has been denied 

(Levy, 1952). 

The delta haemolysin  

Alliams and Harper (1947) describe a third haemolysin 

which was not neutralised by alpha or beta antitoxin. 	This 

'delta' lysin is produced by most strains of staphylococci 

isolated from human sources and, on qualitative grounds, the 

correlation with virulence is as good as that of the alpha lysin. 

)elta lysin is known to be lethal to human leucocytes (Gladstone 

& van Heyningen, 1957). 

The role of coagulase in the virulence of staphylococci  

The production of coagulase has long been accepted as 

the marker of potential virulence among theCeram—positive cocci, 

but it is not proposed here to deal with the various pieces of 

evidence which have led to this, for they are summaezed by 

Taek (1959). 	The test for coagulase may be performed either 

by adding human plasma to a thick suspension of staphylococci on 
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a microscope slide (Williams & Harper, 1946) or by incubating 

a culture of staphylococci in broth or saline containing 10% 

human plasma (Fisk, 194(i). 	A positive result with either 

test indicates coagulase production for clinical purposes, 

but Duthie (1954)  suggested that staphylococci possess two 

coagulases and that the slide test measures 'bound' coagulase 

or 'clumping factor' whilst the tube test measures 'free' coaculaee. 

Strains of staphylococci may be encountered which lack either 

one of these coaculases, but most specimens isolated in clinical 

practice possess both. 	Recent work has suggested however that 

'bound' coagulase may not act on the fibrinogen complex as does 

the 'free' coagulate (Brown &. Paruque, 1963). 

Tt has been sugeeste( that only those species of 

animal whose plasma is coagulated by staphylococci are susceptible 

to infection with this organism (Hmith & Hale, 1944:  Hale & Smith, 

1945; 	- smith, 1947).`staphylococci which 

coagulated guineapir plasma were found to be more virulent 

for Puinealaige than thane which failed to coagulate guineaeig 

plasma. 	-Itaphylococci injected into mica in coagulable plas!a 

appeared to be -,lore virulent than when injected in serum, and 

ocytosis of staphylococci was inhibited in the presence of 

plasma but not serum, although phagocytocis of other organisms 

was not affected. 
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The variation in coagulability of plasma from 

different animal species by staphylococci is a result of the 

presence or absence of an 'activator' or 'coagulase reacting 

factor'. 	There is less activator in human serurr than in human 

plasma (adoff 	_einstein, 1962 and similar variations in content 

or the presence of anticoagulants might have had some effect on the 

differing reactions observed when staphylococci were injected into 

animals suspended in serum or plasma. 

YacLeod, Hall and :!'rohman (1963) observe that citrate 

inhibited the growth of staphylococci and that heparin prevented 

the bactericidal action of serum; „Sanders (1963) reported that 

in vitro the action of coagulase was inhibited by heparin. 

It would therefore seem unwise to assume that plasma differs 

from serum solely in the fibrinogen content.7,ouse plasma is 

weak in activator and addition of human serum to mouse plasma 

was found to enable staphylococci to clot the plasma (Fusillo 

eiss, 1963). 	Human plasmas too may differ in coagulability 

and. it has been suggested that mixed human and bovine plasma 

should be used in routine tests (Illes, 1964. 

Lack and ailline (1954) challenged mice intraperitoneally 

with staphylococci suspended in either serum or plasma from the 

same human donor, but failed to find any relationship between 

the menstruurn and virulence. 	They point out, however, that they 

used lower doses of staphylococci than did -%ith, Hale and rnith. 
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Possession of both free and bound coagulase was 

found by Alami and Kelly (1960) not to be important in the 

initiation of infection when staphylococci were introduced 

intraperitoneally or intravenously. 	They found that the 

addition of mucin to the intraperitoneal injection increased 

the virulence of free coagulase positive, bound coagulase 

negative cocci but not that of the other combinations of 

coagulases. 

Foster (1962a and b) injected mixtures of Staph. aureus  

which were coagulase positive or negative for guineapig plasma 

intraperitoneally into guineapigs, but could find no difference 

in the rate or degree of phagocytosis of the cocci by the 

reticulo—endothelial system, when the animals were examined at 

intervals after infection. 	There was some difference in the 

ability of the strains to multiply in the kidneys following 

intracardial injection, but this was not related to the coagulase 

ability of the cocci for guineapig plasma. 

Gorrill (1951) found an almost complete correlation 

between the ability of staphylococci to coagulate human and 

mouse plasma by both the slide and tube testIon a total of 12 

coagulase positive and 8 coagulase negative strains. 	When  

injected intravenously in a dose of about 40 million cells, the 

coagulase positive strains proved the most virulent for mice as 
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judged by the death rate. 	In this instance the ability of 

staphylococci to kill mice was strongly correlated with the 

ability to coagulate plasma from species other than that used 

in the virulence test and no species difference was demonstrated. 

By contrast only 1 of 75 strains coagulating human 

plasma tested by elbie and Simon (1952) gave a typical clot 

in the tube test using mouse plasma, although slide coagulase 

tests using mouse plasma gave results indistinguishable from 

those observed using human plasma. 	Those strains that gave a 

strong coagulase reaction with mouse plasma generally caused 

intramuscular lesions in mice which were larger on the first day, 

more progressive on the second and more regressive on the fourth 

and seventh days. 	The effect of coagulase on virulence was 

additive to that of the alpha lysin. 	A similar conclusion was 

reached by ',:outinho and Nutini (1963). 

Production of coagulase was found to be of prime 

importance in the initiation of infection by intraaeritoneal 

staphylococci by Anderson (1956). 	Using laboratory strains of 

staphylococci of human origin, D. 	Smith (1962, 1963) found no 

relation of coagulase (for mouse or human plasma) to virulence 

as measured by death of mice following intravenous infection. 

lowever, staphylococci isolated from sheep coagulated mouse plasma 

in the tube test more firmly than did strains of human origin.  
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The sheep strains were also store 'virulent' for rice than the 

human strains; bovine strains occupied an intermediate 

nosition in both tests. 

Some studies on staphylococcal mutants which Possessed 

either free or bound coagulase (Alani ee,  Kelly, 1960; Kapral fro  

Li, 1960; Li & Kapral, 1962; Tiaras P Kapral, 1962) indicated 

that either of these factors could be absent without altering 

the virulence, as compared with the parent strain, when 

staphylococci were introduced by a variety of routes into mice 

and rabbits. 	further, Kapral and his collear:ues isolated an 

'avirulent' strain which Possessed both bound and free coagulase 

and like all the other mutants, possessed all the biochemical 

properties of the parent strain. 	This would seem to surrest 	that 

none of the oxtracellular products investi--ated had any effect on 

virulence either9 unless quantitative differences in enzyme proluction 

existed. 

The use of mutants, however, involves the danger that 

some other factor may chance unnoticed. 	In another study on 

mutants it was found that the 'mutant' which possessnd neither 

bound nor free coagulase had also lost its susceptibility to 

share and changed its sensitivity to 6 antibiotics (lam et al., 

1963a). 	It seems difficult to accept this strain as a mutant 

of a parent Staph. aureus and it is clear that a great deal of 

care is needed in interpreting the results of such studies. 
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The suggestion of Hale and smith (1945) that 

staphylococci were protected from phagocytosis by the presence 

of coagulable plasma aroused the interest of many workers. 

Comparison of the results is made difficult by the fact that 

various workers have uses` a variety of leucocytes from different 

animals. 	F.-ome workers found that a snecific serum factor was 

necessary for phagocytosis of staphylococci but not micrococci. 

Others found that in vitro the presence of fibrin had no effect 

on phagocytosis and that staphylococci can multiply in leucocytes 

under some circumstances. 	In general all this work has swung 

away from the role of coagulase and has concentrated on the 

specific serum factors, the opsonins, which enhance the readiness 

with which staphylococci are phagocytosed. 	A detailed discussion 

is outside the scope of this thesis, but pee for exaple Rogers & 

Tompsett (1952), Cohn & Forse (1959), Vapral & Shayegani (1959), 

ogere & Yelly (1960), Welly, Thosison & Rogers (1960), ::ackaness 

(1960), Rogers (1963). 

The growth of micrococci was found to be inhibited in 

serum but that of staphylococci was not (Astedt 	NUngester, 1955; 

Ekstedt, 1956a and. b; Yotis & Ekstedt, 1959, 1960; 	.'ikatedt & 

Yotis, 1960; :'fetcher, 1962). 	Afferences in nutrition in the 

serum were ruled out but it was found that partially purified 

coagulase added to the system stiuulated the respiration of both 
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coapulase positive and coagulase negative cocci, although the 

stimulation was twice as great for the coagulase negative 

species. 	The inhibitory effect of serum on growth appeared 

to Ise due to a water soluble fraction. 	When this was purified 

it was found to inhibit the oxidation of glucose by Bacillus subtilis  

and Vicrococcue lyeodeikticus and to inhibit the growth of 

micrococci. 	This activity could be reversed by the addition 

of coagulase to the micrococci and 1. subtilis  but not to 

. lysodeikticus. 	Vice challenged intracerebrally with coagulase 

negative cocci were found not to be killed unless coagulase was 

added to the inoculuri but the virulence of streptococci was not 

enhanced by the addition of coagulase nor was the coagulase 

effective if given intravenously when the micrococci were 

inoculated intracerebrally. 

7'oa'ce (1956) and Lomineki et al., (1962) found that 

anticoagulase increased the resistance of animals to intravenous 

challenge with staphylococci, but not micrococci, if the antigen 

was prepared from the same phage-group of staphylococcus as the 

challenge strain. 	Uthers have shown that different phage-groups 

of staphylococci possess antigenically different coagulases 

(Barber c Aldy, 1956; Henderson & Brodie, 1963; Harrison, 1964). 

Human serum may contain antibodies to many staphyloc000al 

products such as haemolysin, coagulase and leucocidin (Lack 

Towers, 1962\ and has been shown to confer some resistance in 
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mice to infection with lethal .doses of staphylococci 

(Asher, 195f P. 	Asher's results mirht possibly underestimate 

the efficacy of the serum since he challenfed the mice with. the 

rnith strain of staphylococcus which possesses a very distinct 

capsule which contributes to its pathogenicity. 	But, equally, 

human serum has been shown to possess antibody to this type of 

material and these opsonine might explain why the protective 

effect was observed (;tourers, 1963). 

Coagulate itself may have a pathologic effect on 

tissue; coagulate injected intravenously produced fibrin 

depletion in rabbits but not in mice, which lack activator 

& Johnson, 1958). 	Coagulase was demonstrated in 

precipitated material by Flobel and Berman (19161 using 

fluorescein labelled anticoagulase. 

In summary then, cocci which cause disease usually 

possess the ability to produce coagulase (or some factor very 

closely linked to coagulase'. 	No satisfactory studies have 

been carried out on mutants which lack both bound and free 

coaeulase but are nevertheless recognisable as strains of 

;:,taphylococcus aureus. 	The action of the coagulase may be 

to cause mechanical blockage of the tissue but coagulase also 

apnears to act as an antagonist to the opsonins which are 

essential for the phagocytosis of staphylococci. 
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The egg-yolk reaction  

The production by some staphylocPcci of opacity in 

broth containing egg-yolk was first noted by Gillespie and 

Alder (1952). 	The reaction was neutralised by high dilutions of 

commercial antitoxin and appeared to be due to a lipase. 	any 

strains of staphylococci gave a reaction but none of the micro- 

cocci did so. 	It was found that strains from lesions were more 

often egg-yolk positive than were strains from nasal sources 

(A.der, Gillespie .3r Herdan, 1953; Alder, Gillespie 4: Thompson, 

1955). 

However, Willis and Turner (1962) who compared lipolytic 

activity on egg-yolk agar, tributyrin agar and human fat agar, 

found that the results were the same on all three media, showing 

that the enzyme WAS a lipase and that coagulase negative strains 

gave similar results to the coagulase positive strains. 	They 

did not agree with Parker's (195b) finding that phage-type 71 

staphylococci were egg-yolk negative. 	Parker had used 

Gillespie and Alder's broth method.. 	.illis and Turner 

concluded that egg-yolk could not be used to distinguish between 

staphylococci. 

These apparently conflicting results were explained 

by shah, Russell and 'llson (1963) on the grounds that the agar 

plate method was far more sensitive than the broth method. 

They compared the two methods and observed that 	of 2C4 strains 
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were positive by the plate method compared to only 59'8 by 

the broth technique. 	About 7 times as much enzyme appeared 

to be produced by those strains which were positive on both 

media as by those positive on agar only. 

The mortality rate in patients with staphylococcal 

bacteraemia was found by losendal (1963) to be highest in those 

infected with egg-yolk negative strains (measured by the broth 

technique). 	It was suggested that the virulence factor may 

be related to an unknown enzyme which destroys the lipase in 

the egg-yolk negative cocci. 

There is thus conflicting evidence regarding the 

relation of virulence to the egg-yolk reaction. 	Strains from 

lesions produced more lipase than strains from carrier sites, 

but the existence of an enzyme which destroys lipase has been 

postulated. 

The importance of hyaluronidase  

The importance of hyaluronidase as a spreading factor 

was discussed by Elek (1959) who came to the conclusion that the 

association was not with the 'invasive cocci' but with the group 

of cocci which also produced coagulase, haemolysin etc. 

schwabacher et al., (1945) found that, whilst the production of 

hyaluronidase was no more frequent in strains from lesions than 

in strains from carrier sites, it was more abundant in the strains 

from lesions. 
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:-trains of staphylococci causing impetigo were found 

by Jeesen et al., (1959a and b) generally to produce more 

hyaluronidase than strains from bacteraemia or furunculosis, 

whilst nasal strains produced little by comparison; production 

of hyaluronidase was associated with strain rather than with 

source however. 	for example, phage—type 71 strains produced 

much hyaluronidasel they are also associated with impetigo and 

tend to have other features in common such as the ability to 

inhibit the growth of corynebacteria (Parker, 1958; Faber 

Rosendal, 1960). 

The importance of fibrinolysin  

It has not proved possible to find ,--ty direct relation 

between the production of fibrinolysin and virulence (up to 8C 

of coagulase positive strains may produce fibrinolysin). 	It 

is another character, however, which appears more frequently in 

those strains considered 'virulent' than in those considered 

'avirulent' (Celbie x !Amon, 1952; Lack ti gaining, 1954; 

Jacobs, 	& Goodburn, 1963). 

The role of leucocidin  

'Leucocidins appear to be produced by about 50 of 

staphylococci isolated from human lesions. 	Leucocidins have 

been described as having a negative chemotactic effect on 

leucocytes and, in higher concentrationP, of killing the 
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leucocytes of some species but not of others (Cladstone 

van Ueynincen, 1957). 	This appears to be another factor 

which has an obvious 'use' in the production of infection but 

which is not essential for lesion production. 

!'iecently there has been a revival of interest in 

leucocidin. 	)elta haemolysin kills leucocytes and its 

presence would therefore interfere with the direct determination 

of leucocidin, but the presence of serum may be used to prevent 

the action of the delta lysin (Gladstone van Heyningen, 1957). 

The most satisfactory method of determining leucocidin appears 

to be that of Woodin (e.g. iclodin, 1961) which separates the 

leucocidins and estimates the two components separately, but 

this method is not easily applicable to surveys of staphylococci. 

Studies have shown that patients with staphylococcal 

infections show a rise in antileucocidin titre (e.g. Lack & 

Towers, 1962; Cladstone, 	Hochstein 	Lenhart, 1962) and 

PAnffer (1962) found that puerperal mastitis occurred significantly 

more frequently in mothers with low titres of antileucocidin 

although no relation to the anti—alpha—haemolysin was found. 

Encapsulation and virulence  

1arious studies have been reported suggesting that 

encapsulated staphylococci able to resist phagocytosis are more 

virulent, measured by the lethal effect of intraeeritoneal 
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infections, than unencapsulated variants (Gilbert, 1931; 

Lyons, 1937). 	As emphasised elsewhere, however, the use of 

variants is not without danger. 	More recently, immunization 

of animals with capsular material was found to result in 

protection against challenge with encapsulated strains (e.g. :;tamp, 

1961; Morse, 1960, 1962), but not necessarily against other 

strains (Fisher, )evlin et,  Erlandson, 1963). 	Measurement of 

the lethality of encapsulated staphylococci for embryonated eggs 

indicated that although the capsule protected the staphylococcus 

against phagocytoels, some other factor was responsible for the 

death of the embryo (Aley, 1961). 

?rice and Kneeland (1954, 1956) reported that a capsule 

could be demonstrated by capsular swelling techniques on most 

strains of staphylococci, but not on micrococci, and that the 

presence of a capsule bore no relation to virulence. 	Although 

it has been shown that a Rpseudocapsule' composed of growth 

products, but chemically unlike the polysaccharide capsule of 

the :smith strain, can be'produced on staphylococci 	rudd 

Taubler, 1961) this does not necessarily explain Price and Kneeland 's 

observations. 	In vitro the polysaccharide capsule appears to 

be confined to a few strains of staphylococci all of which closely 

resemble the ;with strain (Fisher, 	r1andson, 1963; 

Rogers, 	topers believed that these represented the few 
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strains whose capsule is stable in vitro and that in vivo many 

staphylococci may exhibit a capsule, for most human sera are 

capable of opsonising phagocytosis of the Smith strain. 	This 

belief has been challenged; 	orse (1963) failed to detect any 

Smith surface antigen on 25 strains of staphylococci from 

clinical sources, although this approach fails to provide any 

information on in vivo conditions. 

Nerren and Cray (1963) found that the incorporation of 

subinhibitory levels of antibiotics into media with subsequent 

heating of the staphylococcal culture released polysaccharide 

which resembled chondroitin sulphate into the medium. 	They 

suggested that the action of the antibiotic may be to prevent 

incorporation of the material into the mucopolysaccharide 

component of the cell wall; the heat acting merely to bring 

about release of the material from the cell. 	e may speculate 

that if antibodies present in human serum were also able to 

interfere with cell wall synthesis, polysaccharide might be 

released in vivo and this might explain the presence of opsonins 

to staphylococci such as the ;:pith strain in human sera, without 

the staphylococci necessarily possessing an actual capsule. 

Chemical analyses of staphylococcal capsules have 

yielded a variety of results, perhaps because there is a variety 

of capselee. 	A.ley and Wannacott (1962) found an encapsulated 
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strain of staphylococcus to have a capsule including 8 

phosphorus and no nucleic acid. 	This is unlike the smith 

polysaccharide capsule investigated by rorse (1962) which had 

no phosphorus but moderate amounts of amino acids. 	Further, 

Clausen and Rosenkart (1962) reported the presence of hyaluronic 

acid, a well known capsular material, on some staphylococci. 

iespiration rates  

Gellenbeck (1962) found that the general respiration 

rate of bacteria from tissue was higher than that of the parent 

staphylococcus grown on laboratory media. 	The endogenous 

respiration rate of the staphylococci on media was about W 

higher than the tissue staphylococci however. 	The substrate 

for endogenous respiration appears to be the free-pool amino 

acids (Aameey, 1962; Yedzia, 1962a). 	.;edzia also found that 

the endogenous respiration rate of staphylococci isolated from 

lesions was higher than that of staphylococci isolated from 

carrier sites. 	studies on mutants with impaired respiration 

('pause, Kuchetkova 	Vladimirova, 1961) suggested that metabolism 

of the flavine was disturbed when the respiration was abnormal. 

It seems reasonable to suppose that the metabolism of 

'virulent' staphylococci is different from that of avirulent 

cocci, but very precise techniques may bo needed to demonstrate 

this difference. 
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Other tests for virulence factors 

?any of the following tests have a very strong 

correlation with coagulase production and appear to reinforce 

the distinction between coagulase positive and coagulase 

negative cocci rather than to distinguish between strains of 

the coagulase positive species. 	They are included under one 

heading for the sake of convenience. 

There is a very good correlation between phosphatase 

production and coagulase production (Barber • Kuper, 1951). 

During a survey of staphylococci from nasal sources it was found 

(Noble, unpublished) that only 3 of 618 coagulase positive cocci 

did not give a phosphatase reaction after 18 hours incubation. 

The proportion of coagulase negative species which gave a positive 

result was about the same (O.5;=). 	Allis, Jacobs and Goodburn 

(1964) reported that about 8Ca of coagulase negative cocci 

produce phosphatase. 	However, these differences might be 

explained on the basis of 'observer variation' in the level at 

which a positive result is read. 

Recently it has been suggested that there are 

quantitative differences in phosphatase production which are 

related to antibiotic sensitivity and phage pattern (Gillissen 

& Ruda, 1958; Cannon & Elwyn, 1963). 	A test for arginase 

production was positive in 69/70 coagulase positive strains and 

4/25 coagulase negative strains (Ooru et al., 1957). 
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There was a strong! correlation between the production 

of desoxyribonuc/ease and coagulase (DiSalvo, 1956; lurns 

7oltman, 1959; Jacobs, Allis Coodburn, 1963). 

yore (1959a) described a test based on the ability 

of cocci to reduce ammonium molybdate and this anpeared to be 

related to the pathogenicity of the strains for mice. Hertz 

and. Mite (1961) however could find. no advantage of this test 

over the coagulase test. 

eduction of tellurite was found to be common in 

strains which produced coagu/ase (Hoeprich, Croft & '4est, 1960). 

Unfortunately, the selective medium in which the tellurite was 

incorporated was too inhibitory to be used for the direct 

isolation of staphylococci; this in a feature shared by the 

many media based on tellurite reduction (Williams, "lowers, 

Chrrod. & shooter, 196(I). 

Nordebring (1963) found that certain phage—group III 

strains of staphylococci, resistant to antibiotics, had an increased 

tolerance of gentian violet. This is reminiscent of the 

resistance to mercury discussed earlier. 

Complete agreement between mannitol fermentation, which 

is itself correlated with coarulase production, and fluorescence 

under eoods light when staphylococci were grown on a medium 

containing fluorescein amine was demonstrated by Aaler (1961). 
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Thirty strains from each of three sources, 

septicaemia, boils and nasal carrier sites were compared for 

acetoin production by }edzia (1962b). 	Acetoin production was 

greatest in the septicaemia group and least amon& the nasal 

strains and was not associated with differences in the growth 

rate. 

Krynski et al., (1962) suggested that 

virulence was associated with higher respiration rates and 

greater biochemical activity as determined by a battery of tests 

but felt that individual strains could not be tested in this 

manner. 

Immunity to staphylococcal infections  

There are two aspects of immunity to staphylococci 

which are of interest here. 	One is the change in response on 

repeated infection and the other is immunity induced by inoculation 

of dead cocci or some fraction or product of the cocci. 

epeated infection of the skin of rabbits with serial 

doses of staphylococci was found by Pantos and Valentine (1929) 

to lead to coexistent immunity and hypersensitivity. 	Nhilst 

the reactions to pus-forming doses of staphylococci injected 

into the skin became lees severe, the animals exhibited hyper-

sensitivity to doses which had previously failed to cause a 

reaction. 	Associated with this was protection, by no means 
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complete, in the form of a delay of death following intravenous 

injection of lethal doses of cocci. 	Few of the rabbits 

developed antibodies to the alpha haemolysin. 	Hypersensitivity 

was also reported by Johnson, Cluff and Goshi (1961), but these 

authors do not mention immunity. 

A number of reports can be found supporting the 

theories of either antitoxic or antibacterial immunity and those 

prior to 195 are summarized by A.ek (1959); for example Fisher 

(1957) and Lithander (1961) showed that mice and rabbits immunized 

subcutaneously with staphylococcal toxoid were protected against 

intraperitoneal challenge with large doses of staphylococci. 

Antitoxin levels were higher in animals given undiluted toxoid 

(they also survived better) than those given diluted toxoid. 

On the other hand, Stamp (1961) found that immunization with 

strong coagulase producing,weak alpha lysin producing strain 

protected rabbits against challenge with this strain and that 

the protection was not related to the antitoxin levels. 

Studies on the immunization of mothers and babies with 

alum precipitated staphylococcal toxoid containing leucocidins 

were carried out by Johanovsky and his colleagues (Schubert & 

Johanovsky, 1957; Sebek, Schubert Johanovsky, 1958) who showed 

that immunization reduced the number of breast abscesses and 

other neonatal infections below that of the control group although 

protection was far from complete. 	Chlouverakis, Griffiths 
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6wift (1963) could find no relation between anti-alpha 

haemolysin titres and staphylococcal infections in newborn 

infants. 	It is curious that these workers found the titre 

to be higher in the infanth blood than in the mother's blood. 

Brodie, Guthrie and:Sommerville (195E) found that 

immunization with attenuated live vaccine protected rabbits 

against challenge with the same strain but not against challenge 

with staphylococci of a different serotype. 

Immunity to challenge with the smith strain of 

staphylococcus was related to the ability of the serum to 

promote phagocytosis of the cocci (Koenig, `:ally & Aogers, 1962; 

Ekstedt, 1963). 	Immunization against the smith strain appeared 

to be specific in that it did not protect animals against challenge 

with other strains. 

If the suggestion made earlier, that the virulence of 

staphylococci is the result of the expression of a number of 

different abilities, be accepted, it is not difficult to reconcile 

these apparently conflicting results. 	here the virulence of the 

strain is largely due to its resistance to phagocytosis, the 

production of opsonins will confer some protection against 

challenge. 	Where the strain produces much alpha lysin then 

antitoxin will confer protection and so on. 
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Inhilition of staphylococci by streptococci  

Inhibition of staphylococci by viridans streptococci 

was reported by ryers (1959h) who suggested that exposure of 

staphylococci to 'antibiotics' produced by streptococci or 

other oral flora might influence the selection of resistant 

strains. 	This phenomenon does not appear to have been studied 

in different groups of staphylococci (a general review of 

antagonism between bacteria is given by Hoffman, 1957) and it 

might be of interest in considering the spread of staphylococci 

and frequency of nasal colonisation in hospital wards3althouvh 

it is rare for viridans streptococci to be present in the nose. 

Summary and Conclusions  

To summarise this eection,we may consider the evidence 

according to the main methods of determining virulence and see 

for what factors there may he any indication of importance. 

experimental infection in man. 	Owing to the 

difficulties inherent in carrying out tests in man, few strains 

of staphylococci have been testedjso that little evidence on 

virulence factors has emerged from studies of experimental 

infections in man teyond the fact that the presence of foreign 

material in the lesion greatly potentiated infection (Flek, 1959). 

Although about 100 cocci are needed to cause disease regularly 

it is probable that disease can to produced less regularly 

with a lower dose than this. 	In addition, these studies have 
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been carried out on healthy volunteers and the dose needed to 

infect seriously ill patients may be lower than these results 

suggest. 

experimental work on the immunization of mothers and 

babies showed that staphylococcal toxoid containing leucocidin 

reduced the number of neonatal infections, although protection 

was far from complete (Shubert k Johanovsky, 1957; Sebek, 

chubert & Johanovaky, 1958). Other workers have found that 

the antileucocidin titres in humans appeared to reflect the 

state of resistance to infection (Lack & Towers, 1962; Gladstone, 

Yudd, Hoohstein & Lenhart, 1962; Anffer, 1962). 

Chlouverakis, Griffiths and Swift (1963) found no relation between 

anti-alpha-haemolysin titre and staphylococcal infection in 

newborn infants. 	However, Smith, Goshi, Norman and Cluff (1963) 

showed that in humans the reaction to injection of alpha lysin 

was consistent with the idea that the lysin might act as a 

sensitising agent in the same manner as pollen. 

These investigations therefore indicate the importance 

of potentiators, of which sutures would appear to be the most 

common in a surgical ward; and suggest that leucocidin and 

perhaps alpha-haemolysin are important in the initiation of 

infection. 
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Epidemiology of human infections. 	?ew of the 

strains brought into hospital by patients are capatle of 

causing much cross—infection and much of the disease is caused 

by a few strains (Shooter et al., 1958), usually of certain 

phage—types and resistant to 2 or more antibiotics. 	It is 

of course difficult to distinguish between communicability and 

virulence. 	It seems likely, however, that resistance to 

antibiotics, for example may contribute more to communicability 

than to virulence. 

In regard to virulence, examination of clinical 

material has demona.strated that, although some of the strains 

may produce, say, alpha lysin only very weakly (Lack, 1956), in 

general strains isolated from lesions possess more enzymes or 

elaborate more toxins that do strains from carrier sites. 

Coagulase and alpha haemolysin appear to be the most important; 

the importance of leucocidin is difficult to judge owing to the 

leucocidal action of the delta lysin (schwabacher et al., 1945: 

idek t4 Levy, 1950; Anderson, 1956; Hinton 	Orr, 1957; 

Knizhnikov & Kasatkina, 1957; Brown, 1960. 

Infection in animals. 	1:;pidemiology of human infections 

suffers from the disadvantage that the 'virulence' of staphylococci 

from non—lesion sources may be underestimated. 	-sihilst it is 

possibly rare for staphylococci from septic lesions to be those 
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of minimal virulence (they may be such if the patient is severely 

debilitated or is on massive doses of steroids), it is quite 

common to isolate a virulent staphylococcus from a carrier site 

where it is not causing clinical damage. 	There is thus the 

need to compare the characteristics of strains given equal 

opportunity to cause disease and animal experimentation permits 

this. 	It must be borne in mind, however, that this approach 

will ignore any characteristics of communicability which the 

strain noseessee and also that the results obtained in animals 

may not be applicable to man. 

The le_esons learned from this work, however, have 

been very like those learned from a study of human infections. 

Some factors can be absent without apparently influencing virulence 

(Kapral & Li, 1960; Alami 	Kelly, 1960) although it should be 

emphasised that these studies have usually been carried out on 

mutants from a parent strain especially picked for its virulence. 

In surveys of strains the additive effect of different characters 

has been noticed, those strains producing the most enzymes being, 

in general, the most virulent (Smith, Hale 4 :smith, 1947; Marks 

&. Vaughan, 1950; Felbie & Simon, 1952; Lack 	ailling, 1954; 

Howard, 1954; Johanoveky, 1956; Coutinho 	Nutini, 1963). 

Both in this group and in those relating to human infections 

there is the possibility that production of a toxin in vitro  
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may not be the same as that in vivo (Gladstone & Glencross, 1960; 

Gellenbeck, 1962; 	eining & Kennedy, 1963; Foster, 1963). 

Immunization against some particular Product of the 

staphylococcus has been shown to protect the animal against 

challenge with strains having this product as the main virulence 

factor. 	These products have included the alpha haemolysin 

(e.g. Lambert, 1960; Lithander, 1961; Paubler, ally, ruddy 

1963) capsular material (Vorse, 1960, 1962; Fisher, Oevlin 

;fa-landson, 1963) and coagulase (Poake, 1956; Lominski et al., 1962). 

Potentiators have been shown greatly to reduce the dose 

of cocci needed to set up infection (e.g. James tc racLeod, 1961). 

Finally there remain the in vitro tests for virulence 

factors. 	Yany of these tests do no more than help to delineate 

the species Staphylococcus aureus; for example, there is the 

very strong correlation between desoxyribonuclease and coagulase 

production. 	Some of the tests, such as resistance to mercury 

salts, indicate the strains likely to be resistant to antibiotics 

and may be useful as indicators of potentially pathogenic strains. 

In general greater biochemical activity appears to be exhibited 

by the virulent strains (e.g. Vrynsky et al., 1962) and it is 

perhaps this greater activity which enables the staphylococcus 

to utilise new metabolic pathways when the usual ones are blocked 

by some antibacterial agent. 
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Thus we might expect to find that those staphylococci 

which. were 'epidemic' for man or 'virulent' for animals were 

those which possesse:1 a battery of toxins and enzymes or 

were capable of mutating easily to meet changed conditions. 

some of them may possess very little of one particular agent 

but may compensate by abundant production of others. 

THE EFFECT OF DESSICATION ON INFCTIVITT  

It has been sugrested that the dried organisms found 

in the hospital environment are less capable of causing disease 

than those derived directly from a carrier. 	If this were so, 

environmental bacteria would be less important in considerations 

of cross-infection than those derived directly from a lesion or 

carrier site of a patient. 

Staphylococci isolated on laboratory media from patients 

and from the environment by Laurell and Toth-Gyulai (1961) and 

then injected into animals gave no evidence of loss of virulence 

on the part of the environmental cocci. 	However, this does not 

answer the question asked in this thesis - 'are dried staphylococci 

an capable of causing disease as 'fresh' cocci?' 

Dessication of strain Wood 46 on glass tubing (Yaltman, 

Orr ,a Hinton, 1960) markedly reduced not only the number of 

viable bacteria but also the ability of the remaining bacteria 

o 	 - to survive at 7 c in aistilled water, saline and broth as 
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compared with fresh cultures. 	Correlated with this loss of 

viability and apparent damage to the cells which did survive, 

was an extended lag phase when the dried cocci were inoculated 

into broth, the extension being proportional to the length of 

time of drying. 	The dries organisms also required a longer 

time to coagulate human plasma in the tube coagulase test and 

survived less well in pooled human plasma than did fresh growths. 

The dried organisms were of course eluted from the glass but 

were not permitted to multiply before making the tests. 

?resh and dried preparations of staphylococci were 

compared for virulence in mice by intramuscular, intravenous 

and intracerebral challenge by Hinton, tIltman and Orr 0960. 

It appeared that the dried organisms were, viable unit for 

viable unit, less infective than fresh organisms. 	These authors 

do not mention the effect that clump-size, that is the number 

of viable cocci in a viable unit, might have on the virulence 

of the organism. 	It might be that in a freshgrowth of 

staphylococci each viable unit contains many more viable cocci 

than is the case with the dried cocci. 

However, thin cannot be used to explain all the 

observations made by Yaltman and his colleagues. 	The initial 

period of drying might be expected to have reduced the viable 

units to only one live coccus each (this will have occurred when 
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The effect of drying on the coagulase activity of  >taphylococcus  

aureus. 

)ry storage 
age (days) 

Initial viable 
count per ml. 

Clotting time 
(mins.) 

0 

2 

2.3 x 107 

2.0 x 107  

60 

120 

9 3.3 x 107  145 
12 3.7 x 107  185 
15 2'4 x 107 280 
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the viable count has dropped by 90 ) and after this period the 

count would depend only on the viable count. 	Valtman's data 

however shows a progressive increase in the time needed, for 

example, to clot plasma even when the same viable count was 

used. 	?he following table taken from . altman, Orr and Hinton 

may serve to illustrate this. 

Thus the initial increase in clotting time might be 

explained on the basis of a decrease in clump—size but the 

subsequent increases can not. 	Some decrease in the activity 

of the staphylococci had occurred. 

Using sutures inoculated with broth culture of one 

strain of staphylococcus to set up subcutaneous lesions in 

guineapigs, Taylor et al., (1962) found that sepsis occurred 

in 50- of trials when 50 fresh cocci were introduced. 
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"hen the sutures were dried for 4 hours after being inoculated 

with culture, no decrease in the ability to cause sepsis was 

observed but drying for longer periods decreased the number of 

lesions produced. 	The effect could be overcome by increasing 

the inoculum on the sutures in a ratio proportional to the 

drying time. 	Taylor et al., felt that this was probably due 

to a reduction in the viable count of staphylococci but pointed 

out that the same effect might be obtained if a larger number 

of cocci was needed to overcome a drop in 'virulence' occasioned 

by dessication. 

etaphylococci which had been dried on cotton threads 

for 2 weeks and then inserted under the skin of rabbits produced 

abscesses but similar sterile threads did not (iobertson, 195b). 

Robertson makes no mention of the dose of staphylococci inoculated 

however; he records that Colbeck (see also Colbeck, 1960) had 

rubbed the culture from one of these threads into a scarified 

area of skin and had Aeveloped a furuncle. 	Some years before, 

Colbeck had developed a cellulitis of the fingers after handling 

a tube in which cocci had been drying for 5 years. 	Again no 

indication of dose was given but these incidents do indicate 

that dried cocci are capable of causing disease in humans. 

”cOade and Bail (1963) found that by careful pairing 

of lengths of contaminated suture material it was possible to 

estimate the dose of dried cocci inserted under the skin of a 
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mouse. 	Preliminary experiments with a type 80/81 staphylococcus 

isolated from a patient, showed that virulence, as measured by 

the production of alscesses, fell only with the dose of cocci 

on the suture. 	There was a sharp drop in the infection rate 

as the dose fell, however, but although the data given in the 

paper is limited it seems that any difference in the virulence 

of dried cocci must be very small. 

Dessication and storage was found not to affect the ID 

of staphylococci tested by :“)untree (1963a); the infectivity, 

measured by the production of suture abscesses in mice, fell 

only in relation to the viable count of cocci inserted on the 

suture. 	':iountree (1963b) also found differences in the survival 

on drying of various strains. 	:trains which might, on the basis 

of phage type be considered epidemic for man (e.g. 80/81) were 

found to survive drying well and dountree concluded that the 

differences in the death rate on drying were such as to rive the 

'epidemic' strains an ecological advantage over the non—epidemic 

strains. 

Aimmary  

In those tests in which the staphylococci have been 

rehydrated and then injected into the animal, there appears 

to be a drop in the 'virulence' as measured by the ability to 

infect the host. 	However, in tests in which the cocci have 
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provided a potentiator of infection, no drop in virulence has 

been observed. 	iifferencee in survival rates appear to exist 

and may give an ecological advantage to 'epidemic' strains. 

FACTORS Ali'PECTING THE PRODUCTION OF LESICN  

There are a number of host and. environmental factors 

which affect the production of disease. 	Ame of these factors 

have been investigated in the experimental work which forms 

the second part of this thesis and a discussion of them is 

relevant here (for reviews see, for example, Kass (lc :'inland, 

1953; AperE, 1956; ?lair, 1958). 

The effect of washing the inoculurn. 	It might be 

supposed that when bacterial cultures are injected into animals 

by any route, the presence of preformed toxin in the menstruum 

might affect the outcome of infection. 	This can be controlled 

by using inocula which have been washed free of any toxin 

although this might damage the bacteria. 	Johnson, Cluff and 

c:oshi (1961) could find no difference between 'washed' and 

'unwashed' staphylococci however and elbie and Simon (1952) 

could find no preformed alpha toxin in 24 hour broth cultures. 

Wane, A' ilea and Niven (1948) reported that skin infection in 

rabbits was produced by the growth of staphylococci rather than 

by any preformed material. 

66 
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The use of antibiotics. 	Antibiotics have been used 

to demonstrate that the formation of skin lesions in animals 

was oreventable, except when very large numbers of cocci were 

used, for up to 6 hours after challenge (F:vans, riles te Niven, 

1948; Lambert, 196C). 

Dineen (1961, 1962) found the optimum time for the 

administration of antibiotics in mice infected intravenously 

with large doses of staphylococci or klebsiella to vary for the 

different antibiotic/bacterial mixtures. 	He found, for example, 

that 4 mgm. of streptomycin given 1 hour after challenge with 

staphylococci was as effective as continued therapy with this 

antibiotic; for methicillin and staphylococci the optimum time 

was 2 hours after infection. 

The effect of adrenaline on infection. 	Investigation 

of the effect of adrenaline on skin infections in guineapigs and 

rabbits sYlowed that doses as low as 2 micrograms markedly 

increased the size of the lesions produced on intradermal 

inoculation of several species of bacteria (',vans, 	Niven, 

1948). 	The potentiation only occurred however if the adrenaline 

was given within 2 hours of challenge and its action appeared to 

be to assist the bacteria to establish themselves. 

s has been discussed earlier, the sresence of a 

suture in the wound also markedly lowers the dose needed to 
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must remain in position. 

These investigations all point to e critical period 

in the production of an infection. 	During the first few hours 

after inoculation the staphylococci appear to le particularly 

vulnerable to attack, either by the body's defences or by 

antibiotics. 	Any factor which protects the staphylococcus 

durim7 this period potentiates infection. 

"tudies on inflammation. 	A long series of studies 

on inflammation was undertaken by renkin (1929, 1930a, b, 

1931a, b, c, 1932, 1933; :enkin 	'enkin, 1930). 	'hen 

inflammation of the skin has occurre, substances such as 

trypan blue, iron comnounds and foreign proteins such as horse 

serum accumulate in the inflamed tissue to a greater extent than 

in the surrounding tissue. 

Then staphylococci were used to produce the inflammation, 

tryean blue injected as early as 1 hour after challenge accumulated 

at the site of injection of the cocci, but when streptococci were 

used, fixation of the dye did not take place :or up to 30 hours 

after challenge. 	7enkin suggested that a network of fibrin was 

laid down in the lymphatic ducts of the inflamed area; this 

might be a role for coagulase. 	Venkin's work has been confirmed 

in some respects and extended by 	and co—workers, and by 
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Johnson and co-workers (,iles Re Miles, 1943, 1958; files, 

tiles & forks, 1957; '''.urke Rc Miles, 1958; Johnson, Cluff e 

Coshi, 1961; Goshi, Cluff, Johnson esc Conti, 1961; Coshi, 

Cluff 	Johnson, 1961). 	Miles et al., demonstrated that 

'fixation' of the dye in the tissue was due to increased 

permeability rather than to blockaCe of the ducts by fibrin; 

they found that when either staphylococci or streptococci were 

injected no actual blockage of the channels was demonstrable 

for 5 hours after infection. 	The 'fixation' of dye was due to 

adsorption on to inflammatory protein or because the lymphatic 

drainage was quantitatively inadequate. 	It would appear that 

lymphatic occlusion is of little value in confining the infection, 

at least in the early stages, for staphylococci become widely 

spread throughout the tissue although inflammation occurs only 

at the site of injection (Young, 1954). 	!files has supf.-ested 

that distribution of the organisms through the tissue probably 

enables the body to eliminate them more easily and the potentiating 

effect of adrenaline and of sutures is perhaps due to the fact that 

the bacteria are confined in a greater concentration in one spot. 

odification of the reticulo-endothelial system. 	any 

substances, such as bacterial lipopolyeaccharide (for a review see 

Shilo, 1959) or simple lipids (Stuart et al., 1960) may have an 

effect on the reticulo-endothelial system 	There are 
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numerous papers on this subject, but of interest in connection 

with the experimental work of this thesis is the work of 

Shilo (1962). 	Intravenous lipopolysaccharide given 24 hours 

prior to challenge increased the resistance of levan treated 

rabbits to necrosis following intradermal injections of 

staphylococci. 	ite enhanced resistance lasted as much as 

7 days; the effect of the levan was to prevent diapedesis and 

the injection of lipopolysaccharide appeared to inhibit the action 

of the levan. 

thyl stsarate and glycerol trioleate apparently 

specifically depress or stimulate the phagocytes of the R.E.S. 

( Auart et al., 1960) and mice treated with these substances 

showed a de=creased or enhanced resistance to intravenous infection 

with pneumococci. 	The use of these substances appears to offer 

a reliable means of altering the R.E.S. without affecting other 

tissue (Cooper & Stuart, 1962; Stuart & Cooper, 1962). 

Other factors affecting the outcome of infection  

There are a considerable number of factors external 

to the experiment which may affect the results. 	-except for 

the sex of the mice usei$ these have been kept constant throughout 

the following experiments, but a brief review may not be out of 

place. 

:Arain of animal. 	Differences between strains of 

the same species of animal may exist; C57 mice have been found 
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to be more resistant to intravenous infection with large doses 

of staphylococci than either APO or Swiss No.1 mice (Gorrill, 

1951), but no difference was found by D. D. Smith (1962) between 

W—Swiss and oorton mice. 	)ifferences in the gut flora appear 

to account for the greater susceptibility to infection of NCS 

mice, maintained free of mouse pathogens, than the parent strain 

(Iubos 	Schaedler, 1960). 

Pemale mice were more susceptible to small infecting 

doses of streotococci than males although with large doses the 

difference was obliterated (Theater &. Hurst, 1961). 	The same 

was true of infection with tubercle bacilli and the difference 

was enhanced by immunization with B.C.C. (Hoyt et al., 1957). 

Diet. 	Rats fed on a protein deficient diet were 

more susceptible to infection with mouse pathogens than those 

fed on stock diet (,=iles, 1951). 	The quality as well as the 

quantity of the protein markedly influenced the resistance of 

mice to infection with staphylococci, the poorer the diet, the 

greater the susceptibility (Dubos 	Schaedler, 1958, 1959; 

,chaedler 	7ubos, 1959). 	Starvation for 30-:410 hours before 

challenge lowered the resistance of mice to infection with 

staphylococci (Smith 	1956b; Foyer & Lamensans, 1961). 

Addition of some concentrations of ethyl alcohol to 

the diet increased the susceptibility of mice to intravenous 
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challenge with staphylococci (.asz—HOckert, Vosunen 

Kohonen, 1958, 1959). 

Temperature. 	The temperature at which animals are 

housed may also affect the outcome of infection. 	'fats and mice 

infected intravenously with staphylococci were more susceptible 

to infection if cooled and it was found that penicillin was of 

little therapeutic value at low temperatures (Jones & Campbell, 

1962a and b). 

:'hen mice infected with 14ilmonel1a species were 

exposed to cold, micrococci, as secondary invaders, were recovered 

from the liver post mortem. 	The source of these organisms 

appeared to be the upper respiratory tract and the effect of 

cold seemed to be to lower resistance to infection with these 

organisms .(Previte 	Perry, 1962; 	erry, 1962, 1963). 

Time. 	?inally, it may be important to carry out all 

experiments at the same time of day since circadian rhythms have 

been demonstrate.: in the production of tumours, in mitosis, 

body temperature and the output of steroids (see for example 

7alberg, 1963). 

RiSUA 

The following sections of this thesis describe 

experimental work leading to a technique whereby subcutaneous 

lesions can be produced in mice using small doses of staphylococci. 
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The uses of the method are explored in an attempt to distinguish 

between the virulence of a group of staphylococci isolated during 

studies of oross—infection; to determine whether virulence of 

the staphylococci is affected by dessication; and to explore 

;::orate of the factors which affect the outcome of experimental 

infections in mice. 

'hat then are the factors which have emerged from a 

study of the literature and which should be borne in mind when 

considering the experimental work? 

Firstly, that the route by which the staphylococci are 

introduced may affect not only the observed result of infection, 

but also which factors are responsible for the manifestations 

of 'virulence'. 	This being so, it seems essential to chose 

an experimental technique which is likely to have some resemblance 

to infection in man. -.;Pr this purpose, the surface lesions 

produced by scraping the skin or by introducing sutures would 

seem to be the most convenient. 

secondly, that the production of a septic lesion by 

staphylococci probably depends on more than one factor; we 

cannot expect to find a simple relation between disease and 

some particular toxin. 	T?urther that, in a search for the factors 

related to virulence, it is essential to remember that production 

of a particular enzyme or toxin in vitro may not be paralleled 



in vivo. 	since the major interest lies in distinguishing 

between strains within the species ',7,taphylococcus aureue, 

emphasis should probably be placed on the factors which vary 

qualitatively or quantitatively between the strains rather 

taan_ on those which help to delineate the species  :*t. aureus. 

Anally, that care must be taken to provide as 

homogeneous a group of hosts as possible, since variation 

either of the host or of the conditions under which the host 

is kept can have a very great influence in the result of 

infection. 

74 
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EXPERIMENTAL WORK 

As has been described, previous workers have 

experienced some difficulty in devising a test in vitro or 

in vivo which correlated with the differences in virulence 

of different strains of staphylococci. 

The response obtained in animals to intravenous and 

intraperitoneal injection of staphylococci varies greatly; 

large doses of staphylococci are needed to cause death of the 

animals and lower doses may have no apparent effect. 	Experiments 

showed that the ?right—Fleming Institute strain of mice was no 

more susceptible to infection with staphylococci by these routes 

than those used by other workers (Table 1). 

Two techniques used by other workers and discussed 

earlier in this thesis appeared to be more promising; these 

were the use of cotton or silk sutures sewn into the skin and 

the surface lesion technique described by Poster and Hutt (1960). 

Investigations carried out on these lines are reported in the 

following pages. 	A full account of the technical methods, 

materials and the media used are given in Appendix 2. 

EXPERIMENTS WITH LESIONS ON THE SKIN SURFACE  

Foster and Hutt (1960) produced skin lesions in man 

by scrapinf,  wvay the epithelium with a scalpel until the 



TABLE 1 	Jeath rates in W.F.I. mice infected systemically with 
staphylococci. 

        

Route of Strain infection 

	

Dose Total 	 Survivors Number of deaths at day 

	

injected, mice 	 at 3 1 	2-7 	8-20 injected 	weeks 

        

intra- Smith 8 x 107 24 20 0 0 4 
peri-
toneal 3 x 107  6 2 0 0 4 

3 x 10
6 6 0 0 0 6 

3 x 105 6 0 0 0 6 

3104 x  6 0 0 0 6 

PS 80 3 x 107  6 0 0 0 6 

3 x 106  6 0 0 0 6 

3 x 105  6 ,.., 0 0 6 

3 	104  6 0 0 0 6 

intra- Smith 6 x 107 6 0 0 1 5 
venous 6 x 106 6 0 0 1 5 

6 x 105  6 0 0 2 4 

6 x 104  6 0 0 0 6 

PS 80 2 x 107 6 0 0 0 6 

2 x 10
6 6 0 0 0 6 

2 x 105  6 0 0 0 6 

2 x 104 6 0 0 0 6 

Tood 46 1 x 107 6 1 0 0 5 

1 x 10
6 6 0 0 0 6 

1 x 105  6 0 0 0 6 

1 x 104 6 0 0 0 6 



capillary loop€ were visible. 	The staphylococcal inoculua, 

in fluid form, was placed on this lesion and the site covered 

with a cover—slip, or with the cap of a bijou bottle, held in 

place with adhesive tape. 	The method was originally used by 

aebuck and Yates (1954) to examine the action of leuoocytes 

in vivo,  for leucocytee adhere to the coverslip. 

It was felt that this method might prove useful in 

experimental infections of animals. 	It was found, however, both 

in this series of experiments and by Foster and Hutt, that if the 

dressing became loose and the lesion were allowed to dry no exudate 

formed and the organisms were difficult to recover. 	Afficulty 

was experienced in keeping the dressings on experimental animals 

and slight modifications in technique were made. 

The dressing for the lesion was made by placing a piece 

of polythene sheet about i inch square centrally on a piece of 

surgical plaster about 1 inch square. 	The polythene was kept 

in alcohol to clean and sterilize it before the dressing was 

made up. 

lesion about inch square was scraped on the 

animal's flank. about 1 hour after the area had been depilated 

and washed clean. 	The inoculum, about 1/100 ml. of fluid, was 

placed on the lesion using a standard wire loop and the area 
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covered with a dressing. 	Six individual lesions were made on 

each guineapig; each was covered with a small dressing and the 

whole covered with a lint pad held in place with 3" wide 

adhesive tape. 	This was usually enough to keep the dressing 

intact for un to 48 hours. 	Only one lesion was made on each 

mouse, but it proved extremely difficult to keep the dressing 

in place and small capes were made of a tube of perforated zinc 

(4" perforations) about 9 inches long and li inches in diameter. 

A>od and water were introduced into these cages which, whilst 

giving the mouse freedom to run up and down did riot permit it 

to tear at the dressing. 	The mice were retained in these cages 

for a maximum of 24 hours. 

Organisms used in the study  

Staphylococcus aureus 	PS 80, Warren, Farrow. 

!dcrococci 	NCTC 7944, Harrod. 

;38cherichia coli 	56. 

Streptococcus pyogenes 	iiCTC 8194. 

'or a description of these organisms see Appendix 2. 

All the organisms except the streptococci were grown 

in nutrient broth and viable counts made on serum agar. 	The 

streptococci were grown in Todd—Hewitt broth and viable counts 

made on blood agar. 



'estimation of clump—size  

The clump—size (the number of viable cells in each 

clump or chain) was determined by drying a 10
-1 

dilution of 

the broth culture on a slide and counting the number of cells 

in each clump (see Appendix 2). 

Examination of the exudates  

The dressings were transferred serially from slide 

to slide, leaving a film of exudate on each slide. 	The majority 

of the slides were strained with Gram's stain in a search for 

organisms but some of the slides were stained with Leishman's 

stain to facilitate recognition of the cells. 

jJramination of the lesions  

The lesions were normally examined after 24 hours. 

The dressing was removed and stuck down on a labelled slide and 

a swab taken from the lesion, all the exudate being removed. 

After swabbing, the flanks of the guineapigs were cleaned with 

alcohol. 	No late infections were seen and the lesions healed 

within 10 days; within 3 weeks the fur had grown again and the 

animal could be re-used. 	The mice were killed after each 

experiment and in addition to the lesion, the heart blood was 

sampled using a swab. 	The kidneys were examined by homogenizing 

them in a M.S.E. blendor with saline and inoculating the suspension 

on agar; any other apparently abnormal organs were also examined. 



Staphylococci 

PS 8o 35-430 1.5 - 2.2 10 7 

Vicrococci 

Harrod 161 2.2 5 4 

NCTC 7944 41-52 1.7 - 1.9 8 0 

organism 	Dose range Wean number Number of Number of 
in viable 	of cells per lesions 	lesions from 
units 	viable unit 	inoculateFi which organisms 

were recovered 

Staphylococci 

PS 80 	84-525 1.7 - 2.2 36 32 

Farrow 	161-266 1.7 - 1.9 17 14 

'larren 	353-392 1.7 - 1.8 18 16 

Vicrococci 

Harrod 	71-93 2.3 - 2.6 12 1 

NCTC 7944 	114-129 1.6 12 3 

Escherichia cola 

E 56 	187-23.9 1.05 11 5 

Streptococci 

NCTC 8194 	20-121 7.2 - 8.6 le 

TABLE 3 	'ice. 

Recovery of organisms from surface lesions  

TABLE 2 	Ouineapigs. 
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RESULTS  

Six guineapigs each had 6 lesions on which serial 

10—fold dilutions of staphylococcus PS 80 were inoculated. 

The inoculum ranged from about 2 x 105 viable units to about 

2 viable units. 	seen the lesions were examined a grey exudate 

was generally found to be present which was composed of blood 

cells, bacteria and debris, but no other tissue response was 

ever seen. 	do difference could be 'detected in the response to 

the various inocula and the organisms were generally recovered 

from all lesions except those receiving the smallest inoculum; 

when the same procedure was carried out using sterile saline as 

the inoculum, lesions of the same appearance developed. 

It has been reported that repeated infection with 

staphylococci may lead to the development of hypersensitivity 

but when the test was repeated 4 times on all 6 guineapigs at 

intervals of 6 weeks, no change in response was seen. 

In experiments with organisms other than staphylococcus 

PS 8o, the lesions were inoculated with between 100 and 400 viable 

units (Table 2). 	Recovery of staphylococci from the lesions was 

good, but that of the conform organisms was erratic; in 5 

samples where the coliforms were recovered, there was a heavy 

growth indicating that multiplication had taken place despite 

the presence of leucocytes in the pus. 	.A.crococci were 
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recovered in only a few instances but no streptococci were 

ever isolated. from the lesions. 

Similar experiments were carried out on mice (Table 3). 

There was always lees exudate from the mouse lesions but the 

results were basically similar to those obtained using guineapigs. 

xamination of exudates at times other than 24 hours  

The above results refer to the appearance of the 

lesions at 24 hours. 

Twenty—four lesions were made on guineapigs and. 

inoculated. with 2 x 102 viable units of PS 80. 	Twelve of the 

lesions were uncovered and examined immediately and. staphylococci 

were recovered from each in small numbers (mean of 5.5 viable 

units from each lesion on the agar plate). 	The scanty exudate 

at this time consisted almost entirely of erythrocytes. 

The other twelve lesions were examined after a period 

of 4.5 hours at which time considerale multiplication of the 

organisms had taken place; the exudate was still about 64% 

erythrocytes. 

3xudate from lesions inoculated with sterile saline 

showed a very similar picture, at 4 hours there were 

erythrocytes and at 24 hours only about 7 erythrocytes. 

If the lesions were left for more than 24 hours 

before examination, the exudate began to dry up and the 
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Figure 1 Leucocytes and cocci in exudates from surface lesions. 
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organisms were difficult to recover. 	This may have been due 

to mechanical trapping in the scab. 

Examination of the exudate for organisms  

Films of all exudates were stained by ;',ram's method. 

There were in all 167 lesions inoculated with P'3 80 and from 

which this organism was recovered. by cultural methods; Gram 

positive cocci were seen in films of 79 (47 .) of these. 

In many exudates the cocci appeared to be unassociated 

with the leucocytes and counts of cocci in each unit (clump 

size) gave a distribution very similar to that of the broth 

culture with which the lesion had been inoculated (:Figure 1). 

The clump size was of the order of 2 cocci per clump. 	In some 

of the films however cocci were seen which were closely associated 

with the leucocytes. 	;xamples were found of every stage in an 

apparent process of ingestion of the cocci by a leucocyte, 

multiplication of the cocci, death of the leucocyte and the 

formation of a 'colony' of cocci within the .leucocyte (Zigure 1). 

Discussion  

The results presented here bear a very close 

resemblance to those described by Foster and Hutt in their 

experiments on humans. 	A seropurulent exudate was found on 

all the lesions and no differences could be detected following 



the inoculation of staphylococci, micrococci or saline. 

The behaviour of the experimental animals necessitated the 

use of more adhesive tape than in the experiments conducted. 

by Foster and Nutt and reaction to this may have masked the 

erythema which these authors noticed. when staphylococci were 

inoculated. 	The finding that most of the organisms were 

extracellular was also reported by ;ooster and qutt. 

Conclusion  

Aaese experiments demonstrate the ability of organisms 

to multiply on skin lesions and to survive in a cellular exudate. 

!iowever, no difference in the appearance of the lesions could 

be detected when various strains of micro—organisms were used 

or when the lesions were inoculated with saline, nor were there 

any marked differences in the survival of the staphylococci in 

the exudates. 	This method could, therefore, not be used as a 

measure of pathogenicity. 

THE PRODUCTION OF SUBCUTANEOUS LESIONS  

The technique used by 2oster and Hutt had proved to 

be unsatisfactory for determining pathogenicity and it appeared 

pointless to search for differences in virulence by this method. 

The use of contaminated sutures stitched under the 

skin of the animal seemed to be worth investigation. 	The role 



of the suture appeared to be to act as a mechanical depot for 

the staphylococci or as a mechanical irritation, or both. 

The use of sutures has two disadvantages however; one is 

that many of the sutures may be bitten or scratched out by the 

animal unless the area is covered or the ends of the sutures 

sealed to the skin; the second is that difficulty is sometimes 

experienced in assessing the dose of bacteria inserted on the 

suture, especially if, for example, the suture is cut off at 

the skin surface. 

Cotton dust had proved a satisfactory substrate on which 

to study the survival of staphylococci on drying (Noble, 1961; 

Sc. thesis), since a suspension of the dust in a fluid such 

as saline could be pipette as though there were no solid phase 

present. 	It seemed possible that cotton dust might prove as 

satisfactory a depot for the staphylococci as the cotton sutures 

and, if it were introduced under the skin, it might be difficult 

for the animal to remove9thus eliminating the need for a dressing 

over the lesion site. 	It was fouivi that if the cotton dust 

were pushed into the lumen of a transfusion needle and the needle 

introduced under the skin of a mouse, the cotton could be 

expelled by means of a wire plunger. 	The cotton dust compacted 

in the needle to a plug which remained intact in the tissue but 

Croke up in troth or saline to give a suspension. 	Staphylococci 



Ealls mommmem- 

Figure 2 Needles and plungers used to inoculate cotton dust. 
Two cotton plugs are shown ( normal size). 
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introduced under the skin of mice in this way gave rise to 

septic lesions and so this method was adopted and explored. 

T!aterials and methods  

The needles used were No. 16 gauge transfusion needles 

fitted with a wire plunger to expel the cotton dust (Figure 2). 

The plunger was marked so that it could be withdrawn a given 

distance (0.5 cm.) up the barrel of the needle; the needle was 

then filled by packing loose cotton dust into the space in the 

lumen. of the needle between the point and the plunger. 	In this 

way about 2.5 rnpm. of cotton dust was used for each plug. 

The cotton was C4 white cotton flock which is pure 

cellulose and corresponds to the cotton in bleached cotton fabric. 

The needle can be charged either with contaminated 

cotton dust on which bacteria have been dried or with clean 

cotton dust. 	'leen clean dust was used, the inoculum was picked 

up on a standard loop and. touched against the cotton in the needle. 

Capillary forces rapidly drew the fluid culture into the cotton 

plug. 	The number of viable cocci on the cotton plug was determined 

either by suspending the slut , in saline and inoculating the 

suspension on agar or by inoculating a standard loopful of a 

suitable suspension of staphylococci directly on agar. 

Yale and female mice of the A.ight—Aeming Institute 

strain weighing 20-25 grams and 9 to 12 weeks old were used in 



89 

the tests. 	The mice were housed in groups of up to 24, in 

cses 200 square inches in area and were fed 'Diet 18' and 

water without restriction throughout the tests. The back 

of each ?nouse was clipped and depilated eith a barium chloride 

powder 1 to 2 hours before challenge. 	:then the mice became 

dry arain after the depilation they were inoculated with the 

cotton plug; the skin of the back was pinched up between the 

fingers, the needle inserted /t the base of the folJ and the 

plug expelled. 

o difference in reaction was detected. 1-etween the 

sexes, hut within any one test mice of one eex only were used. 

'Zecords were kept of the sex of pairs of mice used in a survey 

of virulence in which 232 starhylococcel cultures were selected 

at random and inoculated subcutaneously. 	The results showed 

that the male mice gave a mean score of 8.96 marks and the 

females 8.41 marks. 	This difference is not significant (10% > P > 5%, 

t • 1.71, nmmlea 1C4 pairs, nfemale a 128 pairs). 

The results were read daily, although a reaction was 

generally nreeent at 20, hours. 

tfethod of scoring lesion severity  

The lesions were scored 0, 1, 2 or 3 for no rec .ction, 

slight, moderate or severe reaction. 	'No reaction' was defined 

as complete absence of pus visible at the skin surface and no 



Figure 3 Severe lesion showing white zone 

Figure 4 Slight lesion 
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erythema except in the akin immediately above the cotton plug. 

A slight reaction was defined as minimal pus immediately above 

the plug (this usually showed as a 'head') and erythema in the 

skin around the plug. 	A moderate reaction was one in which 	the 

pus was accompanied by a white zone or area of necrosis not more 

than A. cm. in diameter and a severe reaction as one in which the 

diameter of this zone was greater than i cm. 	The white zone 

became necrotic after 2 to 4 days. 

Nost lesions tended to he circular or oval, but 

occasional difficulty was encountered in assessing the score 

of asymmetric lesions. 	An example of a severe and a slifht 

reaction are shown in Agures 3 and 4. 	In the text the results 

are usually quoted as the sum of scores for the first two days 

following challenge; thus a mouse which showed a moderate 

reaction at day 1 and a severe reaction at day 2 would score 

2 + 3 . 5 marks. 	The results are usually quoted as the sum 

for 6 or 12 mice. 

A series of investigations was undertaken to determine 

the general characteristics of the lesions produced by the 

subcutaneous inoculation of cotton dust containing staphylococci. 
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Characteristics of the lesions: 

The effect of inoculating sterile cotton dust  

Twelve mice were inoculated with sterile cotton dust. 

One showed a mild erythematous reaction at 2 days. 	Nine showed 

a mild reaction at 4 days and all shower a mild reaction at 7 days; 

none ever showed evidence of the white zone. 	After 15 days the 

mice were killed and the cotton and any pus present excised. 

All of the mice had retained the cotton and 3 of the twelve had 

a little pus around the plug, the other 9 showed no macroscopic 

reaction other than thickening of the connective tissue in which 

the plugs were situated. 	One of the 3 with pus yielded conform 

organisms on culture but the other 11 were sterile. 

As will be seen from the following passages, the 

reaction to the introduction of even small numbers of some 

micro—organisms was very marked so the reaction to the cotton 

alone has been discounted in the following experiments. 

The effect of the presence of cotton dust on the severity of lesions  

Froth cultures of staphylococci were inoculated 

subcutaneously with and without cotton dust. 	Cultures without 

cotton dust were injected with a number 20 gauge neede, 0.05 ml. 

being introduced under the skin. 	The lesions produced in the 

absence of cotton dust were, dose for dose, much less severe 

than those produced in the presence of cotton, except at the 
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Figure 5 Comparison of lesion scores obtained when staphylococcus 
PS 80 was injected with and without cotton dust. 
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highest dose levels. 	The experimental results are given in 

Appendix 1 Table 1, and the results for staphylococcus PS 80 

are given in Agure 5. 	The regression slope of 'log.lesion 

score' on 'lo -.dose' was calculated' and comparison of the 

regression lines confirmed' that they were significantly different 

(e.g. PS 80, P < 0.1%, t m 6.5, df e 21). 	It may thus be 

concluded that the presence of the cotton dust exerted a 

marked influence on the lesions formed by the subcutaneous 

introduction of staphylococci. 

Although there was almost no reaction to the introduction 

of micrococci alone (Appendix 1 Table 2), lesions were produced by 

micrococci in cotton dust.- The lesions were of a different 

nature from those produced by staphylococci however; only rarely 

did pus appear at the surface of the lesion within 2 to 4 days as 

was the case with staphylococci and no white zone or necrosis was 

seen. 	The lesions remained unbroken for as much as 14 days and 

gradually increased in size; figure 6 illustrates such a lesion 

at 10 days. 	nareover, almost all the lesions were identical 

except those produced by the lowest doses which tended to be small. 

When the strict criteria used in assessing the staphylococcal 

lesions were applied to the micrococcus lesions, the result had 

always to he classed as 'no reaction' or 'slight reaction' 

(scoring 0 or 1 mark). 	Alen excised, or finally ruptured 
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Figure 6 	'Micrococcus' lesion 10 days after inoculation 
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Figure 7  Comparison of the growth rates of staphylococcus 
PS 80 in vivo and in vitro. 
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spontaneously, these large micrococcus lesions were full of 

pus which consisted largely of cellular debris from which the 

micrococcus could sometimes be recovered by culture. 	The 

lesions appeared to be the result of the accumulation of debris 

resulting from the growth of organisms and from the infiltration 

of leucocytes into the lesion site. 

irowth of staphylococci in the lesions  

Cotton plugs containing about ICC viable units of 

staphylococcus PS 80 were inoculated under the skin of a large 

group of mice. 	At intervals after inoculation, pairs of mice 

selected haphazardly were killed and the cotton and any pus 

present excised, homogenised in an M.S.E. blendor with 3 ml. of 

saline and dilutions of the saline suspension inoculated onto 

agar. 	The results are shown in Figure 7 and Appendix 1 

Table 3. 	The 0 hour counts were made after killing the 

animal directly the plug had been inserted; 	the low counts 

for the first few hours probably reflect the difficulty of 

recovering organisms from the cotton. 	It can be seen that a 

very rapid increase in the numbers of organisms recovered from 

the lesions occurred after the first 4 - 5 hours. 

Similar experiments with the Type 52 staphylococcus 

also showed an increase in the viable count after 4 - 5 hours. 
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Young (1954) reported that staphylococci injected 

into the cheek-pouch of hamsters rapidly became dispersed over 

a large area, and it seemed very likely that bacteria injected 

under the skin of the mouse would also be dispersed in thp came 

manner. 	It was found that 0.05 ml. volumes of Indian ink 

injected subcutaneously in the mice spread from an initial area 

of about 0.5 cm. diameter to about 2-3 cm. diameter in about 

2 hours. 	y contrast, when cotton plugs soaked in Indian ink 

were injected under the skin, very little ink spread into the 

surrounding tissue, although some remained in the track made by 

the transfusion needle. 	It is tempting' to suppose that the 

bacteria also remained in or around the plug and did not become 

dispersed through the tissue. 	In view of the wide dispersal 

of material injected without cotton duet it did not seem worth 

trying to follow the growth rate of staphylococci injected under 

the skin by bacteriological methods. 	Other methods, such as the 

use of radioactively labelled bacteria could however be used to 

follow dispersal of the bacteria (see for example Fisher & 

1963). 

Invasion of the plug by leucocytes  

Cotton plugs inoculated with about 2 x 1('
6 

viable units 

of staphylococcus PS 80 were introduced under the skin of mice and 

pairs of mice selected haphazardly were killed at hourly intervals. 
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The plugs were dissected out, emulsified in saline and. a film 

of the suspension stained with Leishman's stain. 

Only cotton fibres and cocci were seen for the first 

2 hours, but at 3 hours a few leucocytes were seen on the film 

and the numbers increased thereafter. 	At 4 hours a few 

leucocytes were seen which appeared. to have ingested the cocci 

but at 5 and 6 hours a number of thelhaucocytes had the appearance 

of being loverfull' of cocci. 	.:Or example, 6,1, hours after 

infection, 26/102 leucocytes appeared to have ingested cocci 

and 5 of these appeared 'overfull'. 	This could be interpreted 

in 2 ways. 	zither these leucocytes were especially efficient 

at ingesting cocci or the cocci were multiplying inside the 

leucocytes. 	The rather ragged appearance of the leucocytes 

suggests that the latter is the most likely explanation. 

To judge from the appearance of the blood vessels of 

the subcutaneous tissues, the infected plug makes it presence 

felt in about 2 hours. 	No signs of a reaction could be seen 

on the outside of the skin until about 6 hours after an. 

infected plug had been inserted. 

Astology of the lesions  

The histology of the lesions is shown in the diagrams 

and photographs. 	A section of normal tissue is shown in 

"figure 8 A and B. 	In the mouse there is, beneath the epidermis 

and dermis, a fatty layer and then a muscular layer, the 
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Figure 8  Histology of subcutaneous lesions. 



E Abscess showing deformation of tissue 

F Edge of abscess, high power view. 

Figure 	Histology of subcutaneous lesions. 
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panniculus carnosus. 	Niftween the panniculus carnosus and the 

musculature of the body wall there is a layer of very loose 

connective tissue, and it is in this tissue that the cotton 

plug is deposited. 	Figure 8 C shows a sterile cotton plug 

in position and illustrates how the tissue is deformed by the 

presence of the plug (the mouse was killed before any reaction 

to the plug had taken place% 

After 24 hours the lesion has developed into a typical 

abscess (Agures 8 1 and E). 	The cotton plug has become walled 

off and infiltrated with leucocytes, with a resultant increase 

in size. 	The walling off and infiltration is shown in more 

detail in Figure 8 F in which the cotton fibres are clearly seen. 

lose, response curve for different strains  

Four strains of Staphylococcus aureus (PS 80, Charlton, 

food 46, Type 52) were used as standards throughout much of this 

work (see Appendix 2) and the responses obtained in the mice to 

various doses of these 4 strains have been plotted in the form 

'lesion score' against 'log.dose inoculated' (Figure 9), and also 

as 'log.lesion score' against 'log.dose inoculated' (Figure 10). 

On statistical grounds there is little to choose between the two 

transformations, the correlation coefficients being remarkably 

similar (Table 4 ). 

The standard deviations of the score about the 

regression lines were smaller for the 'log.ecore/log.dose curves' 
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Strain 	PS 80 Charlton Wood 46 	Type 52 

degrees of freedom 	9 

score/log.dose curves 

correlation co-efficient 	0.96 

standard deviation* 	14.2% 

Log.soore/log.doee curves 

correlation co-efficient 	0.89 

standard deviation* 9.3% 

5 4 8 

0.97 0.82 0.92 

7.5% 28.6% 13.8% 

0.92 0.83 0.78 

4.9% 11.7% 13.1j 

TABLE 4  Ttatistical data for dose/response curve 

  

* The standard deviation of the score about the regression line 

expressed as a percentage of the mean score. 
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than for the other series. 	(In Table 4 the standard deviations 

are shown as a percentage of the mean score in order that they 

may be compared for the two transforations0 	In addition, the 

regression lines of elog.lesion score' were rather more parallel 

than those with the other transformation and were therefore 

employed. 	Analysis of covariance showed that, when allowance 

had been made for the difference in dose, the differences in 

the scores between strains were significantly different 

(5; 	P> 	,1.3.5, nl  a3,  n2 	29). 

The use of a grading system for the lesions (slight, 

moderate and severe) has advantages over a more simple scheme 

such as 'lesion/no lesion'. 	Figure 9 shows that, although 

there is some scatter, the points conform reasonably well to 

a straight line; if, however, only lesions with the white zone 

had been considered positive, the curves would have been even 

more sigmoid than those in figure 9 (this can be seen from Table 5 i• 

riles (1955) gives a full discussion of the advantages of using 

dose/response curves over using the ID50 or LD50 
determined 

from a sigmoid curve. 

Reproducibility of lesion score  

Vice varied in degree of response to a given dose of 

bacteria (Table 5). 	This is only to be expected since not 

only will the mice themselves vary in resistance to infection, but 



TABLE 5 	Reproducibility of lesion scores in mice 

Score for the second day 

strain Inoculum 	0 	1 	2 	3 	total number 
size 	...___ 	 of mice used Number of mice showing 

this score 

PS 8o 	10
6 	0 	0 	2 	10 	12 

105 	0 	0 	1 	11 	12 

104 	0 	0 	1 	11 	12 

103 	0 	3 	9 	0 	12 

10
2 0 	10 	2 	0 	12 

10
1  0' 	12 	0 	0 	12 

10
6 
	0 	0 	2 	4 	6 

10
6 	

0 	2 	1 	3 	6 

104 	0 	2 	3 	1 	6 

10
2 	0 	5 	1 	0 	6 

Charlton 10
6 

0 	0 	2 	4 	6 

10
6 

0 	0 	3 	3 	6 

105 	0 	1 	4 	1 	6 

104 	0 	2 	4 	0 	6 

104 	0 	3 	3 	0 	6 

103 	1 	5 	0 	0 	6 

 

 

Type 52 	10
6 
	0 	6 	6 	0 

	
12 

10
6 	

0 	2 	4 	0 
	

6 

10
6 	

0 	2 	4 
	

6 

10
6 	

0 	5 	1 	0 
	

6 

104 	0 	3 	3 	0 
	

6 

10'
A 	

0 	5 	1 	0 
	

6 

104 	0 	6 	0 	0 
	

6 

10
2 	

2 	4 	0 	0 
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there will be at least a Poisson variation in the dose of 

bacteria injected. 

7ixperiments showed that the variance of viable 

counts of bacteria on the cotton plugs was greater than expected 

for a Poisson distribution. 	For a Poisson distribution the 

variance is equal to the mean of the counts and under the most 

favourable conditions used in the laboratory (inoculation of 

10 drops of a suitable dilution of staphylococci on to agar 

using the same dropping pipette) this was attained (mean of 

counts 	26.3, variance = 26.2, n 	le). 	'hen cotton plugs 

were inoculated with staphylococci and then suspended in saline 

and dilutions inoculated on to agar using a fresh dropping pipette 

for each culture, the variance was about 7 times the Poisson 

(mean - 126•11  variance . 928.5, n . 17). 	When the plugs were 

made with cotton on which staphylococci had been dried (for details 

see later) the variance was about 15 times the Poisson (mean . 111.1, 

variance 	1697, n = le). 

Greater precision in experiments can always be obtained 

by the use of large numbers of animals but the defects arieing 

from the use of smaller numbers of animals can be offset by 

statistical methods of analysis and by pooling the results of 

a number of experiments. 	Although generally 6 animals were used 

to determine each piece of information, in the section of this 
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thesis dealing with a comparison of the virulence of a number 

of strains of staphylococci, only 2 mice were infected with each 

staphylococcus. 	In this survey a total of 259 pairs of mice 

were inoculated and in 120 of the pairs, both mice gave the 

same result; in 82 pairs the result differed by only one mark 

and in 53 pairs it differed by 2 marks. 	Only 4 of the pairs 

gave a result which differed by 3 marks. 	The maximum difference 

which could have been obtained, in which one mouse showed a severe 

reaction on both days whilst the other showed no reaction at all, 

would have been 6 marks. 	There were a number of staphylococci 

of each strain thus giving rather more precision to the estinated 

virulence of the strain than is implied in the small numbers of 

mice used for each isolate. 

Life—history of the lesions  

Yost of the lesions produced by staphylococci were at 

a maximum within 1 to 3 days. 	Necrosis always followed the 

appearance of the white zone. 	then necrosis occurred the cotton 

plug was discharged and the lesion healed, usually within 10 

days, and the fur grew again in about 3 to 4 weeks. 	Figure 11 

shows a lesion at 14 days. 

:then a very small dose of staphylococci (10 viable units) 

or almost any dose of micrococci was introduced, the progress of 

the lesion was different. 	Little or no erythema and no necrosis 



Figure 11 Lesion healing 14 days after challenge. 
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occurred and the lesion progressed for several days before 

finally breaking down and releasing large quantities of pus. 

Figure 6 shows such a rnicrococcus lesion 10 days after challenge. 

None of the mice died from generalisation of these 

subcutaneous staphylococcal lesions. 	The staphylococci 

appeared to be confined to the lesion itself and did not spread 

through the animal's body. 	examinations were made of 270 mice 

post mortem, 192 had been injected with staphylococcus PS 80, 

48 with other staphylococci and 30 with micrococci. 	On no 

occasion was any micro—organism isolated from the kidneys and 

on only 3 occasions were staphylococci isolated from the heart 

blood. 	In view of the heavy growth from the heart blood and 

the lack of growth from the kidneys of these animals it seems 

possible that the bacteria on the heart swabs were contaminants 

from the lesion. 	However, Fisher and obson (1963) reported 

that 0.2% of staphylococci injected subcutaneously find their 

way into the blood—stream very rapidly. 

In contrast, mice infected intraperitoneally and 

intravenously with staphylococci or subcutaneously with 

streptococcus pyogenes, died of generalised infections and 

the appropriate organisms were recovered from the liver, spleen, 

heart and kidneys of all those animals that died. 
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Summary of general investigations into lesion production  

The subcutaneous inoculation of staphylococci in 

cotton dust produced a lesion that was in Many ways like a 

human boil or abscess; the lesions which in appearance most 

closely resembled human boils were those produced by small doses 

of staphylococci. 	More severe lesions were produced in the 

presence of cotton duet than in its absence; the severity of 

the lesions was also dependent on the dose of cocci inoculated. 

The presence of the cotton alone did not result in the production 

of a significant lesion at the skin surface, although a method 

similar to this has been used to study the formation of granulation 

tissue in rats (e.g. penn & Ashford, 1963). 

The histological appearance of the lesions also 

resembled that of similar human infections. 	The site of the 

lesion was walled off by a thickening of the tissue and there was 

an extensive infiltration of the area with leucocytee. 	The 

staphylococci appeared to remain localised at the site of the 

lesion. 

The fact that the response to a given dose of 

staphylococci could be reproduced provided that a group of animals 

was used, and the fact that the response to different staphylococci 

varied, suggested that this technique might provide a method by 

which differences in virulence between groups of staphylococci and 
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differences in the virulence of one strain treated in different 

ways might be investigated. 	xperiments of this nature are 

reported on in the following sections of this thesis. 

THE USE OF THE ?1OUSE TEST TO DLTINGUISH BETNEFN  

STRAINS OF STAPHYLOCCOGI  

In view of the different responeee obtained. when 

4 strains of staphylococci were injected subcutaneously with 

cotton dust, it was decided to tent a collection of strains 

obtained during studies on cross—infection. to see whether any 

differences in mouse virulence could be correlated with observed 

differences in behaviour of the strains in the wards. 	The 

strains available were those from studies carried out at 

St. Bartholomew's Hospital reported by Alliams et al., (1962) 

and Noble (1962). 	The data available for each strain included 

phage—type, antibiotic sensitivity, total number of patients 

infected nasally and the number who suffered sepsis, and counts 

of the organisms in the hospital environment. 	It was thus possible 

to classify most of the strains as 'epidemic' (causing more than 

3 lesions) or 'non—epidemic' with a fair degree of accuracy. 

A few additional strains were available from further studies at 

t. Partholomew's Hospital (I am grateful to Dr. 	Patricia Jevons 

for these strains) and from studies at 	Hospital. 
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The term 'strain' is here used to mean a staphylococcus 

of distinct phage and antibiotic sensitivity pattern which was 

present in the ward over a definable period. 	Each strain 

used in the experiments had caused an 'incident' of cross-infection 

(Pii!ure 12), in which a number of patients had become infected 

either as nasal carriers or with clinically infected lesions. 

:ach patient from whom the strain was recovered was regarded as 

yielding an 'isolate' of the strain; not more than one isolate 

from each site on each patient was included in the experiments. 

Altogether 200 'isolates' belonging to 35 different 'strains' of 

22 different 'phage-types' of staphylococci were examined. 

In addition)  a further 21 isolates from 8 strains which 

were present in the wards for at least one week without spreading 

to the other patients were examined; all of these were from 

nasal carriers and caused no sepsis. 

It should be noted that some of the isolates testedl  

particularly those recovered early in the work at ct. Partholomew's 

Hospital, had been stored for many months at room temperature 

on nutrient agar in airtight bottles, without being subcultured. 

All the isolates had)  after being recovered from the patients, 

been subcultured 3 or 4 times on artificial media. 

7:ach of the isolates used in the tests for mouse 

virulence was freeze-dried under a code number, so that the 
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source of the strain was not apparent at the time of making 

any test. 	This was important in order to avoid bias in 

reading the results. 	This and the fact that the strains 

were selected at random for the tests had the effect of off—setting 

the differing ages of the cultures since primary isolation. 

Preparation of the inoculum  

One batch of nutrient broth was used for all the 

cultures. The inoculum was prepared by opening an ampoule of 

the freeze—dried culture directly into the broth, which was then 

incubated for 18 hours. 	A small wire loop, used throughout the 

experiments, was employed to charge the cotton plug with one drop 

of the culture and the plug was then inoculated under the skin of 

the mouse. 	Viable counts of the inoculum were carried out on 

serum agar containing phenolphthalein phosphate and the number 

of cells per viable unit (the clump—size) was calculated as 

described in Appendix 2. 

SULTS  

Strains which spread in the wards: 

Comparison of the severity of lesions  

Two mice were inoculated with each isolate and the 

results scored at 24, 48 and 72 hours. 	As necrosis often made 

it difficult to assess the severity of the lesion after 72 hours, 

the mice were killed at this stage. 	No mice died during the 
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course of the experiment and, in view of earlier exnerience, 

no nost mortem examinations were conlucted. 

The sums of scores for the 2 mice for the first two days 

were tabulated for each isolate of each str in (Annendix 1 Table 4). 

There was some variation in the scores but an analysis of variance 

showed that the differences between strains were greater than 

those within strains, and that the difference was significant at 

the 0.1 level (variance ratio . 2.61, n1  . 34, n,,)  m 165). 

Relation of score to dose inoculated  

As has already been demonstrated, there was a stroll"-,  

correlation between the size of inoculurn as determined by the 

viable count, and the score obtained in the mouse test. 	since 

the broth cultures were used without preliminary standardization 

8 there was a range of inoculum size from 1 x 107  to 7 x 10 cocci 

per ml., with the majority of the counts lying in the range 0.5 to 

3 x 10-  (Figure 13). 	The volume of broth culture inoculated on the 

cotton dust was about 0.01 ml. 	Analysis of variance showed that 

in this series of experiments also, the correlation between the 

viable count and the lesion score was unlikely to have occurred 

by chance (P 4,0.1 , F . 13.0 ni  = 1, n2  . 198). 

The efilect of variation in dose can be overcome 

statistically by the use of an analysis of covariance in which 

allowance is 'ado for the variation in dose inoculated and the 



TAnE 6 	Adjusted mouse scores for each isolate 

Rank number 
in order of 

mouse 
virulence 

Adjusted scores for each isolate* 

Rank order 
rean number in 
Score unadjusted 

series 

     

1 11.1 11.7 11.40 2 
2 10.3 10.8 11.7 12.6 11.35 3 
3 9.7 10.0 11.7 12.0 12.2 11.12 4 
4 9.7 10.5 11.9 12.1 11.05 1 
5 8.o 11.6 12.0 10.53 5 
6 10.2 10.5 10.35 7 
7 8.4 8.7 9.8 12.7 9.90 11 
8 7.0 7.5 8.3 8.4 9.4 9.5 9.5 9.5 

9.6 9.8 11.1 11.1 12.4 12.4 12.6 9.87 12 
9 6.7 7.7 9.5 9.5 9.8 9.9 9.9 11.8 

11.9 11.9 9.86 8 
10 6.4 10.0 10.5 10.6 11.6 9.82 9 
11 4.7  8.1 9.3 11.7 12.3 12.6 9.78 16 
12 7.4 9.1 10.2 12.3 9.75 13 
13 7.9 8.3 9.6 9.9 11.2 11.5 9.74 6 
14 6.2 7.4 9.6 9.8 10.7 10.8 11.0 12.0 9.68 14 
15 5.9 7.6 12.0 12.5 9.50  17 
16 7.3 9.3 9.9 11.1 9.40 lo 
17 7.9 7.9 8.3 9.0 10.9 11.8 9.30 15 
18 7.0 8.0 9.7 11.8 9.12 18 
19 4.4 9.7 9.9 10.3 10.7 9.00 20 
20 4.4 5.9 8.4 10.0 12.0 13.0 8.95 19 
21 3.7 5.7 7.8 8.5 8.7 9.3 9.5 10.9 

12.5 8.51 23 
22 4.4 4.6 5.6 6.1 9.1 10.0 10.1 10.1 

11.3 12.2 8.35 22 
23 5.0 5.3 7.1 8.1 8.1 10.3 10.6 11.1 8.20 21 
24 4.6 

9.4 
4.8 
10.3 

6.0 
10.3 

6.1 
10.4 

6.2 
11.0 

6.4 
12.2 

8.5 8.5 
6.19 26 

25 4.2 9.9 10.1 8.06 24 
26 5.2 5.3 7.0 7.4 8.1 8.6 11.0 7.51 25 
27 4.5 6.7 6.8 7.6 7.6 7.7 8.4 8. 

9.7 7.50 29 
28 5.2 6.9 6.9 10.1 7.27 27 
29 4.7 4.8 4.9 7.5 8.2 9.7 10.1 7.12 28 
30 6.3 6.4 7.2 8.0 6.97 31 
31 3.5 6.6 7.9 9.6 6.90 30 
32 4.0 5.4 6.3 7.4 8.4 6.42 32 
33 5.6 7.0 6.3o 33 
34 4.2 6.1 7.1 5.80 34 
35 2.9 4.7 6.5 4.70 35 

* Each score is based on the scores of 2 mice for 2 days. 
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corrected, values tested for significant differences. 	The 

analysis table is given in Appendix 1 Table 5 which shows 

that, when allowance had been made for the different inoculum 

size, there was still a significant difference between the 

strains (10 P,› 0.1' variance ratio . 2.04, ni = 34, 

n2 164). 	As a result of adjusting the scores for the effect 

of inoculum size, the variance attributed to the 'between strains' 

differences dropped from 12.15 (34 degrees of freedom) to 10.29 

and this is seen to be reflected in a change in P (from P <,0•1 

to 1 	P 0.1?g). 	This presumably means that there was a 

tendency for most of the isolates in some strains to grow to 

a greater cell density in broth than did those of other strains: 

this point 	examined later. 

Before discussing the relation between mouse virulence 

and factors such as the resistance to antibiotics etc., it is 

desirable to correct the mouse scores obtained by direct 

observation for the effect of differing doses. 	This was done 

according to the following formulas 

Adjusted score . original score - bx 

where b is the regression co-efficient 

and 	x is the deviation of the dose from 

the mean dose. 

An example of this adjustment follows:- 
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Isolate number 49, mouse score Day 1: 3 + 2 (one mouse showed 

a severe and one a moderate reaction), Day 2: 3 + 3, total 

score . 11. 	Viable count of inoculum 198, mean viable count 

for series . 221. 	(These numbers, the number of colonies growing 

on the agar from a sstandard dilution of the culture, rather than 

the actual dope inserted, were used in the calculation of the 

regression of score on dose inoculated. 	'?or a viable count of 

198 the dose inoculated was 99 x 105  viable units.) 

flegression co-efficient of score on dose inoculated, 

calculated for the whole series, r = 00005. 

Unadjusted mouse score 	. 11 

Deviation of dose from mean dose . 198 - 221 . -23 

Adjusted score 	g 11 - (0.005)(-23) 

11 - (-0.115) 

11.1 

The result of this adjustment is given in Table 6. 

As may be seen, this made little difference to the order in which 

the strains fell. 	Unless specifically qualified, the 'rank order 

number' given in the followine tables refers to the rank order of 

mouse virulence for adjusted scores given on the left hand side 

of Table 6. 

In order to test whether the changes in position in 

the table were significant or not the following method was used: 
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The rank correlation co-efficient was calculated 

as follows:- 

✓ am 1 - 6.sd2 

n(n2 - 1) 

where 
r
s 

is the rank correlation co-efficient 

5d2  is the sum or squares of the deviations of one 

rank order from the other 

n is the number of ranks 

Like the correlation co-efficient, r can range from 

-1, (complete discordance) to +1 (complete concordance). 	The 

degree of significance can be found from tables of the correlation 

co-efficient. 

In this example 

• 174 

r
s 	

1 - 6 x 174 	=. 1-0.024 . 0.976 

35(352  - 1) 

The concordance was significant at the 0.1;, level, degrees of 

freedom 35 — 2 . 33. 

Comparison of scores of isolates from different sources  

It has often been suggested that staphylococci from, 

for example, a wound may be more virulent than those isolated 

from the nose. 	This point was examined here by comparinE the 

scores obtained in the mouse test of isolates recovered from 

lesions and from the nose. 



124 

Isolates from wounds. 	There were 31 isolates from 

clinically infectecl surgical wounds and 61 nasal isolates of 

the same 14 strains. 	',hen the mean scores of these two groups 

were compared it was found that the wound isolates had a lower 

mean score than those from the nose and that, on the basis of 

Ptudents ,  t test these scores were significantly different. 

(5 	t . 2.24, wound isolates mean score 8.34, 
2 	 2 Cr- = 6.01, n . 31; nasal isolates mean score - 9.45, c e 4•57, 

n = 61). 

Comparison of wound and nasal isolates from the same  

patients. Among the 31 isolates from wounds, there were 15 for 

which there was a paired isolate of the same strain recovered 

from the nose of the same patient within one week of the wound 

isolate. 	lien these were compared it was found that the mean 

scores were not significantly different although the nasal isolates 

still cave a higher score (P ",› 	t = 1.20, wound isolates mean 

score 7.97, ce-2  
b 4.64, n = 15; nasal isolates mean score . 8°89, 

3.64, n 

Ivqates from urine. 	A similar analysis was carried 

out on isolates fro- infectej urine specimens. 	It was found 

that the mean score for the 8 isolates from urine was lower than 

that of the 27 nasal isolates from the same 5 strains and that the 

difference was statistically significant (2 	P) 	t = 2.69, 
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urine isolates mean score . 6.15,0-
2 

= 4.42, n . 8; 

nasal isolates mean score . 8.68,0? . 5.69, n a  27). 

There were only 2 urine isolates for which there were paired 

nasal isolates and no significant difference could be shown 

between the mean scores of these. 

Hence there is no evidence that staphylococci isolated 

from septic lesions were more virulent for mice than trios 

isolated from nasal sources when tested. by this method. 

It might indeed be argued that staphylococci isolated from urine 

and perhaps adapted to this environment were leen virulent than 

staphylococci of the same strain isolated from the nose. 

comparison of virulence based only on nasal isolates  

In view of the differences found between isolates from 

different sources it might be argued that it would be fairer to 

construct a virulence table based only on nasal isolates. 

Table 7 shows such a table. 	ehilst the mean scores of some 

of the isolates have changed quite markedly, there has been 

remarkably little effect on the order in the table as a whole 

(rank correlation co-efficient . 0.864, df a 33 concordance 

significant at the 0.1e level). 	In view of this lack of 

difference, virulence tables quoted hereafter are based on 

isolates from all sources. 



TABLE 7 	A comparison of rank orders of mouse virulence based 
on isolates from all sources or on nasal isolates only. 

FETarik order 
number on 
nasal 
isolates 
only 

Rank order 
number on 
full table 

Mean score 
based on 
nasal 
isolates 
only 

Mean score 
based on 
full table 

1 2 11.45 11.35 
2 1 11.39 11.40 
3 20 11.14 8.95 
4 3 11.12 11.12 
5 4 11.04 11.05 
6 5 10.53 10.53 
7 14 10.52 9.68 
8 6 10.37 10.35 
9 19 10.21 9.00 
10 8 10.13 9.87 
11 11 10.10 9.78 
12 9 10.09 9.86 
13 25 10.01 8.06 
14 18 9.81 9.12 
15 10 9.80 9.82 
16 12 9.75 9.75 
17 13 9.74 9.74 
18 15 9.5o 9.5o 
19 16 9.39 9.40 
20 17 9.30 9.30 
21 22 9.24 8.35 
22 7 8.98 9.90 
23 21 8.60 8.51 
24 29 8.23 7.12 
25 23 8.21 8.20 
26 27 7.68 7.50 
27 24 7.55 8.19 
28 26 7.49 7.51 
29 28 7.26 7.27 
3o 3o 6.62 6.97 
31 31 6.61 6.90 
32 32 6.4o 6.42 
33 33 6.33 6.3o 
34 34 5.79 5.80 
35 35 4.68 4.7o 



Rank order number 
based on results 
at 24 hours 

Rank order number 
based on results 
at 48 hours 

	

1 	 1 

	

2 	 4 

	

3 	 2 

	

4 	 3 

	

5 	 6 

	

6 	 5 
7 

	

8 	 8 

	

9 	 9 

	

10 	 10 

	

11 	 12 

	

12 	 11 

	

13 	 13 

	

14 	 15 

	

15 	 16 

	

16 	 19 

	

17 	 14 

	

18 	 18 

	

19 	 21 

	

20 	 20 

	

21 	 17 

	

22 	 22 

	

23 	 24 

	

24 	 23 

	

25 	 25 

	

26 	 26 

	

27 	 29 

	

28 	 27 

	

29 	 28 

	

30 	 34 

	

31 	 30 

	

32 	 31 

	

33 	 33 

	

34 	 32 

	

35 	 35 

TABLE 8 	A comparison of rank order number from results 
at 24 and 48 hours after infection. 
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Differences in virulence detected at 24 hour ,  

All the analyses given above were based on the 

assessment of the severity of the mouse lesion over the first 

48 hours. 	This period was chosen because it offered the 

maximum range of scores. 

It might be argued that some of the more virulent 

strains could produce a lesion within 24 hours but that the 

effect might be masked by other, lees virulent, strains 

'catching up' at 48 hours. 	Accordingly Table 8 shows the 

strains placed in order of virulence judged by their mean 

unadjusted scores at 24 hours compared with the score at 48 

hours. 	There is little difference in the overall order of the 

strains (rank correlation co-efficient . 0.99, df = 33, concordance 

significant at the 0.1. level). 	All the folloeing tables are 

therefore based on the mouse score at 48 hours. 

The relation of clump size to virulence  

In the preceding sections, the number of bacteria 

inoculated into the mouse was determined solely on the basis of 

the viable count (the number of viable colony-forming units of 

cocci) and no attempt was made to utilize the data on clump size 

the number of viable cocci in each colony-forming clump). 	As is 

shown in figure 14, the clump sizes of the broth cultures were 

remarkably alike and appeared to conform to a normal distribution. 
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Figure 14 Distribution of clump size and the normal distribution 
curve appropriate to this data 
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An analysis of variance carried out on the correlation between 

the clump size and the adjusted mouse score (in which, of course, 

allowance has been made for the differences in viable count) 

showed that there was no significant relation of clump size to 

virulence ( 20, , 	0.62, ni 	1, n2 mm 198 ) . 

Summary  

In agreement with the previous observations, 

significant differences were detected between the reactions of 

mine to subcutaneous injections of a number of strains of 

staphylococci on cotton dust. 	The severity of the reaction 

was dependent on the dose of cocci inoculated but even when 

allowances had been made for the effect of inoculum size, there 

were still significant differences between the strains. 

Staphylococci isolated from septic lesions and from urine 

specimens tended to give less severe lesions in the mice than 

did those isolated from the noses of patients. 	No significant 

changes in the rank order of virulence was seen however when only 

isolates from the nose were considered. 	The 'virulence' did not 

appear to depend on the number of cocci in each viable unit, 

although the differences in clump size were small. 



TABLE 9 Observed epidemicity of strains 

other patients infected If etrain 
regarded as 
'epidemic' 

Rank 
order 
number 

Source in 
index 
patient 

Number of 

N only L only N + L Total 

1 N + L 4 0 3 7 + 
2 N 15 3 1 19 + 
3 N + L 9 0 1 10 0 
4 N + L 3 0 1 4 0 
5 not known - - - - + 
6 not known - - - - NI( 
7 N + L 4 3 2 9 + 
8 L 37 2 10 49 + 
9 N + L 17 2 4 23 + 
10 N 11 0 0 11 0 
11 N + L 15 0 2 17 + 
12 N 3 0 0 3 0 
13 L 3 1 2 6 + 
14 L 5 3 2 10 + 
15 N 3 0 0 3 0 
16 N + L 4 0 2 6 + 
17 not known - - - - + 
18 N + L 4 0 2 6 + 
19 N 5 3 4 12 + 
20 N + L 6 1 4 11 + 
21 N + L 12 0 4 16 + 
22 N 15 1 2 18 + 
23 not known - - - + 
24 N + L 14 1 13 28 + 
25 N + L 11 0 2 13 + 
26 N 6 0 1 7 0 
27 N 7 0 5 12 + 
28 N + L 10 0 1 11 0 
29 N 2 1 1 4 0 
30 N 10 0 2 12 0 
31 N + L 3 2 1 6 + 
32 N 4 0 0 4 0 
33 N 5 0 0 5 0 
34 N + L 6 0 1 7 0 
35 N 4 0 0 4 0 

N a  nose 	L - lesion 

Strains 5, 17 and 23 were obtained from studies at 3t. Wary's 
Hospital where only lesions were investigated. 	Strain 6 was 
obtained at the end of the investigations at St. Bartholomew's 
Hospital and was not observed for more than 1 week. 
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The relation of mouse virulence to other characteristics of  

the staphylococci: 

Observed epidemicity of the strains  

Table 9 presents the epidemic history of the strains 

as observed in the wards, the strains being listed in order of 

mouse virulence. 	On the basis of the definition of epidemicity 

given by Williams and Jevons (1961), (the isolation of the 

staphylococcus from 3 or more septic lesions), it can be seen 

that there was a tendency for the strains which were epidemic for 

man to be virulent for mice. 	The significance of this relationship 

may be tested by the Yann-Whitney U statistic (Siegel, 1956) which 

is calculated as follows:- 

From Table 9 calculate the number of times that a 

non-epidemic strain precedes an epidemic one in rank order number. 

Thus strain 3, which is non-epidemic, precedes 19 epidemic strains, 

and so does strain 4. 	Strain 10 precedes 15 epidemic strains and 

strain 12 precedes 14 epidemic strains, etc. 	These are then 

added together to derive U 

U a  (19+19+15+14+12+2+1+1+1) - 84 

z 	U- imn 1 

1--Omn(m+n+1)) 

where 	m . number of non-epidemic strains - 13 
n . number of epidemic strains 	- 21 

1 
	

indicates numerical value ignoring the sign 
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Figure 15 Comparison of virulence of isolates with different 
'epidemic' abilities 



z 	I 84 - 136. 5 

irT136.5 x 35) 

0.75 

From tables of Fisher (194E) we see that this result 

is significant between the l and the 0.14 levels. 	Hence we 

may conclude that those strains which were epidemic for man had 

a significant tendency to be virulent for mice on subcutaneous 

inoculation in cotton dust. 

-,,ome caution must be used in assessing these results 

however, since some of the strains were recovered from wards in 

which patients harbouring tetracycline resistant staphylococci 

were isolated from the other patients in ventilated cubicles or 

in side wards (Williams et al., 1962) and thus the full epidemic 

potential of some of these strains may not have been realised. 

In addition, some of the strains (no. 1, 24, 25, 28, 30) came 

from incidents in which staphylococci were widely distributed 

about the wards by individual patients 'dispensers'. 	This 

dispersal is now thought to be a function of the patient rather 

than the staphylococcus and the apparent epidemicity of these 

strains may, therefore, be exaggerated; it is interesting that 

with one exception they were among the least virulent strains in 

the mouse test. 	Figure 15 shows that the mean scores in the mouse 

test were highest among those strains that caused the most sepsis. 
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TABLE 10 	Virulence of strains of staphylococci which did 
not spread. 

Mean score 	Phage type 	Antibiotic 	Adjusted score in 
resistance* 	mouse test 

9.65 

9.50 

8.97 

8.35 

7.1 

6.5 

5.4 

4.4 

187 

3P/30/55/71  

52A/79 

79/6/53/77 =MD 

1•1010 

0111, 

7.3 
7.2 

6.0 

7.7 
6.1 

3.2 
4.8 

2.2 

12.0 

11.8 
10.1 
9.o 
8.1 
6.1 
6.1 

3.2 

10.8 

6.7 

4.2 

10.2 

8.0 

81 

52 

NT 

52A 

TABLE 11 	Virulence of staphylococci from animals. 

Mean 	Phage type 	Antibiotic Source 
score 	 resistance* 

12.7 29/52/52a/803013/30/55/47/53 NCTC 7485 
bovine 

12.1 42E/77/423 cow 

11.7 NT dog 

11.5 NT T pig 

10.5 617/42E/47/53/54/77/422181+ hamster 

9.9 29/52/52A/79/80/7/47/53/54/75/83A/81  P sheep 

9.9 29/52/52A/79 chicken 

5.9 52A/79 P gerbil 

5.5 77/42D cow 

* P . resistance to penicillin 	T . resistance to tetracycline 
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trains which did not spread in the wards  

A number of tetracycline sensitive strains which did 

not spread about the wards were investigated in the same manner 

as the 'spreading' strains. 	In an attempt to get material 

which could be investigated in the same way as the other series, 

repeat nasal isolates of the same strain from the same patient 

were examined. 	All the isolates were from the weekly swabbing 

of patients and each strain. was present in the wards for a 

period of at least one week and so, in theory, had the opportunity 

to spread. 	The mouse scores, corrected for differences in dose 

in the same way as for the spreading strains, are shown in 

Table 10, together with the phage and antibiotic sensitivity 

patterns. 	The differences between the strains were not 

significantly greater than those within strains (P > 20%, 

y 	1.44, n1 - 7, n2 s. 13). 

Figure 15 shows that the range of mean scores was the 

same as that of the lower 2/3 of the table for spreading strains; 

the mean score for the group was 7.2 marks. 	It is curious that 

the type 187 should again be near the top of the table, for this 

type is not generally regarded as 'virulent' for man. 

Strains from animal sources  

It has been suggested that staphylococci from animal 

sources are more 'virulent' for animals than strains fror 



TAT3Lfl 12 - 	Phage-type and antibiotic sensitivity in relation to 
virulence  .for 	 

Rank order 	
+ 	E emic* 	Antibiot4 pid

ype number 	Phage type 	 resistance t pattern 

	

1 	6/47/53/75 	* 	- 

	

2 	So 	* 	PT 

	

3 	53/75 	 PTS 

	

4 	187 	 - 

	

5 	83A 	* 	PT 

	

6 	52/80 	* 	C 

	

8 	80 81 
52//55 

PT 
PTSE 7 

lo 

	

9 	53/77 	 PI'S 
7 47/53/75/77 	* 	PTS 

	

11 	29/52 	 - 

	

12 	55/71 	 - 

	

13 	1 	 P 

	

14 	0 1 	 * 	 PT 

	

15 	6 7/47/53/54/75 	* 	- 

	

16 	
0 81 	* 
62/47/53/54/75 	* P 

	

17 	8 PT 
18 6 7/47/53/54+ 	* 	- 

	

19 	83A 	* 	 PTS 

	

20 	83A 	* 	PTS 

	

21 	52/80/81 	* 	PT 

	

22 	75//77 	 PS! 
29 52/80 	 P 23  

	

24 	53/77 	 PTS 

	

25 	6 5 	 P 

	

26 	52Aa 79 	 P 

	

27 	52 52A/80 	* 	PT 

	

28 	6/53/75 	 T 

	

29 	52/80 	* 	PT 

	

30 	a 	 P 
31 21, 	 PI'S 

	

32 	52A/79 	 P 

	

33 	52/52A/79/80/7/42E 	 - 

	

34 	inhib ILI 	 P 

	

35 	3B/30 55 71 	 - 

	

1 	
i non-spreadng strains: 
87 	 - 

	

2 	3R/30/55/71 	 P 

	

3 	52A/79 	 P 

	

4 	6 3 	 - 

	

5 	1 	 - 

	

6 	52 	 - 

	

7 	NT 	 - 
	8 	52A   	_...._ 	 P  

+ Phage-types underlined indicate lyeis at 1000 x RTD 
* Types causing more than 4c of hospital sepsis 1954-1960 
Ai P.resistant to penicillin, T-resistant to tetracycline 

S=resistant to streptomycin, Ei.resistant to erythromycin 
C.resistant to chloramphenicol, -.sensitive to all antibiotics 
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human sources (e.g. D. D. 	1963). 	A collection of 

strains isolated from animals was kindly sent to we by 

'Ir. H. A.11iams—Smith of the Animal Health Trust. 	These 

were tested by the mouse test and the scores and other 

details given in Table 11. 	In general they gave consistently 

higher scores than many of the human strains (Figure 15), with 

a mean of 9.96 marks, thus supporting Smith's findings. 
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COYPARION 0? VDUL'ACE WITH IN VITRO CHARACTERS  

As is apparent from the literature discussed in the 

first ,.art of this thesis, there are a considerable number of 

characters which have been investigated. with a view to their 

possible relationship to the virulence of staphylococci. 

number of these characters have been investigated here and it 

is proposed. to deal with them separately in the first instance, 

pooling the results for the separate isolates of each strain. 

Antibiotic resistance  

The possibility of an association of virulence for 

mice with resistance to tetracycline or ntrentomycin was investigated 

using the ..ann—hitney U statistic described previously. 	No 

evidence for any such association was found however (see Table 12). 

(Tetracycline, P 	z . 0.42; streptomZcin, P> 5%, z = 0.25.) 

is may note that whilst none of the strains which failed 

to spread in the wards were resistant to tetracycline, 13 of the 16 

strains which spread to more than 10 patients were resistant to 

penicillin and tetracycline or streptomycin, and two of the other 

three were spread. by dispersers. 	The fact that no relation with 

streptomycin resistance could be found, rules out the possibility 

that any relationship of virulence with multiple antibiotic 

resistance exists, since with one exception all the streptomycin 

resistant strains were also resistant to penicillin and tetracycline. 



tank 
order 
number mercury tetracycline 

Soreading strains 

	

1 	— 	— 
It 	R 

3 
4 
5 
6 

	

7 
	

it 

	

8 	II 

10 
11 
12 
12 

	

14 	Et 	 R 
15 

	

16 	— 	— 
17 
18 
19 

	

20 	.R 	it 
21 

	

22 	R* 	— 

	

23 23 	S/R 

	

24 	x 	it 

	

25 	S/R 

	

26 	S/R 

	

27 	x 	 1R 
28 
29 

	

30 	S/R 
31 
32 
33 
34 
35 

±tesistance 

TPIT,; 13 	Comparison of resistance to mercury salts and 
tetracycline. 

tank resistance order 
number mercury tetracycline 

Non—spreading strains 

1 
2 	•IM 	 .11.0 

3 	emn 	 son 

4 
5 	41•• 

6 	elm 

7 
8 

R = resistant 	. sensitive 	2/R equivocal results 
* this strain in resistant to penicillin, streptomycin and 

erythromycin although sensitive to tetracycline. 
** this strain is resistant to tetracycline only. 
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eercury resistance  

The phenyl-mercuric-nitrate disc method described by 

Green (1962) was used to determine the sensitivity of the strains 

to mercury (see Appendix 2). 	Table 13 shows that there was, in 

general, a very good correspondence between tetracycline 

resistance and mercury resistance; only 7 of the 43 strains 

did not correspond. 	Of these 7, two nevertheless fit in with 

general experience; one strain sensitive to tetracycline but 

resistant to mercury was also resistant to penicillin, streptomycin 

and erythromycin; and one resistant to tetracycline but sensitive 

to mercury was also sensitive to all other antibiotics. 

Four of the 'spreading' strains however gave results 

which did not conform to the general pattern in that the sensitivity 

recorded apneared to depend on the density of the inoculum and in 

one other strain the resistance to mercury and tetracycline did. 

not correspond. 	All these strains were resistant to penicillin 

but sensitive to tetracycline and other antibiotics. 	The phage-types 

of these strains were 79/6/53/77,  /2, 29/52/80, 52A/79,  52A/79. 

It is curious that 3 of these strains (79/6/53/77,  /2.  and 52A/79) 

were spre7ui about the ward by dispersers. 	such dispersal is 

thought to be a result of the colonisation of the skin of the 

patient (Noble 	cjavies, in preparation) and. it may be asked 

whether this partial resistance to mercury is a reflection of 
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'partial' virulence in that the strains are able to colonise 

healthy skin but not to cause disease. 	It is noteworthy that 

another type 52A/79 resistant to penicillin and type 79/6/53677  

sensitive to all antibiotics, both non-spreading strains, were 

uniformly sensitive to mercury. 

Phage-type  

The relation of phage-type to virulence is more 

difficult to analyse. 	Williams and Jevons (1961) found that 

6 basic phage-types of staphylococci each accounted for more 

than 4, of the hospital sepsis in 1954-60 (types 841), 52/52A/80 

and 52/80, 6/7/47/53/54/751 , 47/53/75/77, 63A). 

if these types can be regarded as the 'epidemic' 

phase-tyres for man, we see (Table 12) that the relation between 

virulence for mice and 'epidemic' phage-typo is significant 

(1% > P > 0.1/), ih.nn-hitney U, z . 0.8, n1 	16, n2  . 19). 

fie may note however that this holds true only for staphylococci 

from human sources. 	The phage-types of the staphylococci from 

animals (Table 11) are unlike those associated with disease in 

man, yet the animal strains were in general more 'virulent' than 

those from humans. 

Another way in which the relationship between phape-

type and virulence might be explored is to test the variability 

in the scores given by strains of the same phage-type irrespective 
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of the other features. 	Table 14 shows material analysed in 

this manner; in this rather limited series, however, the 

differences within the types were as large as those between 

the types (P 	2C;, r . 1.53, n1  = 9 n2 . 16). 

Coaculase  

All the strains were coagulase positive for human 

plasma by the slide and the tube test. 	It has been suggested 

that the virulence of a staphylococcus for an animal depends on 

its ability to coagulate the animalte plasma. 	Accordingly, all 

the isolates were tested for coagulase using pooled mouse plasma; 

with one exception (the isolate from the dog) all were positive 

by the slide coapulase test. 	By the tube test, 11 of the 136 

tested were positive but these 11 were scattered throughout the 

entire range of isolates. 	As noted by Selbie and 'Amon (1952) 

the clots produced were not like those obtained using human plasma; 

they were far looser and broke up very easily. 	It seems possible 

that some positive results may have been missed because of the 

frailty or the clots. 	seven of the 11 positives were obtained 

only after incubation at bench temperature overnight. 	Addition 

of normal rabbit serum to mouse plasma enabled most of the 

staphylococci to produce a clot but this was still very fragile. 

Haemolysins  

The haemolysins were investigated using rabbit and 

sheep red cells which had been washed 3 times with saline and 



TA-PLK 14 	Analysis of virulence according to phage—type. 

Phape-type 	Jean mouse scores for the strains of 
this type 

80/81 9.30 9.68 9.86 11.35 

52/52A/80/81 7.12 7.50 8.51 

52A/79 7.51 8.88 

3B/3c/55/71 4.70 9.46 

53/77 8.19 9.87 

6/47/53/75 7.27 11.40 

6/7/47/53/54/75/77 9.12 9.0 9.5o 9.82 

83A 8.95 9.08  10.53 

187 9.64 11.05 

79/6/53/77 8.06 8.36 
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re-suspended at the original cell density in saline. 

The strains were 'streaked' on agar containing 5 of 

the rabbit red cell suspension at right angles to filter-Paper strip 

soaked in staphylococcus antitoxin (200 unite, per ml.) and the 

plates incubated at 37°C in air overnight; it is recognised 

that this is not the optimum method for the production of alpha- 

haemolysin but the interest lay in finding differences between 

strains. 	The use of the antitoxin enables the alpha and delta 

lysins to be distinguished. 	The results were recorded as 

moderate or minimal lysis or absence of lysis. 	Only one strain, 

:Saod 4.6, produced. abundant alpha lysin using this technique 

although all strains produced more alpha lysin on further 

incubation of the plates; the early results showed the biggest 

differences between the strains. 	The results are shown in 

Table 15; the majority of the 'virulent' strains produced 

moderate amounts of alpha lysin, whilst the less virulent strains 

produced minimal amounts of alpha lysin (these results are based 

on the mean for the various isolates of each strain; there was 

good agreement within the strains). 	The delta lysin showed a 

very similar pattern. 	The associations between moderate production 

of alpha and of delta lyin with virulence were significant at 

the 0.1% level (alpha lysin z . 1.19, n1  . 15, n2 . 20; 

delta lysin z 	0.91, n1 . 13, ri2  - 22). 



TABLE 15 	Production of haemolysins and diffusible precipitins. 

,tank order 
number 

Haemolysins Number of 
antigen/antibody 
diffusion lines 

alpha beta delta 

1 A- + 5.0 
2 + + 4.3 
3 + + 3.8 
4 + + + 2.5 
5 + + 4.0 
6 
7 

min 
+ 

none 
+ 2.02.0  

8 + + min 2.7 
9 4- ÷ 4 3.6 
10 + + 4.6 
11 min min 2.6 
12 + + 4.3 
13 + + 2.2 
14 min min 1.9 
15 min + 2.5 
16 + + 3.8 
17 + + 2.2 
18 + + 3.3 
19 + + 4.4 
20 + + 4.8 
21 + min 2.9 
22 min + 3.4 
23 min + 4.4 
24 + + + 4.1 
25 min min 3.0 
26 min + 3.1 
27 min none 1.9 
28 + none 1.7 
29 min min 1.7 
30 min + 3.0 
31 none min 2.0 
32 min min 2.8 
33 min none 2.0 
34 none + 3.3 
35 + min 2.3 
non-spreading strains: 
1 + + 4.0 
2 min + 2.0  
3 min + 4,3 
4 min + 4.0 
5 min + 3.5 
6 min + 1.7 
7 none + 4.0 
8 min min 2.2 
+ 	rroderate production of lysiri min a minimum production 
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Isolates of some strains were tested for quantitative 

production of alpha lysin by the tube method described by elbie 

and `Amon (1952), (see Appendix 2). 	The results were consistent 

for each strain and tended to confirm the rather more crude plate 

technique (Table 16'. 	It was clear that the severity of the 

lesion in mice was not correlated solely with the production of 

alpha haemolysin in vitro however, since the strain which was 

least virulent for mice (rank order number 35) produced as much 

alpha lysin in the tube test as did the most virulent for mice 

(no. 1). 

Addition of 10 units of staphylococcus antitoxin to 

the tubes prevented all haemolysie except at the 1/4 dilution. 

The sheep blood agar plates were inoculated from a 

broth culture and were incubated at37°C for 48 hours in 30;f CO2. 

After examination the plates were kept at 40C for a further 18 

hours to demonstrate the 'hot/cold' lysis of the beta haemolysin. 

.our strains consistently produced beta lysin (Table 15 and in 

addition a few isola=tes of other strains showed some 'hot/cold' 

lysia; these have not been included here but the data is utilized 

in other analyses. 	Three of the four strains are among the most 

virulent and the fourth is of the same phage—type and antibiotic 

sensitivity pattern as one of the three; the two epidemics due 

to this type occurred in different wards following the transfer 



TAN.7; 16 	-laantitative determination of alpha haemolyein. 

itank 
order 
number 

Number of 
isolates 
tested 

Alutionr, showini.r haemolysis Uesult 

1/4 1/16 1/64 1/256 	1/1024 
On 

1/4096 	plate 
test 

I 2 + + + 

2 3 + + + 

3 4 + + + 

5 1 + 

6 2 + + + min 

7 2 

8 5 + 

10 3 + + + 

11 3 + + + min 

12 2 + + + + 

23 4 + + + min 

24 4 + + 

32 3 + + min 

33 2 + + min 

34 2 + ± none 

35 2 

PS 80 1 + + + 

ood 46 1 + + 

amith 1 + + 

+ indicates complete haemolyele 

+ indicates 50% haemolysie 
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of one patient. 	In common with Levy (1952), this work showed 

that beta lysin and fibrinolysin were not found to be mutually 

exclusive. 

Antigen/antibody diffusion lines  

The antigen/antibody plate diffusion technique 

described by w.lek and Levy (195c) wan followed exactly using 

refined staphylococcus antitoxin issued by Purroughs-ellcome 	Co., 

at a strength of 1080 units per ml. (20,000 units in 18.5 ml.), 

The lines were counted and are given separately for each isolate 

in Appendix 1 Table 6. 	Although a difference in the mean number 

of lines per strain existed, the differences were not associated 

with mouse virulence (rank correlation co-efficient . 0.32, 

> P > 5 	n . 33), (see Sable le). 

It is noteworthy that fewer lines were detected with 

these strains than with those described by 	and levy. 	There 

are two basic reasons why this might be so: (i) the strains had 

been kept in storage for a long period and may therefore have lost 

the ability to produce some of the antigens; (ii) the antitoxin 

or growth conditions may have been different in some way to those 

used by Asak and Levy. 	These authors reported the presence of 

10 lines when Wood 46 was tested against the antitoxin, but only 

8 lines were detected in this series. 	flr. H. ?room of the 

Wellcome 'research Laboratories (personal communication) is of 



TABU S 17 	Pigmentation on glycerol monoacetate agar. 

dank order number 	 Pigment 

	

`-spreading strains: 1 	 orange 

	

2 	 orange 

	

3 	 yellow 

	

4 	 cream 

	

5 	 cream 

	

6 	orange 

	

7 	 yellow 

	

8 	 orange 

	

9 	 orange/cream 

	

10 	 cream 

	

11 	 orange 

	

12 	 orange 

	

13 	orange 

	

14 	cream 

	

15 	 orange 

	

16 	orange 

	

17 	orange 

	

18 	orange 

	

19 	 cream 

	

20 	 cream 

	

21 	 orange 

	

22 	 yellow 

	

23 	orange 

	

24 	 orange 

	

25 	orange 

	

26 	orange 

	

27 	cream 

	

28 	 orange 

	

29 	orange 

	

30 	orange/cream 

	

31 	yellow 

	

32 	orange 

	

33 	 orange 

	

34 	 orange 

	

35 	 orange 

non-spreading strains: 

	

1 	 white 

	

2 	 orange 

	

3 	 orange 

	

4 	 orange 

	

5 	 orange 

	

6 	 orange/cream 

	

7 	white 

	

8 	 orange 
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the opinion that different batches of antitoxin might give 

different numbers of lines, although the method of preparing 

the refined globulins has not changed in the last ten years. 

Some differences in antibody content were recorded by Gladstone 

and van Heyningen (1957) and were seen subsequently in thin series 

of experiments when some batches of antitoxin were found to be 

extremely weak in the anti $51  component of leucocidin. 

Pigmentation  

'the glycerol monoacetate medium described by eillis 

and Turner (1962), (Appendix 2, was used to investigate 

pigmentation. 	Although the isolates of each strain tended 

to conform to a specific colour pattern (Table 17), no correlation 

between yellow pigment and mouse virulence was found (P 

z  . 0.18, n1 e 4, ne ' 31); nor was there any obvious relation 

of pigment to epidemicity for humans. 	eompolinsky (1962) has 

pointed out that the normal 'aureus' pigment of staphylococci 

becomes poorer after storage of the staphylococci on artificial 

media, and so perhaps it is unfair to apply the glycerol wonoacetate 

pigmentation test to strains which had been isolated from the patient 

up to 5 years previously. 	All the staphylococci used here possessed 

the normal 'aureus' pigment although this was slow to develop in 

some isolates even on blood agar. 



TABLE 18  Egg-yolk reactions 

 

Position in 
MOUSE) 
virulence table 

'gg-yolk* 	Egg-yolk* 
broth 	agar 

Antibiotic- Phage0  
resistance group 
pattern 

1 + + - III 
2 - - PT I 
3 - - PPS III 
4 + + - w 
5 - + PT III 
6 + + C I 
7 - - PTSE M 
8 - - PT I 
9 - - PTS III 
10 + + PTS III 
11 - + - I 
12 + + - II 
13 + + P II 
14 + + PT I 
15 + + - III 
16 + + P III 
17 + + PT I 
18 + + - III 
19 + + PTS III 
20 + + PTS III 
21 + + PT I 
22 - - PSE III 
23 + + P I 
24 - - PTS III 
25 + P W 
26 + P 1 
27 + PT I 
28 + T III 
29 + PT I 
30 + P I 
31 - PTS III 
32 + P I 
33 + - Y 
34 + P ti 
35 + - II 

nasal strains: 
1 + + - M 
2 + + - II 
3 + + P I 
4 ND ND - Y. 
5 + + - I 
6 + + - I 
7 ND ND - NT 
8 + + P I 
• egg-yolk positive - egg-yolk negative ND . not done 

penicillin, T . tetracycline, S . streptomycin, E a erythromycin 
phage-groups 1,11, III, I = ml.xed groups, NT . not typable 

* 
+ P 
7 



TABLE 19 	Relation of antibiotic resistance to 
egg-yolk test. 

Y,gg-yolk 	:train resistant to n antibiotics 
reaction. 
on agar 0 1 2 3 4 

nositive 13 11 6 3 0 

negative 0 0 2 5 1 
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The egg-yolk test  

The egg-yolk reaction of all isolates was investigated 

by both the broth method. (allespie 	Alder, 1952) and the agar 

plate method ( illie t ?timer, 1962; see Appendix 2). 	Table 16 

shown that the strains which were most virulent for mice tended 

to be negative by both tests (the association between the negative 

reaction and virulence was statistically significant (P . 1%, 

z 	0.6, ni = 8, n2  . 27). 	As may be seen from the table, there 

was no relation with phage group but all the negative strains were 

resistant to 2 or more antibiotics although the converse was not 

true, (Table 19). 

It was suggested by liosendal (1963) that the virulent 

egg-yolk negative strains produce an enzyme which splits the 

lipase and thus renders the strains egg-yolk negative. 	The 

isolates which were egg-yolk negative in this series were accordingly 

mixed with a known egg-yolk positive strain (Ps 80) and incubated 

in egg-yolk broth. 	After 16 hours' incubation all the cultures 

gave a positive reaction. 	This would appear to suggest either 

that the negative strains are truly negative or that the lipase 

destroying enzyme, if produced, had no effect on the lipase of 

another staphylococcus. 

Gelatine  

The ability of staphylococci to liquify gelatine was 

studied by inoculating 10 ml. amounts of nutrient gelatine 



Mb 

4" 

.11/8. 	 11110 

+ 	 + 	 + 

4. 	 VW 	 IIO 

— * 	 * 

TABLS 20 	In vitro oharacters in rel4tion to virulence. 

Reaction with 

aolatina Haemoglo. Litmus Egg- Lactose Urea ?ibrino- V.P. 
binase milk yolk 	lysin 

agar 

Position 
in viru-
lence 
table 

vel 	 OW 

Non- 
`: preadinv strains 

2 
3 
4 N1.) 

5 
7 ND 
8 

+ * 	 4. 	+ 	 + 

VI 	 4. 	 * 	— 	 * 

— 	 + 	 * 	 + 	 + 

4 	 + 	 — 	+ 	 + 

+ + 	 * 	+ 	 + 

+ + 	 — 	* 	 + 

00 	 * 	* 	* 	+ 

— 	 + 	 * 	* 

+ + 	. 	+ 

+ + 	 + 	+ 	 + 

+ + 	 * 	+ 	 WV 

+ * 	 + 	* 	 * 

+ + 	 + 	 * 	 + 

+ + 	 * 	* 	 + 

+ + 	 + 	*I 	 + 

+ + 	 + 	+ 	 + 

+ + 	 * 	* 	 * 

+ + 	 + 	+ 	 + 

+ + 	 + 	* 	 + 

4. 

 

	

+ 	 .4 	* 	 + 

+ + 	 4 + 

* 4. 	 * 	 4. 

+ + 	 + 	* 	 + 

— 	 + 	 * 	* 	 + 

+ + 	 + 	— 	 — 

+ + 	 + 	+ 	 + 

+ + 	 * 	MO 	 + 

+ + 	 S 	+ 	 + 

+ + 	 — 	*  

+ + 	 * 	 + 

5 	 + 	 * 	* 	 + 

+ + 	 a 	4. 	 — 

+ — 	 4. 	+ 	 + 

+ + 	 + 	* 	 — 

+ + 	 — 	* 	 * 

+ + 	a 
+ -t- 	+ 	a 	+ 
+ + 	- 	- 	+ 

ear 	 NO 

1 
2 
3 
4 
5 
6 
7 
8 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

MOP 

4. 

ay. 
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with staphylococci and incubating at 37°C. 	The tubes were 

elaced in cold water after periods of 24, 48 and 72 hours and 

those which failed to solidify were regarded as positive. 

The agreement within strains was good; the results 

for each strain are shown in Table 20. 	There was a tendency 

for the strains which did not liquify gelatine to be virulent 

for mice and this association is significant at the 5, level 

(z = 0.41, n1  . 13, n2  = 22). 

Maemoglobinane  

lek (1959) described a test for a haemoglobinase in 

which eaponin laked horse red cells were incorporated in agar. 

The isolates were streaked on the medium and the presence of the 

haemoglobinase detected. by decolourisation of the haemoglobin. 

In these experiments, 5. of laked red cells were 

added to nutrient agar. 	The results are shown in Table 20; 

there was a good agreement between the isolates within the strains. 

Table 20 shows again that there was a tendency for the strains 

which were negative by this test to be virulent for mice. 	The 

association is significant at the 	level (z 	0.85, n1  . 16, 

ne  . 19). 

Litmus milk  

The ability of the staphylococci to produce acid and 

to clot litmus milk was investigated. 	The agreement within the 

strains was good except for 3 strains which gave equivocal results; 



these have been counted as positive. 	Table 20 shows a 

relationship between those strains which were virulent and 

those which were negative by the litmus milk test. 	The 

association is significant between the 	and 0.1_ levels 

(z = 0.61, n1  . 13, n2  - 22). 

Correlation between tests  

There was a very good, though by no means perfect, 

agreement between the three tests, gelatinise, haemoglobinase 

and litmus milk. 	It seems reasonable to suppose that, if these 

were independent tests, there would be an equal number of each 

possible combination (++—, +—+, +++ etc). 	This was not so, and 

using the A.  test, the discrepancy was seen to be significant 

at the L level (A.-  . 27.3, df = 7). 	Thus there was a 

significant tendency for strains to possess or lack enzymes 

affecting all 3 of these materials. 	These differences were 

closely linked to phage group, for example 12 of the 14 phage 

group III strains were negative for 2 or more of the 3 enzymes, 

compared with 3 of the 17 phage group I strains. 

Relation of cell density in broth to virulence  

One measure of the biochemical ability of an isolate 

night he the cell density to which it grew in nutrient broth 

and, as the isolates had been grown in the same batch of broth 

for a standard length of time, it seemed that this might be 

investigated. 

157 
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It will be remembered that there was a strong 

correlation between the dose of bacteria inoculated and the 

mouse score. 	When uncorrected for differences in the dose 

inoculated, the variance attributable to the 'between strains' 

differences was greater than after correction for dose. 	This 

suggested that, in some strains, all or most of the isolates 

had grown to a greater number of viable units per ml. than 

had the isolates of other strains, implying greater synthetic 

biochemical activity among certain strains. 

Analysis of variance showed that this was so; the 

differences between strains were significantly greater than 

those within strains (P < 0.1%, F 2.73, n1  . 34, n2  . 165.). 

There was however no tendency for the strains which 

grew well in broth to be those which were virulent for Trice. 

The rank correlation co—efficient between mouse virulence (on 

adjusted dose levels) and the growth in broth was —0.02 

(P > 10%, df . 33). 

Using the data on clump—size and viable count, it is 

possible to calculate how many cocci were present per ml. of broth. 

When this was done, however, it was found that the differences 

between strains were not significantly larger than those within 

strains (P 20%, F = 0.28, n1  = 34, n2  = 165). Hence it would 

appear that the cell count reached in broth is not related to 

virulence for mice. 
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Ammonium molybdate test  

One hundred isolates selected at random from the 

total of 259 were tested by the ammonium molybdate test 

described by Tyers (1959a). 	All were strongly positive and 

no inferences could be drawn with regard to virulence on the 

basis of this test. 

Other characters investigated  

A considerable number of other characters were 

investigated, not because it was thought that they might have 

any direct hearing on 'virulence' but because they might 

demonstrate those strains which had the greatest biochemical 

activity. 	any of the 'sugars' tested gave the same results 

for all isolates. 	Thus sorbitol, raffinose, glycerol, rhamnoso, 

inositol, aesculin, arabinose, xyloee and inulin were not fermented 

whilst sucrose, maltose, fructose, glucose and trehalose were 

fermented by all isolates. 	Lactose was not fermented by some 

strains but there was no significant relation with virulence 

(P > 	z 	0.37, n1  = 4, n2 . 31). 	Salicin was fermented by 

a few isolates but showed. no obvious pattern even in relation to 

strain. 	All isolates were phoephatase positive on the phenol 

phthalein medium of 'artier and Kuper '(1951). 

There was no relation between virulence and the 

ability to split urea (P >5%, z 	0.21, nl . 15, n2  . 19), the 



TABLE: 21 	Assay of leucocidin 

Rank 	Reciprocal of 
order 	direct reading 
number highest dilution  

Antigen/Antibody lines 

C.; 	 Others 

1 
2 
3 
4 
5 
6 

32 
4 
16 
8 
8 
ND 

- 
+ 
+ _ 
+ 
+ 

+ 
- 
+ 
- 
- 

1 
- 
- 
- 
1 

7 8 - - - 
8 4, 8, 8 - - - 
9 8 - - - 
10 8, 32 - + 2 
11 4 - - - 
12 16 - - 1 
13 8 - - 2 
14 8 + - 2 
15 16 - - 1 
16 4 - - 1 
17 

0 1._,, 16 '" - - 
18 8 - - 1 
19 4 - 1 
20 8 
21 4 + - 
22 32, 64 + - - 
23 32 - - 1 
24 8 - - 1 
25 HD 
26 16 - - 1 
27 16 
28 ND 
29 16 - - 1 
30 4 - - 1 
31 8 - - 1 
32 8 - - 1 
33 4, 8 - - 1 
34 8 + - i 
35 

PS 80 

32 

16 

- - 

elle 

- 

Wood 46 8 

Charlton 16 3 
V 8 64 ••• 
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ability to produce fibrinolysin (P > 5%, z 	0.36, nl  - 13, 

n2 

 

- 22), or to give a positive Voges-Proskauer reaction 

(P > 	z 	(.37, ni  . 10, n2  , 25) when the pooled results 

for each strain were considered. 

Assa.y of leucocidins  

Owing to the rather more complex nature of the techniques 

involved it did not prove possible to test all the isolates for 

leucocidin. 	One isolate from each strain was chosen on a 

'stratified random sample' basis and these and four other 

staphylococci tested. 

Two methods of assay were used based on the work of 

Gladstone and Woodin (e.g. 71adstone & van Heyningen)  1957; 

weodin, 1961). 	I am indebted to •)r. Gladstone for helpful 

discussion regarding the assay of leucocidin and for gifts of 

the standard strain 'V 8' and of the F and ;3 components of leucocidin. 

or both assays the staphylococci were grown in the 

medium described by Gladstone and van Heyningen (1957). 	All 

glassware was kept scrupulously clean and stored in alcohol until 

required. 

Method 1. 	The cultures were grown overnight with 

constant shaking and the bacterial cells removed by centifugation 

and discarded. 	he culture supernatant was diluted in 2-fold 

steps in 20 rabbit serum saline to prevent the delta lysin from 
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interfering in the tests. 	Plaques of leucocytes, obtained 

by allowing blood from a finger prick to clot on a coverslip, 

were inverted over the culture dilutions contained in cavity 

?ides. 	After half an hour's incubation at 37
0c 

the plaques 

were examined; death of the leucocytes was seen to follow the 

pattern described by Gladstone and van Heynineen (1957). The 

cells rounded up and potocytosis occurred; the highest dilution 

at which this happened was noted. 	Assessments made in this way 

were necessarily rather subjective. 	The results are shown in 

Table 21. 	Using the tann—hitney U statistic no relation of 

mouse virulence to leucocidin production could be demonstrated 

(P) 5-); nor was there any relation to the epidemicity of the 

staphylococci for humans. 

In considering the leucocidal activity of a staphylococcus, 

it suffices to carry out a direct determination of activity as 

described above. 	Voodin hns shown however that leucocidin is 

composed of 2 components 'Li" and 	and that both of these must 

be present before leucocidal activity is shown; whichever of the 

components is present in the smallest concentration determines the 

level of activity. 	An investigation of the 'F' and 	components 

was conducted as follows. 

Method 2. 	The method of Woodin (1961) was adapted. 

The cocci were removed from 100 ml. of culture by centrifugation 
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and the supernatant dialysed against solid ammonium sulphate for 

24 hours. 	This had the effect of reducing the volume to about 

3( ml. and of precipitating the protein. 	It was found difficult 

to separate the protein by centrifugation and so the reduced 

volume of material was dialysed against water for 24 hours 

to remove the ammonium sulphate and then reduced to dryness at 

a temperature of 37°C. 	The deposit was resuspended in 0.2 ml. 

of saline at a pH of 7. 	This material was used as the antigen 

in Ouchterlony plates against commercial staphylococcus antitoxin 

(Burroughs-711come) and lines identified by comparison with the 

standard F and S antigens supplied by 	Gladstone. 

The results, however, were very difficult to interpret 

(Table 21). 	_Aron under the conditions of the experiment riven 

above, some of the strains produced one or more extra antigens 

which could not be identified with °E" or IS,. 	The standard 

commercial antitoxin may contain at least 10 precipitating 

antibodies and so it is difficult to distinguish between the 

various precipitation lines. 	In addition, the 'F' component 

given to me by !)r. Gladstone was known to contain D. .A. ass which 

precipitated as a broad band next to the .F line and so obscured 

the results. 	Finally some of the batches of antitoxin gave ne 

lines against the ,s' component at all. 

Attempts to separate the components of leucocidin by 

paper chromatography and electrophoresis on both paper and 
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cellulose acetate were not successful. 	Clearly further work 

is needed before these techniques for the separation of 

leucocidins can be applied to large collections of staphylococci. 

Since many human sera contain antibodies to leucocidins, 

it seems probable that leucocidin production in vivo is very 

different from that in vitro. 	Gladstone and Glencross (1960) 

found that both the F and S components of leucocidin were 

produced more abundantly in intraperitoneal sacs in rpabits 

than in similar menstrua in vitro. 

Inveetication 

To 

staphylococci 

based on that  

of capsular material 

strains in the stratified random 

investigate the nossitility that some of the 

might possess a hyaluronic acid capsule, a 

of Clausen and Rosenkast (1962) was used. 

method 

The 

sample of staphylococci were 

inoculated onto agar plates, one plate per strain, and incubated 

overnight at 3700. The growth was scraped off and suspended in 

10 ml. of phosahate buffer (9 parts 175- VE2PO4  and 1 part 10a2HPO4 ) 

for 14 days. The staphylococci were removed from the buffer by 

centrifugation and the supernatant evaporated to dryness at 37°C. 

The deposit was resuspended in 0.2 ml. of distilled water and 

2 microlitree of the solution °laced on 10 x 5 cm. strips of 

cellulose acetate, 2 unknowns and 1 standard on each strip. 	The 

standard solution was composed of hyaluronic acid and 
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chondroitin sulphate. 	'lectrophoreeis at 120 volts for 

hours was carried out at a temperature of 4°C in phosphate 

buff:ord.' pH 7.2. 	After electrophoresis the strips were dried 

and stained with Toluidine Plue (0.1i: in water). 	This stain 

is more specific than the mucicarmine used by Clausen and. Roeenkast. 

even of the 35 strains gave a result which might 

be interpreted as hyaluronic acid. 	2io reat weirht can be 

placed on these results, however, for the 'spots' were very 

diffuse and, unlike the standard, tended to spread very widely. 

In most of the strains, a diffuse spot appeared about half way 

'between the hyaluronic acid and the ohondroitin sulphate of the 

standard. 	Nine of the strains showed a 'spot' which had run 

ahead of the standard; no interpretation of the spot can be 

riven at present. 	No relation between any of the apparent 

mncopolysaccharidee and virulence for man or mouse was found. 

Comparison of this work rith that of Ulausen and 

iosenkast (1962) is made difficult by their use of a dye which 

appears to be less satisfactory than Toluidine Plue and also by 

the fact that they compared unknowns with standards on separate 

strips of cellulose acetate. 	xamination of the movement of the 

standards on different strips in the same run in the present seri 

of experiments showed that movement on different pieces of 
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cellulose acetate was not identical. 

This work was a joint experiment with Nr. B. C. 'ratt 

(also of the Pacteriology )epartr.ent, The right-21eming Institute) 

and is being continued in an attempt to determine the nature of 

the substances found. 	,e are indebted to r. helen !Aar 

(;t. °'ary's Hospital) for advice in regard to staining and 

technique. 

Sensitivity to antibiotics produced by viridans streptococci  

Yyers (1959b) drew attention to the susceptibility of 

staphylococci to 'antibiotics' produced by viridans streptococci. 

It seemed possible that the resistance or susceptibility to such 

antibiotics (which might of course be present in the mouth or none) 

might influence the comuunicability of staphylococci. 

Accordingly, 9 strains of viridans streptococci 

isolated from the upper respiratory tract of patients were 

tested for antibiotic Pro=iuction. 	Three of the 9 strains produced 

'antibiotics'; the antibiotic of one strain appeared to be 

diffusing into the agar. 	One of the 3 strains of streptococci 

inhibited only a few of the staphylococci; the other two, having 

a simil-tr but not identical spectrum, inhibited a number of the 

staphylococci. 

A total of 2C isolates of staphylococci was then 

tested against these 3 streptococci (eee Appendix 2 for methods). 

The results were consistent for each isolate but not for 



TABLE 22 	Analyses based on isolates. 

A comparison of virulence and lysin production. 

Tiouse score 
Total 
isolates 

% producing 

alpha 
lysin 

beta 
lysin 

alpha + delta 
+ fibrinolysin 

11 — 12 48 85 35 44 

9 — 10 49 67 16 14 

7 — 8 39 44 lo 15 

5 — 6 24 50 8 8 

1 — 4 11 9 o 0 
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strain (Appendix 1 Table 7). 	Some of the isolates in almost 

every strain were sensitive and some resistant. 	No correlation 

could be found between susceptibility to streptococcal 

antibiotics and the observed epidemicity for man to source, 

phage—type or conventional antibiotic resistance, or to mouse 

virulence. 

Analyses based on isolates  

The previous analyses of virulence factors were 

based on the mean response for each strain and the individual 

variations of each isolate have been ignored. 

There are, however, grounds for regarding each 

isolate as a separate entity since within a strain the isolates 

were obtained from different patients over a period of as long 

as 2 months and each isolate would have undergone considerable 

multiplication within its host. 

To facilitate analysis on these lines, the results 

for each isolate were recorded on Copeland-Chatterson 'edge-punch' 

cards. 	Analyses could thus be carried out in a variety of ways 

with ease. 

RESULTS 

Full tables of results are given. in Appendix 1 and 

simplified tables are given in the text. 
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relations of the ',pine to virulence for mice  

The isolates which gave the highest scores in mice 

more frequently produced alpha haemolysin in vitro than did 

other isolates. This was to be expected in view of the fact 

that the white or necrotic zone appeared to be produced by 

alpha lysin (this is described rr '0 fully later). 	The more 

'virulent' isolates also more frequently produced beta lysin, 

fibrinolysin and combinations of these than did the other 

isolates, delta lyein was more evenly spread amongst the 

isolates (text Table 22, 4ppendix 1 Tables 8, 9, 10)* 

Other enzyme factors  

The negative correlations of virulence with egg—yolk 

factor, gelatin so haemoelobinase and litmus—milk enzymes 

observed on the basis of strain became less pronounced when 

results for isolates were analysed (Appendix 1 Tables 12, 13). 

These enzymes appeared to be more nearly evenly (istributed than 

formerly; only urease was markedly less frequent amongst the 

isolates giving the highest mouse scores. The reason for this 

may lie in the fact that the production of certain enzymes was 

almost confined to some phage groups, for example haemoglobinase 

was far more frequent among the phage group I strains than amongst 

the phage group III strains (Table 23, Appendix 1, Table 14). 



phage Total 
group isolates 

producing 

alpha .4- 
alpha delta haemoglo- litmus 
lysin 	lysin 	binase 	milk 

I 64 48 30 69 

II /2 12 67 17 

III 61 79 72 3 

Mixed 14 50 43 50 

55 

33 

TAIL 23 	Analyses based on isolates. 

A comparison within phage groups. 

TARLI-; 24 	A comparison of pigmentation. 

Pigment on 	Total 	producing  
glycerol 	isolates alpha egg-yolk haenoglo- urea litmus 
monoacetate 	lysin factor binase 	milk 

yellow 16 63 6 0 6 0 

orange 109 61 75 49 40 43 

other 46 59 74 32 30 24 
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As observed. by Allis, Jacobs and Goodburn (1964), 

the strains which produced a yellow pigment on glycerol 

monoacetate agar were physiologically distinct from strains 

producing other pigments on this medium (Table 24, Appendix 1 

Table 15). 	Yellow strains in this series did not produce beta 

lysin. 

Production of anti en-antibody precipitation lines 

in agar is, of course, partly a reflection of lysin production 

(Appendix 1 Tables 16, 17, 18). 	It is curious that, although 

commercial antitoxin contains little or no anti-delta haernolysin, 

there was a relation between the production of delta lysin and 

the number of lines observed. 	Delta lysin production is 

presumably closely linked to some other factor. There was 

a slight tendency for strains which were 'virulent' to produce 

more precipitation lines than those which were 'avirulent' 

(Appendix 1 Table 17). 

The relation of virulence factors to disease in humans  

The previous analyses are based on the observed 

virulence of the staphylococci for mice. 	No comparable data 

regarding the 'virulence' of these staphylococci for humans was 

available but it seemed permissible to divide the staphylococci 

into three groups according to their lepidemicitys. 

The three groups were defined as follows:- 



TABLE 25 	Analysis of enzyme in relation to human disease. 

npidemio 
strains 

Non-epidemic 	non-spreading 
strains 	strains 

Total isolates 90 66 16 

of isolates producing enzymes 

Alpha lysin 70 56  25 

Beta lysin 24 12 6 
Delta lysin 64 74 56 

Fibrinolysin 23 53 19 

Gelatinase 59 74 75 
Haemoglobinaso 32 45 63 

Egg-yolk 53 85 81 

Urea 31 39 69 

Litmus milk 29 42 25 

Voges-Proskauer 68 54 50 

Lactose 92 85 63 

Number of antigen/antibody precipitation lines: 

5 or more 27 11 25 

3 - 4 37 54 25 
1 - 2 36 35 50 

Phase groupt 

I 44 43 75 
II 4 9 12 

III 49 27 0 

misc. 2 15 12 
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Non-spreadinc staphylococci - isolates from strains which 

failed, to spread to other patients. 

preadinr, non-epidemic staphylococci - isolates of strains 

which had spread about the wards, but which had caused less 

than 3 septic lesions. 

idemic staphylococci - isolates of strains which had spread 

and caused 3 or more septic lesions. 

The production of various factors by isolates 

of there 3 groups is shown in Table 25. 	Alpha and beta 

hasmolysins were more frequently produced by the epidemic 

strains than by the others, but the production of delta lysin 

and fibrinolysin have no apparent relation to epidemicity. 

Of the other characters investigated, only a positive Voges-Proskauer 

reaction and lactose fermentation were more frequent among the 

isolates from 'epidemic' strains. 	Thee differences are 

probably attributable to the differences in the distribution of 

phage groups. 	When staphylococci of one phage group only were 

considered there were no real differences between the 'epidemic' 

and 'non-epidemic' groups except in alpha and beta haemolyein 

production (e.g. Appendix 1 Table 18). 

Discussion  

In general, the results of the tests for diffusible 

products of the staphylococcus were very similar to those obtained 



POLS 26 Comparison of results of 'enzyme' production. 

  

'&1zyme' 
Percentage of strains 

positive 
Noble 	Others 

References 

Alpha lysin 
Beta lysin 
Delta lysin 
Leucocidin 

100* 
10 
90* 
78 

82-100 
11 
97 
50 

Elek, 1959. 
Ilek, 1959. 
Flak, 1959. 
Gladstone and van Heyningen, 

Fibrinolysin 34 81 Elek, 1959. 	1957.  
i:gg-yolk lipase 82 89 Shah, - ussell and Wilson, 

Celatinase 64* 58* Levy, 1952. 
1963. 

Haemoglobinase 49 28 Elek, 1959. 
Litmus milk 34 75 Elek, 1959. 
Lactose 85 95 Chapman and Stiles, 1940. 
Urease 41 20-70 Elek, 1959. 
Veges-Proskauer 71 64 Cowan, 1962. 

Alcrove, 
maltose, 
fructose, 
glucose, 
trehalose 100 general 

agreement 
Chapman and :tiles, 1940. 

raffinose, 
glycerol, 
rhamnose, 
inositol, 
aesculin, 
arabinose, 
xylose, 
inulin 

Mercury 
sensitivity 

0 	general 
agreement 

linked general 
to anti- agreement) 
biotic 
resistance 

Chapman and. Stiles, 1940. 

Akinlade. 1962. 
Jessen et al., 1963. 

    

* Not tested by the most efficient technique available. 
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by other workers (Table 26). 

The main conclusions which can be drawn from these 

studies would appear to be that the stanhylococci which wore 

'epidemic' for man were also able, in general to produce skin 

lesions in nice, and that to some extent both these abilities 

were dependent on the production of alpha lysin and other similar 

toxins. 	;"'ost of the characters investigated, did not appear to 

be associated with virulence in man or mouse and it was not 

possible to show that the 'virulent' strains had a total 

biochemical activity ;:reater than that of the other strains. 

It must be emphasised, however, that almost all the tents used 

were aualitative rather than cuantitative in nature. 

As in demonstrated later, the results of the mouse 

virulence test were related to the Production of elehn 

haemolysin in vivo but this did not exactly parallel the in vitro 

production. 	There must then be some other factors which enable 

the staphylocoecus to produce the conditions in vivo in which 

it can elaborate alpha haeeklyein. 	Tf, for one moment, it 

be eesumed that the correct factors have been chosen for 

inveetgatior, then an analysis of all isolates which produced 

alehe lysin in vitro should indicate the acceseory factors which 

enal'lc none isolates to he more virulent for mice then others. 



Vouse score 
Significance of 
differenceassessed 
on the )e test 

11 + 12 	1-10 

Number of isolates 	41 	63 

of isolates producing 
the enzyme 

Beta haemolysin 37 19 <:. 	1% * 

Delta haemolysin 80 79 > 90% 

Fibrinolysin 59 40 2% * 
Celatinase 68 56 7 10% 
Haemoglobinase 37 27 ;-.2. 	10% 

147g—yolk 59 59 90% 

Urea 24 44 < 	1% * 
Litmus milk 34 40 10% 

Voges-Proskauer 59 62 7 10% 
Lactose 83 87 7 501  

VOID'', 27 	Analyses based on isolates. 
elation of virulence to specific /ysin proOuction. 

All of these isolates produced alpha haemolysin. 
* Result is significantly different to the expected. 
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Table 27 shows that although beta lysin, gelatinase, fibrinolysin 

and haemoglobinase were all more common among the most virulent 

isolates, only beta lysin and fibrinolysin were significantly 

more common. 	17-r.r,ate was significantly less common in the more 

virulent isolates. 

If, for the sake of argument, we consider those 

enzymes for which a 'use' can be found, i.e. beta and delta lysin, 

the 3 protein splitting enzymes (fibrinolysin, relatinase and 

haemoglobinase) anr3 the ege—yolk lipase, we find that 46; of the 

most virulent staphylococci possess 4 or more of these 6 enzymes 

compared to only 2O of the less virulent strains. 

The conclusion that beta lysin and fibrinolysin 

appear to play a supporting role to alpha lysin in the production 

of lesions is in accord with the work of, for example, Selble and 

Simon (1952, Lack and ai1liri (1954) and Howard (1954.)  

There are then some grounds for believing that 

the most virulent staphylococci are those which have the greatest 

biochemical activity. 	It is essential to boar in mind, however, 

that the production of enzymes in vivo may not be the same as that 

in vitro and what is needed for investigations of this sort is a 

means of assessing which enzymes have been produced in the mouse. 
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THE SURVIVAL OF STAPHYLOCOCCI ON DRYING AND THN HNLATION TO VIRULENCE  

It might be supposed that, if disease is caused by 

bacteria that survive in the environment, then the strains 

which are most easily able to spread through wards will be 

those which are (a virulent and antibiotic resistant and 

(b) those which survive drying well. 	'Airvival on drying may 

be considered - under two headings; quantitative survival, the 

percentage of the original inoculum which can Ye recovered as 

viable cocci after dessication and  sualitative survival, 

consideration of whether the bacteria which do survive deesication 

are as capable of causing disease as cocci of the same strain 

which have not been dried. 

Quantitative survival  

The survival of various strains of staphylococci was 

studied by outtin7 1/50 ml. of broth culture on to 0.1 pm. of 

cotton dust in bottles. 	The bottles were labelled and left in 

the dark without lids but covered with blotting paper. 	Immediately 

after inoculation and at intervals of 3 days, 1, 2, 4., 10 and 25 

weeks one bottle of each culture was resuspended in 	broth saline, 

diluted where necessary and inoculated on to serum agar. 	Colonies 

were counted after 18-20 hours incubation. 

The percentage survival in relation to the count at 

0 hours was calculated and plotted as 'log.percent.survival against 
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'time'. 	Vrom this flraph the number of weeks which elapsed 

before the count fell to 1.. of the inoculum was calculated 

(see eigure 16). 

The percentage survivals at 3 days and the time 

which elapsed to 1% survival are given in Appendix 1 Table 19, 

where the strains are shown in order of mouse virulence. 	The 

results were plotted against the adjusted mouse scores for each 

individual culture (see for example Figure 17). 	There was 	no 

significant correlation between the mouse lesion score and the 

two measures of survival (lesion score/survival at 3 days  

correlation co-efficient a —0.012, df = 45, P > 1011 lesion 

score/time to l survival  correlation co-efficient . -0.245, 

df • 45, 10 	P > 5• ). 

The staphylococci were divided into 2 groups according 

to whether or not the isolate was from a strain regarded as 

'epidemic' or not (Alliams & Jevons, 1961). 	Although the 

epidemic strainr appeared to survive better than the non-epidemic 

strains, the differences were not statistically significant 

(survival at 3 days epidemic mean R 68•1%, non-epidemic mean . 56.8%, 

t 	1.36, df 	45, P> 10'; time to 11 survival, epidemic mean . 8.1 

  

weeks, non-epidemic mean . 7.6 weeks, t m 1.45,  df . 45, P> 10). 

There is thus no significant evidence that staphylococci 

which were epidemic for humans or virulent for mice survived 



TAT,P; 28 	survival of staphylococci and micrococci on dessication. 

Organisrl 
survival 

at 3 days 
Aleks to 

1 Fyurvival 
Virulence score* 
in mouse test 

Staphylococci 

NCTC 7485 55 6.o 36 

PS 80 100 7.0 33 

Wood 46 74 2.5 22.5 

Smith 50 13.5 16 

PS 42E 76 10 15 

Type 52 100 18 13.5 

PS 83A 

vicrococci 

19.5 4.0 8 

Harrod 100 8.5 18 

NCTC 7944 100 8.5 16 

The score is based on the pooled results, where available, of 
the effect of injecting 106  cocci into 6 mice; maximum score = 36. 
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drying in the environment any better than other strains under 

the conditions of the test used. 

Survival of miscellaneous strains  

In Table 26 are presented the results of a few 

additional strains whose survival was measured in the same way 

as recorded above. 	It can be seen that all survived fairly well 

except strains good 46 and PS 83A. 	Again, no relationship between 

mouse virulence and survival can be found. 	In agreement with the 

results of Tountree (1963a and b), Yood 46 survived dessication 

badly. 	Type 52 was investigated previously by Noble (1961, ?.So. 

Thesis) and when dried on talc dust was found to drop to 48 of 

the original inoculum on drying and to drop to l% of the inoculum 

in 6-7 weeks. 	staphylococci in pus and sputum were found to 

take about 6-7 weeks to drop to 1. of the inoculum when dried 

on cotton dust or on wool blanket. 

ilialitative survival  

The virulence of dried staphylococci was investigated 

as follows:— 5 ml. of broth culture of the staphylococcus was 

poured on to 2 grams of cotton dust and allowed to dry at ambient 

temperature and humidity. 	The dust was then ground in an V.S.E. 

blendor and sieved to homogenize it, packed into needles and 

inoculated into mice. 	The dose was calculated by putting the 

dust from a needle in to 10 ml. of broth saline, diluting where 
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TABLE 29 	Comnarison of the regression lines of virulence 

against dose for fresh and dried cocci. 

elope of line t di Probability 
P 

strain of 
staphylococcus fresh dry 

Ps 80 0.155 0.093 1.8 32 10% P 

Charlton 0.267 0.237 1.05 20 P 10, 

Wood 46 0.248 0.220 1.06 21 P 10 

Type 52 0.204 0.046 0.69 20 P 10 
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necessary and inoculating onto agar. 	'ecause of the variability, 

at least 6 needlec were used in the determination of the dose 

inoculated and 6 or 12 mice inoculated with the staphylococci. 

Four strains of staphylococci were ased in these 

investigations, PC 80, Charlton, Type 52 and Wood 46. 	The 

virulence of several preparations of ,:Dried cocci of each strain 

was measured after different times in the dried, state. 	The 

regression lines of 'log.lesion score' against 'log. dose' 

were calculated and compared with the regression lines for 

fresh cultures. 	Pore data was available for 'fresh' cultures 

than previously because control counts for other experiments 

were included. 

Co significant differences were found between the 

reareesion lines for fresh and dried cocci (Table 2e and Pieure 18) 

and frog this it mey be concluded that no differences in virulence 

were produced by drying. 	The full table of results is given in 

!.ppendix 1 Table 20. 	It is curious that the regression of score 

on dose is always greater for the fresh than the dry cocci but this 

may 	a reflection of undetected differences in the clump size 

of the inocula. 

Investigations into lag period  

As noted in the discussion on the effects of dessication, 

other workers who resuspended the dried staphylococci and inoculated 



TABLE 30 	The effect of antibiotics on infection with fresh 

and dried staphylococci. 

Dose Strain inocula- 
ted 

Score * 

Control 5 mgm. of antibiotic given at x hours 

0 3 4 5 6 7 8 9 10 11 

PS 8o+ 	5 x 105  29 1 2 28 
Fresh 1 x 10

6 

5 x 105  

30 

32 

4 3 

3 

6 

8 

31 

14 

28 

29 

3 x 10
6 

24 5 11 30 24 33 36 36 33 30 

Dry 	5 x 105 29 2 9 15 20 

1 x 103  24 0 2 6 9 

5 x 10
6 

24 9 15 28 36 33 3o 30 36 34 

Nood 46+ 	6 x 105  15 7 6 2 6 
Fresh 5 x 105  

2 x 106 

10 

13 o 

2 

12 

5 

5 

4 

7 

5 

7 

Dry3 x 10 18  4 3 6 24 

1 x 107  26 30 29 26 21 31 

Charlton4  2 x 1o
6 36 1 4 8 20 28 

Fresh 6 
3 x 10 30 5 6 5 18 23 

Dry 	1 x 107  36 5 16 33 3o 36 

3 x 10
6 

36 7 12 20 32 32 

* Score is based on the results for 6 mice, maximum score . 36 

▪ Mice treated with streptomycin. 

4  Mice treated with neomycin. 
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them into mice without a potentiator such as sutures or cotton 

dust, found a difference in virulence between the fresh and dry 

cocci. 	It seemed as if the ability of a suture to potentiate 

infection might have the effect of enabling the staphylococci to 

remain virulent. 	i altman, 6rr and iiinton (1960) found that dried 

cocci had a longer lag phase than fresh cocci when inoculated into 

broth. 	This was confirmed in the present series of experiments, 

when fresh and dry cocci were inoculated into broth and the viable 

count determined at hourly intervals (Yigure 19). 	The discrepancy 

between published results on the virulence of dried staphylococci 

might be explained if, when injected alone, the dried cocci, having 

a longer lag period, were exposed to destruction by the body for 

longer. 	The potentiating effect of a suture might enable the 

staphylococcus to overcome this. 

It has been shown that antibiotics given shortly after 

infection will prevent sepsis. 	If the dried cocci had a longer 

lag period in vivo  as well as in vitro then the effective Period 

for antibiotic therapy should he longer for dried. cocci than for 

fresh cocci. 	Accordingly, mice were infected with fresh and dried 

cocci and a single dose of antibiotic given at intervals after 

infection. 	The results are given in Table 30 and are shown 

graphically for strain PS 80 in Figure 20. 

'able 30 shows that the effect of one dose of antitIotic 

was dependent not only on the time after infection at which it 
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was given, but also on the number of bacteria with which the 

mouse was challenged. 	The effect of the antibiotic was 

markedly reduced in the presence of large doses of bacteria. 

To obtain more comparable results, the lesion scores were 

adjusted for the effect of dose in the same way as the lesion 

scores used previously in the comparison of virulence. 

Adjusted score = original score — (regression slope 

(deviation of the dose from the mean dose) 

The adjusted results are shown in Appendix 1 Table 21. 

The pooled results for staphylococcus PS 80 are shown in Figure 20. 

There is a suggestion that the dried cocci were susceptible to the 

effect of the antibiotic for a longer period. than were the fresh 

cocci. 	If the dried cocci simply had a longer lag phase than the 

fresh cocci, the theoretical curves would 1,e of the 'hysteresis' 

type shown in the diagram (Figure 20A), but these were not 

--r(ME 
Figure 20A 	'Hysteresis' curve. 
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obtained in practice. 	The results for ood 46 and Chariton do 

not sugr,est a longer hie phase for the dried cocci and hence 

the evidence remains rather unsatisfactory. 

Discussion  

It must be remembered that all the bacteria used in 

these studies have been kept on artificial media for some years 

since isolation from the patient and some caution must, therefore, 

be used in extrapolating these results to consiJerations of crone— 

infection in hospitals. 	Purther, these staphylococci have been 

dried from broth culture on cotton dust whereas it seems likely 

that most of the staphylococci in the hospital environment are 

dried from their natural growth medium on particles of desquamated 

human skin (Invies & Noble, 1962, 1963). 

The experiments quoted above show that although the 

epidemic strains of staphylococci appeared to survive dessication 

better than the non—epidemic strains, the difference was not 

statistically significant. 	;tact comparison with the results 

of Rountree (1963b) is made difficult by Zr. iountree's use of 

K values, for the value of K depends to a considerable extent on 

the portion of the curve over which the data is considered. 

:tried cocci appear to be as capable of causing infection 

in mice as fresh cocci when introduced subcutaneously on a suitable 



193 

potentiator and there is a very slight sugcestion that the dried 

cocci have a longer lag phase than the fresh cocci in viva  as 

well as in vitro. 	It is disappointing not to have shown a more 

marked difference in the lag period between the fresh and dried 

cocci but differences in the dose of live cocci inoculated and 

'the presence of large numbers of dead organisms in the dried 

preparations may have influenced the result. 

The dried cultures were all prepared at least one week 

before inoculation into the animals; some of them had been dried 

for many weeks before use. 	As may be seen from the tables, between 

2 and 4 weeks elapsed before the count had fallen to lees than 

lCr of the original inoculum and there is thus the possibility 

that the dried bacteria had a larger clump size than did the fresh 

cultures. 	E;ramination of the dust on which staphylococci had 

been dried showed that, in addition to the usual groups of 1, 2, 

3 and 4 cocci there were a number of large aggregates of perhaps 

10 to 20 cocci. 	It is, of course, difficult to determine how 

many of the cocci in the clumps were viable. 	attempts have been 

made to do this using ionising radiation (Lidwell, Noble A Iplpein, 

1959), but further work has proved more difficult to interpret 

(Kingston sc Noble, unpublished). 	The death rate of irradiated 

organisms depends on the nature of the menstruum in which the 

organisms are irradiated, the degree of exygenation, the speed 
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at which the dose of radiation is delivered and the presence 

of inducible phmees in the cell (see for example Alper rt fillies, 

1960). 

In the present series of experiments, it was found 

that an increase of 1.7-fold in the viable count of the dried 

cocci could be obtained by blending suspensions of the dust in 

the M.S.E. blendor. 	Mat this increase could also be obtained 

with fresh broth cultures and it is therefore difficult to determine 

whether the clump size of the dried material was any different from 

that of the fresh growths. 	It seems likely that any such difference 

would be small however. 	It can be seen from Agure 18 that, 

because of the variability in the results, some leeway in the 

dose inoculated could be tolerated without markedly affecting 

the significance of the results. 

3ummary  

There were no statistically significant differences in 

the survival rate on drying between epidemic and non-epidemic 

staphylococci. 

,when inject° on cotton duet, no difference was found 

in the virulence of fresh and dried staphylococci of 4 strains. 

It seems possible, although by no means certain, that the lag 

period of dried staphylococci is longer both in vitro and in vivo  

than that of fresh staphylococci of the same strain. 



TAUS 31 	The effect of washing the inoculum on the score 

obtained after subcutaneous inoculation. 

Strain Control 	Washed 	Y!Ixpected 
dose 	Score 	dose 	Score 	score 

PS 8o 	1 x 106 

	

32 	1 x 106 

	

32 	31.5 

	

8 x 10 	28 	1.4 x lo6 

	

33 	32.5 

	

8 x 103 	18 	1.4 x id/ 	15 	19.5 
8 x 10 	4 	1.4 x 102 

	

5 	5.5 
1 x lo2 

	

13 	1 x 10
2 

12.5 	9.5 

	

Chariton 1.5 x 10
6 	28 	1.2 x 10 	20 	27 

	

1.5 x 104 	10 	1.2 x 104 	11 	18 

1.5x 102 

	

3 	1.2 x 102 

	

2 	2.5 

Smith 	1.5 x 10
6 

	

23 	5 x 105 	20 	ND 

	

1.5 x 104 	16 	5x 103 	13 	ND 

Type 52 

Wood 46 

1 x 10
6 	

16 	1 x 10
6 	15 	16 

1 x 104 	11 	1 x 1014 	13 	13 

9 x 105 	13 	1.5 x lo6 

	

11 	14.5 

9 x lo3 	6 	1.5 x 104 	2 	6.5 

9 x 10 	1 	1.5 x 10
2 	

1 	1.5 

The expected numbers were calculated on the basis of the slope 

of the regression line of lesion score against log. dose for each 

strain. 	They represent the score expected if the washing had no 

effect on the score. 

No regression lines of dose against score were available for the 

smith strain. 
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INVSTIGATION INTO THE PRODUCTION OP LESIONS  

A number of variations in technicue were made in 

order to try to determine some of the factors involved in lesion 

production. 

The effect of washing the inoculum  

The majority of the tests reported in this thesis 

have been conducted using 18 hour broth cultures as the inoculum. 

It seemed desirable to determine whether the lesion score depended 

to any extent on the presence of preformed toxin in the broth 

culture. 	Accordingly inocula were prepared in which the cocci 

were washed twice in broth—saline and resuspended in broth—saline 

before inoculation into the mice. 	Table 31 shows that the effect 

of washing was marked for one strain only (Charlton). 	The control 

results were determined usinr unwashed staphylococci of the same 

broth culture and the 'expected' results were derived from these 

usine the regression lines of 'lesion score' against '1oe..dosel 

and they represent the result expected if the washing had had no 

effect. 	Overall the expected results do not differ significantly 

2 
from the observed values (& 	11.12, df . 12, 0.9> D 

It seems reasonable therefore to suppose that the 

severity of the lesions did not depend on the presence of 

preformed toxin. 	This result might have been anticipated in 

view of the fact that staphylococci remained 'virulent' even 



T:CBLE 32 	The effect of adrenaline on infection 

5train 
Doee Score 

Adrenaline acteria Control Adrenaline 

PS 80 2 yella 1 x 102
6  

32 33 
1 x 10 	13 14 

25 pm 4 x 10 
	

34 33 
4 x 10

2 	
1 4 

Type 52 25 pgm 2 x 10 
	

11 9 
2 x 10

2 	
4 1 
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when diluted in saline; since the amount of original broth 

culture present when 104 cocci were introduced was about 0.0001 ml. 

The effect of adrenaline on lesion severity  

It has been shown that adrenaline injected into the 

skin of rabbits within 2 hours of an ordinary injection of 

bacteria enhances the production of lesions (Wane, Miles & Niven, 

194). 

In the present series of experiments, adrenaline in 

doses of 2 micrograms and 25 micrograms failed to enhance the 

lesions produced by the introduction of staphylococci in cotton 

dust (Table 32). 	The adrenaline was given at the same time as 

the challenge. 	The mice were kept under observation for 4 hours 

after the injection of adrenaline, but no effects were seen. 

As shown earlier, the cotton itself has a strong 

potentiating affect on the production of lesions and it may be 

that the adrenaline simply failed to potentiate infection further. 

'odification of the ieticulo—ndothelial system  

Staphylococci produced essentially a closed lesion when 

introduced subcutaneously whilst streptococci were found to invade 

the whole tissue of the mouse. 	Streptococcus pyogenes (NCTC 8194) 

introduced on the cotton plugs gave rise to lesions which were not 

surrounded by the white zone but which subsequently showed a 

considerable amount of necrosis. 	Unlike the staphylococci, a 
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number of the streptococci gave rise to generalised infections 

from which the mouse died, the streptococci being recovered from 

the tissues post mortem. 	The death rate was dependent on the 

dose of streotococci introduced. 	It is platitudinous to state 

that the streptococci were invasive whilst the staphylococci 

were not; what in unknown is why the staphylococci were not 

invasive. 

It might be that the reticulo-endothelial system (11s) 

is able to cope with small numbers of staphylococci which 'get 

loose' in the tissue, but not with small numbers of streptococci. 

This suggested that, if the A were interfered with, it might 

be possible to produce a generalised infection from a subcutaneous 

infection with staphylococci. 

Accordingly, mice were injected intravenously with 

glycerol trioleate, which appears to stimulate the d3, or with 

ethyl stearate which depresses the action of the 	(Cooper 

Stuart, 1962). 	Treated. and control mice were challenged with 

the same dose of staphylococci subcutaneously on cotton dust and 

the result scored at 24 and 48 hours. 	The results are shown 

in Table 33. 	Only one mouse died (12 days after challenge following 

intravenous ethyl stearate) and only proteus was recovered from 

kidneys and liver. 	All the mice were killed and examined 14 

days after challenge. 	One mouse infected with staphylococcus 



TABLE 33 The effect of modification of the .RES 

Strain 
Scores in mice 

Dose 
Control Treated with 

glycerol 
trioleate 

Treated with 
ethyl 
stearate 

Wood 46 9 x 205 13 12 16* 

9 x lo 1 0 0 

Charlton 1.5 x 10
6 

28 32 33i  
1.5 x 102 3 7 6 

PS 8o 8 x 105 28 35 32 

8 x 102 4 14 7 

* One mouse died 12 days after challenge, only Proteus was 

recovered from the viscera. 

91  One mouse had this organism in the liver on post mortem  

examination. 

TABLE 34 The effect of administering antibiotics 

Strain Dose Time 
antibiotic 
given 

Scores in mice 

control treated 

Type 52 6 
10 1 hr. 10 4 
104  9 4 

Smith 106  8 4 

104  8 3 

PS 80 106  0 hr. 30 4 
29 1 
26 6 

4 106  
36 
34 

10 
9 

l0 1 hr. 26 12 
104  17 10 

See also section on virulence of dried organisms. 
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10harlton,  and treated with ethyl stearats yielded this organism 

from the liver, none of the other organs yielded staphylococci. 

As may be seen from the table, the lesion score was 

not markedly Affected by interference with the RES and the 

evidence that the mice were more susceptible to generalived 

infection was very slirht. 	No attempt was made to check that 

injection of the lipido in the recommended doses had any effeet 

on this particular strain of mice, but the thod has been well 

documented. 

Penetration of material into the Fah,  

It seemed desirable to discover whether particulate 

or 	 solved matter could penetrate into the cotton plug when 

thin wag under the skin of the mouse. 	Pairs of mice inoculated 

with plugs bearing 10
6 viable unite of staphylococcus Type 52 

were injected intravenously at intervals from 0 to 4 hours after 

infection with 0.5 ml. of 0.65% Pontamine Sky Blue. 	One of each 

pair was then killed at 1! hour and one at 1 hour after injection 

of the dye. 	11 caeos both the skin around the .plug and the 

plug itself were stained a deep blue. 	In animals given Pontemine 

ky `Clue 24 hours after infection, the white tone became coloured 

only very slowly, taking about 3 hours to et in completely. 	The 

surrounding tissue was deeply stained within 10-15 minutes of 

injectiw! the dye. 
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The penetration of antibiotics was studied by giving 

the mice 5 mgm. of streptomycin intramuscularly in the thigh 

after infection and noting the score obtained in these and 

control mice. 	In many of the treated mice the 'legion' consisted 

solely of a lump around the cotton plug with little or no erythema, 

thus the effect of the antibiotic was probably greater than might 

appear from Table 34. 	As shown in the section of this thesis 

dealing with the virulence of dried staphylococci, antibiotics 

were effective when injected up to 4-5 hours after infection; this 

is, of course, the time at which the bacteria begin to multiply. 

There is thus no reason to suppose that any material 

present in the blood stream of the mouse will fail to penetrate 

the lesions, especially in the early phases of lesion production. 

Amon (1963) reported that oral or intramuscular 

tetracycline reduced by 1C— 100—fold the dose of tetracycline 

resistant staphylococci needed to cause skin infection in guineapigs. 

The mechanism of this phenomenon is not known. 	In this series of 

experiments, the mice were not given antibiotics to which the 

staphylococci were resistant and no such potentiation of infection 

was seen. 

Immunity to staphylococcal infection  

Its has been demonstrated, material circulating in the 

blood stream of an infected animal appears in the tissue surrounding 



TABLE 35 	;ffeet of immunizing mice- with vaccine and 

vaccoid prepared from PS 80. 

Challenge dose 7 x 105  7 x 104 	7 x 103 7 x 10
2 

score* 

Control 25 21 	7 10 

1 dose vaccine 26 14 	12 5 
2 dose vaccine 22 16 	12 4 

1 dose vaccoid 23 20 	11 6 

2 dose vaccoid 27 17 	8 7 

* Score based on 5 mice, maximum score 30. 
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the cotton plug and in the plug itself. 	It seemed therefore 

that by introducing various substances into the mouse, it might 

be possible to determine some of the factors which are responsible 

for the production of these lesions. 

Immunization of mice  

joint experiment with Yr. W. D. Brighton of the 

Applied Immunology Department of the Wright-Fleming institute 

was conducted to test whether the use of subcutaneous cotton plugs 

would be a satisfactory method for assessing the efficacy of 

vaccines. 

One hundred female mice aged about 6 weeks were divided 

into 5 groups by means of random numbers, one group being kept as 

control. 	Of the remaining four groups, two were given one dose 

(0.5 ml.) of vaccine or vaccoid prepared from staphylococcus PS 80 

intraperitoneally 4 weeks before challenge and the other two, one 

dose of vaccine or vaccoid 6 weeks before challenge and a further 

dose 2 weeks before challenge. 	Vaccoid is a preparation of 

vaccine (dead cells) and denatured toxin (toxoid); details of 

the methods of preparation are given in Appendix 2. 

All mice were challenged on one day with serial 10-fold 

dilutions of staphylococcus P 8c, the challenge doses ranging 

from 7 x 102 to 7 x 10 cocci. 	The scores are given in Table 35 

which shows that neither the vaccine nor the vaccoid had any 



TA loS 36 	Effect of repeated infection with the same staphylococcus 

5core* 
Strain Dose 

Control let 
re-infection 

2nd 3rd 

PS 80 2 x 10
6 

26 9 
1 x 106 36 19 12 

8 x 105  28 5 

3 x 1(114 34 12 8 

2 x 104  16 10 

8 x 103 18 6 

Charlton 4 x 104 30 14 

10 

9 

4 1 3 

3 

Wood 46 2 x 10
6 

26 9 

2 x 104 3 

Type 52 2 x 10
6 

12 14 13 
1 x 10

6 
10 12 

2 x 104 12 8 11 
1 x 104 9 12 

Smith 1 x 10
6 

8 9 

1 x 104 5 

* 	based on 6 mice. 
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effect on the pro,Auction of lesions, except perhaps at the 

very lowest challenge doses. 

Similar experiments using standard staphylococcus 

vaccine prepared from a number of strains, and a vaccine prepared 

by Greenberg (see for example Greenberg & Cooper, 1960; Greenberg, 

Cooper & Healy, 1961) in which the mice were challenged with one 

standard dose of staphylococci (9 x 105 viable units of PS 80, 

also failed to show any effect of the vaccine. 

affect of repeated infections with staphylococci  

vice which had been infected with various doses of 

different staphylococci were rechallenged at about 4 week intervals 

with the same strain at the same dose levels as used initially. 

Table 36 shows that the response to re-infection with PS 80, Charlton 

and Wood 46 was markedly reduced, especially at the high dose levels. 

No change in response was seen at the lower dose levels. 	The 

control scores were those obtained in previously uninfected mice 

inoculated with the same challenge dose. 	No reduction of score 

was shown with the strains Type 52 and Smith but no potentiation 

of infection was seen either. 

The results for mice which were he-infected with 

different staphylococci from those used to produce the initial 

infections are shown in Table 37. 	The reduction in lesion score 

was as marked as in those re-infected with the same strains. 



TABLE 3T 	Effect of re—infection with different staphylococci 

Final 	Initial 
challenge 	challenge 
strain 	strain 

1m 

core* 

Control Number of previous infections 

1 2 3 

PS 80 wood 46 6 x 105 34 15 4 
3 

6 x 103  12 6 4 

Charlton 6 x 105  21 9 13 
13 

6 x 10;3 11 4 5 
5 

Charlton PS 80 4 x 106 29 10 11 

12 

4 x 104  13 4 5 
5 

* The score is based on 6 mice. 



It was noticeable that the reaction most markedly reduced was 

the white zone or the necrosis which surrounded tho lesions 

initially. 

The effect of antitoxin and toxin  

In an attempt to discover more about the nature of 

the lesions, graded doses of Hurroughs—Nellcome staphylococcus 

refined globulins (antitoxin) were given intraperitoneally to 

mice challenged with 105-6 viable units of staphylococcus P(3 80 

and Charlton. 	Doses as low am 25 units of antitoxin per rouse 

markedly reduced the lesion abolishing the white zone or necrosis 

completely. 	ome vestiges of the white zone were seen when 2.5 

units of antitoxin were given. 	Serum from mice which had had 4 

infections with PS 80, in doses of 0.25 ml. intraperitoneally, 

reduce the lesions as much as did 2.5 units of antitoxin. 

The lesions formed in 'immune' mice were almost entirely 

without the white or necrotic zone seen on normal animals. 	Pus 

formed at the surface of the lesion (slight reaction, score . 1) 

in most animals, but in those receiving the very smallest doses of 

staphylococci, no reaction except slight erythema was seen for up 

to 5 days. 	.ome of the lesions, including those receiving up to 

106 cocci as the inoculum, progressed slowly for 10-14 days forming 

large spherical lesions similar to those produced by micrococci 

(see for example Figure 6). 
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It seemed at this stage that passive immunization 

with a non-staphylococcal serum or gamma globulin would show 

whether the action of the staphylococcus antitoxin was specific. 

Accordingly mice infected with 106 viable units of P 80 were 

treated with 800 units of thirroughs-ellcome diphtheria antitoxin. 

This too was found to abolish the white zone, but the diphtheria 

antitoxin was subsequently shown to prevent haemolysis of rabbit 

red cells by cultures of Wood 46 known to contain alpha lysin 

(for details see Appendix 2). 	It was also shown to produce at 

least 4 antigen/antibody lines against Burroughs-ellcome 

staphylococcus alpha lysin. 	It may thus be assumed that the 

diphtheria antitoxin contained staphylococcus antibodies as well. 

However, it was found that 0.07 units of the 

Illrroughs-,ellcome staphylococcus alpha toxin injected subcutaneously 

on clean cotton dust produced a white flare and necrosis at 24 hours 

in exactly the same way as did a 'virulent' staphylococcus. 

Larger doses produced severe necrosis within 24 hours although 

no reaction wan visible to the naked eye up to 6 hours after 

injection. 	In animals which had experienced a previous infection 

with staphylococcus PS 8e, a dose of 0.7 units of alpha lysin 

(10 times the previous dose) was needed to produce a white or 

necrotic zone. 	It thus seems highly probable that the white zone 

seen round the lesions produced by the inoculation of staphylococci 



••• 

ANS 

Control + s--ti 
staph antitoxin 

Control 

1 Control + Greenberg 
mouse serum 

2 Control + Standard 
mouse serum 

3 Control + Vaccine 
mouse serum 

4 Control + Vaccoid 
mouse serum 

5 Control + re—infection 
mouse serum 

Dilution of 'hood 46 culture 

1/4 1/16 1/64 1/256 1/1024 1/4000 

TOLE 38 	The presence of anti--alpha lyein in mouse sera 

1 serum from mice immunized with Greenberg vaccine. 

2 Serum from mice immunized with Standard vaccine. 

3 ;serum from mice immunized with PS 80 vaccine. 

4 serum from mice immunized with PS 80 vaccine and toxoid. 

5 ,erum from mice which had had 4 previous infections with 

staphylococcus PS 80. 
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was caused by alpha haemolysin; although it was found that the 

Burroughs— elicome alpha lysin produced 5 antigen/antibody 

precipitation lines against staphylococcus antitoxin and therefore 

some of the other materials present might have had some part in 

the production of necrosis. 

To complete the picture, sera from the mice used in 

all four vaccine experiments and from mice which had had 4 

previous infections with 2  80 were added to dilutions of a 

culture of ,00d 46 eontaininp rabbit red cells (for details see 

Appendix 2). 	Only the serum from mice which had had 4 previous 

infections had any significant amount of anti-alpha lysin as 

judged by the ability to prevent haemolysis of the red cells 

(Table 38). 

One may then ask the question, does the mouse virulence 

test merely measure the presence of alpha haemolysin? The answer 

appears to be that it measures the ability of the strain to 

produce alpha lysin in vivo. 	As has already been demonstrated, 

the production of alpha lysin in vitro  does not exactly parallel 

mouse virulence measured by this tent for the strain which was 

least virulent for mice produced as much alpha lysin in vitro  as 

did. the most virulent strain. 	Thus whilst the ability to produce 

alpha lysin is of great importance in this test, the staphylococcus 

must possess the ability to produce it in vivo  as well as in vitro  

and this appears to depend on other enzymes and toxins. 
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SUMMARY OP EXPERa :NTAL iORK  

No differences were detected in the severity of 

lesions or in the survival of staphylococci in the cellular 

exudate of surface lesions made by scraping away the epithelium 

of guineapigs and mice. 

A new method for the production of abscesses in mice 

was investigated. The technique, which was based on descriptions 

of the production of abscesses using contaminated sutures, 

consisted of inserting a cotton plug bearing staphylococci 

under the skin of mice. 	Lesions developed in 1-3 Jays and 

histolo ically reeembled human abscesses except for the presence 

of a white or necrotic zone surrounding the site of the cotton plug. 

Using this technique it was found that there were 

significant differences between the lesions produced by different 

strains of staphylococci; there was a good correlation between 

the severity of the mouse lesions and the infectivity of the 

staphylococci for man as judged by observations of cross-infection 

in hospital wards. 

In the second major section of this thesis, an attempt 

was made to correlate the observed 'virulence' of the staphylococci 

for man and mouse with the in vitro  production of a number of 

enzymes and toxins and with 'markers' such as sensitivity to 

ph,nzo. 	There was a good correlation between the severity of the 
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mouse lesions and the in vitro production of alpha haemolyein. 

The correlation was not perfect however and other enzymes, 

particularly beta lysin and fibrinolysin, appeared to play a 

supporting role in the production of lesions. 	The virulence 

of the staphylococcus appeared to depend to some extent on the 

sum of its toxic abilities. 

The third part of the experimental work describes 

experiments designed to detect differences between the virulence 

or infectivity of fresh and dried staphylococci. No such 

differences could be detected as judged by the production of 

subcutaneous lesions by staphylococci in cotton dust. There 

appeared to be little or no difference in the clump size (that 

is the number of live cocci in each viable unit) between the 

fresh and dried cocci, although only negative evidence was 

obtained on this point. 	ixperiments in which the mice were 

given antibiotics at intervals after infection suggested that 

the dried cocci might have a longer lag phase in vivo than the 

fresh cocci, but this was by no means certain. 

2xperiments described in the final section of the 

thesis were concerned with attempts to determine further what 

factors played a part in the production of lesions. 	Injection 

of alpha lysin produced a white or necrotic zone around a cotton 

plug in the same way as did a 'virulent' staphylococcus. 
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This sugreeted very strongly that the severity of the 

staphylococcus lesion was related to the ability of the 

staphylococcus to produce alpha lysin in vivo (as distinct 

from in vitro). 	It was found that a single infection with 

a staphylococcus was more effective at producing antibodies, 

or other substances which prevented necrosis, than were vaccines. 

The lesions produced in animals which were passively or actively 

'protected' against staphylococcal infection, were devoid of 

the white or necrotic zone and more closely resembled staphylococcal 

lesions seen in humans than did the lesions in 'unprotected' animals. 

No evidence of hypersensitivity was seen in these animals. 

DISCUSSION 

The subcutaneous injection of staphylococci on plugs 

of cotton dust gave rise to lesions which were to some extent 

like natural infections in humans, especially where the animal 

had previously experienced a staphylococcal infection. 	Animals 

'immunized' in this manner showed a low level of anti—alpha lysin 

in the blood and it is perhaps eiEnificant that almost all humans 

appear to have at least a low level of antibody to staphylococci. 

The experiments cited appear to show that the white or 

necrotic zone surrounding a staphylococcal lesion was produced by 

alpha hasmolysin, although it must be remembered that the 
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Burroughs—Wellcome alpha Iysin contained at least 5 precipitating 

antigens. 	It is therefore difficult to be sure that the alpha 

lyein alone caused the necrosis. 	Correlation of the in vitro  

production of other enzymes suggested that the beta lysin and 

fibrinolysin were also important in the production of lesions. 

In order to investigate the 'virulence factors' in more detail, 

it is desirable to obtain pure antigens for only in this way 

can the process of lesion production be dissected further with 

any degree of accuracy. 	It seems probable that micro—histological 

techniques will be necessary involving, for example, demonstration 

or the action of specific enzymes on substrates in vivo. 

Under certain conditions, the subcutaneous lesions 

produced by the implantation of staphylococci on cotton dust 

were very slow growi r and caused little necrosis outside the 

lesion itself. 	It seems possible that such lesions would be 

ideal for studying transduction, lysogenisation and synergism 

in vivo. 	Professor R. E. 0. Williams has used this technique 

in a study of the production of staphylococcal L forms. 	The 

method is currently being used in a study of the lethal effect 

of fresh and dried streptococci. 

In a study of staphylococcal infections of man we may 

agree with Pope (An ;essay on ) that 'the proper study of 

mankind is man'. 	In a comparative survey of this nature however, 
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in which more than 3,000 lesions were studied, the problems 

involved in carrying out the experimental work in man become 

enormous. 	It was therefore necessary to find a technique 

which could be used in an experimental animal and which would 

appear to have some relevance to human infection. 	As was 

discussed earlier, it seemed more likely that the experimental 

results would be relevant for man if the lesions formed in man 

and animals were similar than if wound infection in man were 

compared with, say, intraperitoneal infection in the mouse. 

The techniques which meet this requirement are those 

producing non—fatal surface infections in animals, for example, 

the use of contaminated sutures to produce stitch abscesses. 

any workers have found however that a considerable number of 

the sutures were removed by the experimental animals and that 

when this took place, no infections resulted. 	The animals were 

found unable to remove subcutaneous cotton plugs, however, until 

after the lesion had developed. 	The new technique would therefore 

appear to be as satisfactory as might be expected on theoretical 

grounds and in practice it was found that the severity of the 

mouse lesions was statistically significantly correlated with 

the infectivity of the strain for man as observed in the hospital 

wards. 
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TABLES OF RESULTS 
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APPENDIX 1, TABLE 1  

Comparison of the results obtained from the subcutaneous 
introduction of staphylococci in mice with and without cotton dust. 

t Strain Cotton+ No cotton 
Inoculum Result* Inoculum 	Result* 

PS 80/81 

Chariton 

Wood 46 

Type 52 

Smith mucoid 

2 x 106 
2 x 10 
3 x 105 

2 x 104  

2 x 104  

1.5 x 1014  

3 x 10' 
1.5 x 10 
5 x 102  
2 x 10 
1 x 10 

3 x 106
6  

2 x 10 
9 x 105 
9 x 10  

2 x 10
3 
4 

9 x 102  
9 x 10 
9 x 105 
6 x 10  

6 x 104 

9 x 103 
6 x 10  

6 x 102 

3 x lo6
6  

2 x 106  2 x 106 
1.5 x 10 
3 x 104  

2 x 10  

1.5 x 104 

2 x 102 

5 x 106
6  

1.5 x 104  
9.5 x 10  

1.5 x 104  
#9.5 x 	10-  

34 
26 
30 
28 

' 	14 
21 
27 
11 
13 
8 
7 

30 
31 
28 
24 
22 
21 
11 
25 
20 
13 
20 
9 
7 
10 
18 
13 
16 
9 
9 
13 
4 

24 
23 
16 
8 
8 

1.5 x 107 

1.5 x 107  6  
2.5 x 106  
1.5 x 106  
1.5 x 10 
2.5 x 105 

1.5 x 105 

1.5 x 105 

2.5 x 10  

1.5 x 104 

1.5 x 104 

1.5 x 103 

3 x 10
6 

3 x 105 

3 x 10 4 

3 x 103 

2 x 	7 10 6 
2 x 10 
2 x 105 

2 x 104 

3 x 107  

3 x lo
6 

3 x105 
3 x 10  4 

2.5 x 1067  

2.5 x 10 
2.5 x 105 

2.5 x 104 

36  

34 
21 
29 
12 
4 
7 
1  

0 
0 
0 
0 
36 
8 
0 
0 

36 
13 
0 
0 

7 
2 
0 
0 

35 
10 
0 
0 

* Each result is the total of the scores for 6 mice; m ximum score 36. 
+
The results for 'cotton' are derived from a number of experiments 
and not from a series. 
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APPENDIX 1, TABLE 2  

Comparison of the results obtained from the subcutaneous 

introduction of micrococci in mice with and without cotton dust. 

Cotton No cotton 
Strain Inooulum Result* inoculum Reeul 

NCTC 7944 1 x 10
6 

13 1 x 107 0 

1 x 10
6 

18 1 x 10
6 

0 

1 x 105 18 1 x 105 0 

1 x 104 18 1 x 104 0 

1 x 103 18 

Harrod 1 x 10
6 16 7 x 10

6 
2 

8 x 105  18 7 x 105  0 

3 x 105 18 7 x 104 0 

1 x 105 18 7 x 103 0 

1 x 104 12 

1 x 103 12 

* Each result is based on the scores for 6 mice; maximum score 36. 

Note however that the response is almost uniform, irrespective of 
the dose. 	The lesions seen with micrococci differ from those 
resulting from staphylococci. 
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4PP-,N0IX 1 TARL 3  

Growth rates of staphylococcus P3 80 in vitro  and in vivo. 

In vitro In vivo 

Time Computed count Time Computed count per plug 
per ml. duplicate counts* 

0 hours 2160 0 hours 0 	45 

1 2520 1 15 	30 

2 9300 2 0 	135 

3 5.2 x 104 31•: 15 	135 

4 7 x lo5 

5 3.5 x 10
6 

5 120 	1365 

6 3.9 x 107  6 2854 	4944 

7 2.2 x 107 7 600 	2840 
8 2.3 x 107  

9 2.9 x 10
7 

9 3900 	1.5 x 103 

10 4.8 x 107 

24 9 x 107 24 37500 	1.5 x 10
6 

48 1.6 x 105 	4.7 x 105  

72 3.5 x 10
6 	

4 x 10
6 

96 2 x 104 	7 x 105 

The numbersriven are the computed numbers of viable units per plug. 

The initial inoculum was 100 viable units. 



221 

APP''',NOIX 1, TABLE 4  

Sums of scores for mice, unadjusted for the effect of dose. 

Rank 
order 

unadjusted 
number score rums of scores for 2 mice for 2 days l!ean 

1 12, 12, 12, 12 12.00 
2 11, 12 11.50 
3 10, 11, 12, 12 11.25 
4 10, 10, 12, 12, 12 11.20 
5 9, 11, 12 10.70 
5 9, 10, 10, 11, 12, 12 10.70 
7 10, 10 moo 
8 7, 8, 8, 10, 10, 10, 10, 12, 12, 12 9.90 
9 6, 10, 10, 11, 12 9.80 
9 8, 10, 10, 11 9.80 
9 8, 8, 11, 12 9.8o 
12 7, 7, 8, 9, 9, 9, 9, 9, 10, 10, 11, 12, 

12, 12, 12 9.70 
13 7, 9,  10,  12 9.50 
14 6y 7, 9, 10, 10, 10, 12, 12 9.50 
14 8, 8, 8, 9, 11, 12 9.30 
14 4, 8, 9, 11, 12, 12 9.30 
17 5, 7, 12, 12 9.00 
17 7, 8, 9, 12 9,00 
17 5, 6, 8, 11,  12,  12 9.00 
17 5, 10, 10, 10, 10 9.o0 
21 6, 6,  8, 8, 8, 11, 11, 12 8.75 
22 4, 4, 5, 6, 10, 10, 10, 10, 10, 12, 12 8.45 
23 4, 6, 8, 8, 8, 9, 9, 11, 12 8.30 
23 5, 10, 10 8.30 
25 5, 7, 8, 8, 8, 10, 11 8.10 
26 4, 5, 6, 6, 6, 6, 8, 8, 9, 10, 10, 10, 

11, 12 7.90 
27 6,  6,  7,  10 7.25 
28 4, 4, 5, 7, 9,  10,  10 7.00 
29. 4, 6, 6, 7, 7, 7, 8, 8, 9 6.90 
30 4, 6, 8, 9 6.80 
3i 6, 6, 8 4 7 / 6,80 
32 4, 6, 6, 8, 9 6.60 
33 6, 7 6.5o 
34 5,  6,  7 6.00 
35 3, 5,  7 5.00 
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)TX 1, TABLE 5 

Analysis of covariance table*. 

Sources 
of 
varia- 
tionpr 

;Akerees 
of 
freedom

2 

iliss of squares Error of estiration 
and products of 	egrees wean 

X_ 5x_ 	Sy 2 squares free- square 
Sy  a 

'T'ota1 

frect 
of 
regres-
sion 

199 

34 

2668017.5 13448.95 

960678.5 	5634.25 

1182.4 

320.86 

1175.62 196 

A.thin 
strairm 
error 

165 1747339.0 	7814.70 861.54 625.74 164 5.4 

Residual 
adjusted 

test of 
means 

significance of 349.88 34 10.29 

Variance ratio . 10.29 . 2.C4 	n
1 e 34 n2 

. 164 
5,(4 

> P 

* This table chows that, after allowance is made for the effect 
of dose on lesion score, there are still significant differences 
between the scores elven by various etraine of staphylococci. 
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lines. 
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Antigen/antibody diffusion 

sank 
order 
number 

Number of lines for each. isolate 

1 4, 6 
2 3, 4, 	6 
3 3, 	4, 	4, 	4' 
4 2, 	2, 	3, 3 
5 4, 4 
6 1, 	3 
7 1, 	3 
8 1, 	1, 	2, 	2, 	2, 2, 3, 	3, 3, 3, 	3, 	3, 	5, 
9 1, 	1, 	3, 	3, 	4, 4, 51 	5, 5, 7 
10 4, 4, 	5, 	5, 	5 
11 1, 2, 	2, 3, 	5 
12 4, 4, 	5 
13 2, 	2, 	2, 3, 	3 
14 1, 	1, 	1, 	1, 	1, 2, 4, 4 
15 2, 2 
16 3, 	3, 4, 	5 
17 1, 	2, 	2, 	2, 4 
18 1, 	4, 	5 
19 1,5,5,5, 6  
20 4, 4, 4, 	5, 	7 
21 1, 	2, 	2, 	3, 	3, 4, 4, 4 
22 2, 3, 3, 	3, 	31 3,  4, 4, 4, 5 
23 3, 4, 4, 4, 4, 5, 5, 6 
24 2, 	2, 3, 	3, 	3, 5, 59 	5, 5, 5, 	5, 	51 	6  
25 2, 3, 4 
26 2, 	2, 	2, 4, 	4, 5 
27 1, 	11 	1, 	1, 	2, 2, 2, 	3, 3 
26 1, 	1, 3 Total lines . 
29 1, 	1, 	1, 	2, 	2, 2, 3 total isol,,tes 	lez 
30 2, 3, 3, 4 mean number of lines . 3.13 
31 0, 	1, 	2, 	5 
32 1, 	2, 	3, 	3, 	4, 4 
33 2, 2 
34 3, 3, 4 
35 °9 3, 4 

Non-spreading strains: 
1 	3, 5 
2 1, 3 
3 3,  5, 5 Total lines . 60 
4 2, 2 total isolates . 21 
5 2, 5 mean number of lines = 2.85 
6 Of  2, 2, 3 
7 4,  4 
8 1, 2, 2, 4 



APPENDIX 1, TABLE 7  

Susceptibility of staphylococci to antibiotics produced 
by viridans streptococci. 

Spreading staphylococci in ors er of mouse virulence. 

Gli(rP A (most virulent) 

NO. 
tested. 

Streptococci 
Class 
S 	S/R R 

Callow) 
S 	St'? 

2 - - 2 
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n)
  

4 2 1 1 
5 - - 5 
4 1 - 3 
2 — 1 1 
2 — — 2 
2 — 1 1 
15 4 1 10 
10 — 1 9 
5 - 2 3 
6 1 2 3 
3 — — 3 
5 - 1 4 
8 1 2 5 
3 1 2 — 
4 — 1 3 
6 1 2 3 
2 — — 2 

GROUP B 

5 - - 5 - - 5 
5 - 1 4 — 2 3 

2 3 3 1 2 5 
9 1 1 7 - 3 6 
7 — 3 4 — ,... 7 
11 4 5 2 3 4 4 
1 1 — — I — 
6 1 2 3 1 2 3 
9 2 4 3 2 2 5 
3 2 - 1 1 - 2 
7 - 1 6 - - 7 
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APRDXX lt  !PARIS 7  (continued) 

GROUP C 

No. 
tested 

Streptoecleel 
Canoe() 
c 	siR It 

Claee 
s 	la 

4 - 1 3 - - 4 
4 - 2 2 - - 4 
5 - 2 3 - 2 3 
2 - - 2 - - 2 

3 - 1 2 - - 3 
3 - 1 2 - - 3 

Non epreadere 

2 - - 2 - 1 
4. -. -.. 4 1 - 
4 - 1 3 - 2 2 

3 - -.. 3 - - 3 
2... 1 1 - 1 1. 
2 1 1 - 1 - 1 
2 ... 2 - - 2 

2 1 1 - - - 2 

6 3 -.• 3 - 1 5 

325 



APPENDIX 1. TABLE 8  

Analyses based on isolates. 

Relation between mouse soots and lysin production. 

All isolates. 

Mouse score 11-12 9-10 7-8 5-6 1-4 
Total isolates 48 49 39 24 11 

% producing factors 

alpha lysin 85 67 44 50  9 

beta lysin 35 16 10 8 0 

delta lysin 81 67 67 71 9 

fibrinolysin 52 27 28 33 27 

A + d lysin 69 5.5 36 38 9 

ac +/ +- fibrin 44 14 15 8 0 

A +0+0+ fib 19 2 5 13 0 

TABLE 9  

All isolates producing alpha lysin. 

Total isolates 41 33 17 12 1 

beta lysin 37 21 18 17 0 

delta lysin 80 82 82 75 0 

fibrimaysin 58 30 47 50 E1001 

X + fibrin 51 21 35 25 0 

i?4.0fi+ fibrin 22 3 12 0 0 

226 
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APPENDIX 12  TABLE 10 

Analyses based on isolates. 

Isolates proJucinE little alpha lysin. 

Mouse score 9-12 1-8 

Total isolates 23 44 

: producing factors 

beta lysin 13 2 

delta lysin 52 48 

fibrinolysin 17 20 

cli-  fib 17 14 

fib 9 C) 

TABLE 11  

Analyses based on epidemicity. 

Epidemic 
isolates 

on 
epidemic 

Non spreading 
nasal isolates.  

16 Total isolates 89 66 

',I 	producing factors 

alpha lysin 70 56 31 

beta lysin 25 12 6 

delta lysin 64 74 6o 

fibrinolysin 25 53 19 

6‹ + / lysin 57 42 25 

0( + /+ 	fibrin 16 29 6.2 

ol,+0414- fib 6.7 7.6 6.2 



APPENDIX 1, TABLE  12  

Analyses baeed on isolates. 

Relation between mouse score and enzyme 7)roduction. 

All isolates. 

Mouse score 11-12 9-10 	7-8 5-6 1-4  

Total isolates 48 49 	39 24 11 

producing factors 

haemoglobinase 33 33 	54 54 27 

gelatinise 73 63 	59 75 63 

egg—yolk 62 61 	79 79 63 

urea 25 33 	33 67 18 

litmus milk 31 31 	38 42 27 

Voges-Proskauer 60 61 	56 62 82 

lactose fermentation 85 89 	85 88 82 

TABLE 13  

Isolates producing alpha lysin 

Rouse score 11-12 	9-10 	1-8 

Total isolates 41 33 	30 

producing factors 

beta lysin 37 21 	17 

delta lysin 78 82 	77 
fibrinolysin 58 30 	5C 
haemoglobinase 37 21 	.3m 
gelatinase 68 58 	50  

egg—yolk 58 61 	57 

urea 24 42 	47 

litmus milk 34 33 	47 
Voges-Proekauer 58 67 	57 
lactose 83 88 	87 

I 



APPENDIX 1, TABLE 14  

Analysis by phage group 

Phage group 

I II III mixed 

Total isolates 84 12 61 14 

producing factors 

alpha lysin 48 75 79 50 

beta lysin 14 83 23 29 

delta lysin 52 92 80 85 

fibrinolysin 31 8 43 57 

alpha + delta 30 67 72 43 

0013+6+ fib 6 0 8 14 

haemoglobinase 69 17 3 5() 

gelatinase 81 33 51 71 

egg yolk- 
urea 

79,  
17 

92  

58  

46 

49 

85 

43 

litmus milk 55 33 8 21 

Voges-Proskauer 56 42 44 43 

lactose 92 67 90 57 

I 
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APPENDIX 1, TABLE  

Analyses based on isolates. 

Comparison of pigment production. 

figment on 	yellow 
glycerol 
monoacetate 

orange 	other 

Total number isolates 	16 109 	46 

producing factors 

alpha lysin 63 61 	59 
beta lisin 0 18 	22 

delta lyein 75 69 	61 

fibrinolysit 19 36 	41 

haemoglobinase 0. 49 	32 

gelatinaee 38 72 	63 

egg—yolk 6 75 	74 
urea 6 40 	30 

litmus milk 0 43 	24 

Voges Proskauer 75 53 	76 

lactose 75 90 	E5 

TABLE 16  

A comparison of precipitation lines and lysin production. 

Producing factors 

Number of 
precipitation 
I ines 

Total 
isolates 

alpha 
lysin 

beta 
lysin 

delta 
lyein 

alpha + 
delta lyein 

1-2 

3-4 

5-7+ 

63 

73 
35 

40 

70 

80 

8 

21 

29 

41 

83 

89 

27 

57 
68 
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APPENDIX 11  TABLE 17  

Production of precipitation lines in relation to virulence. 

Moues 5002, 11+12 9-10 	7-8 	5-6 1-4 

Total isolates 48 49 	39 	24 11 

Nos lines 4 	producing lines 

1-2 

3-4 

5-7+ 

23 

54 
23 

29 	46 	42 

45 	31 	50 

26 	23 	8 

91 

9 
o 

TABLE 18 

Phage group I strains only. 

Ensyme production. 

Total isolates 

Epidemic non-epidemic 

40 32 

producing enzymes 

alpha lysin 60 41 
beta lysin 25 6 

delta lysin 45 63 

fibrinolysin 23 50 

gelatines. 85 81 

haemoglobinase 68 69 

egg-yolk 73 88 

urea 18 19 

litmus milk 55 	. 63 

loges-Proskaner 6o 50 

lactose 100 91 



APPENDIX 1, TA.BLE 19  

?elation of survival on drying to virulence. 

tank 
order 
number 

, survival at 3 days No. weeks 
of inoculum 

to fall 	to l'. 

1 51, 80 6.5, 6.5 
2 62, 100 5.5, 7.0 
5 100 13.0 
7 25 5.0 
8 50, 57, 58, 97 4.5, 5.0, 6.5, 8.5 
9 43, 100 7.0, 13.0 
11 29, 76 4.5, 11.0 
14 72, 100 7.5, 8.5 
17 72 13.5 
18 75 8.5 
19 72, 100 9.0, 14.0 
20 61, 100 7.5, 11.0 
21 41, 66 6.0, 9.5 
22 85, 100 11.0, 14.0 
23 26, 28 4.5, 13.0 
24 36, 50, 61, 83 2.5: 5.5, 7.0, 7.5 
25 95, 100 6.5, 7.0 
27 44, 100 7.0, 7.0 
28 49, 70 3.5, 4.5 
30 33, 69 5.(,), 15.0 
33 56, 58 8.0, 11.5 
34 54, 57 5.5, 6.5 
35 44, 80 7.5, 11.5 
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APPFNDIK 1, TABLE 20 (continued) 

Yresh Jry 1 Strain Inoculum 	Score* Inoculum :icore* 

Type 52 
(cont.) 

2.5 x 10A
6  

2.5 x 10'1  
6.5 x 10i 
6.5 x 106  
2.2 x 102 2.2 x 10 

12 
12 

9 
1 
9 
1 

'':floc 	46 9 x 105 
6 x 105  
6 x 101 
9 x 10". 
6 x 10e 2 6 x 10. 
9 x 105  
9 x 103 

q x 10
5 7 x 101  

7 x 1Cr" 
2.3 x 10

6 

2.3 x 104  
8 x 105  

25 
20 
13 
20 
9 
7 

13 
6 
1 
20 
4 
26 
1 
15 

7 x 105  
8.5 x 10 
6 x 10)  

1.5 x 105  
4.5 x 11 
7.5 x 10 
3.3 x 105 

26 
22.5 
22 
11 
15 
8 

1ij, 
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APPMCDIK 1, TAFLr.; 21 

The effect of antibiotics on infection with fresh and dried 
staphylococci; scores corrected for the effect of dose. 

I 
I 3cor®* Strain Control 5 mgsn. of antibiotic given at x hours 
0 3 4 5 6 7 8 9 le 11 

PS 80 
fresh 31.5 3.5 5.5 30.5 

31.9 5.9 4.9 7.9 32.9 29.9 
34.5 5.5 10.5 16.5 31.5 
22.8 3.8 9.8 28.8 22.8 31.8 34.8 34.8 31.8 28.8 

mean 30 4.7 4.9 9.4 25.8 28.6 31.8 34.8 34.8 31.8 28.8 
_ 

Pc3 80 
dry 31.5 4.5 11.5 17.5 22.5 

27.2 3.2 5.2 9.2 12.2 
21.5 5.5 11.5 24.5 33.5 29.5 26.5 26.5 32.5 30.5 

mean 27.f.  4.4 9.4 17.1 22.8 29.5 26.5 26.5 32.5 30.5 

,3od 46 
fresh 17.1 9.1 8.1 4.1 8.1 

12.5 4.5 7.5  6.5 7.5 
13.4 0.4 14.4 5.4 7.4 7.4 

mean 14.3 0.4 9.3 7.0 6.o 7.6 

Wood 46 
dry 20.8 6.8 5.8 8.8 26.8 

9.8 13.8 12.8 9.8 4.8 14.8 

mean 15.3 13.8 9.8 7.8 6.8 20.8 

Charlton 35.9 u.9 3.9 7.9 19.9 27.9 
fresh 29.4 4.4 5.4 4.4 17.4 22.4 

mean 32.6 2.6 4.6 6.2 16.6 24.2 

Charlton 
dry 18.3 0 0 15.3 12.3 18.3 

34.5 5.5 10.5 18.5 30.5 30.5 

mean 26.4 2.2 5.2 17.6 21.4 24.4 

____ 
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n;DIA 

Broth7 Oxoid nutrient broth. 

Todd-Hewitt Froth:  '.eat extract broth with added TA:peptone, 

sodium bicarbonate, sodium chloride, sodium phosphate and glucose 

(see rackie & VcCartney, 1959, Handbook of Practical Bacteriology, 

Livingstone, 9th edition, page 189). 

Diluent: Physiological saline containing 5. broth. 

;erum agar: Oxoid Blood Ewer base containing 5- horse serum. 

To this was usually added 0.1 phenol phthalein phosphate 

(Barber & Kuper, 1951). 

Blood agar: Oxoid Blood agar base containing 1O horse blood. 

Peg-yolk broth: The egg-yolk broth was prepared according to the 

method described by Gillespie and Alder.(1952). 	Five parts of 

hen egg-yolk was added to 100 parts of digest broth. Kieselguhr 

(2 gm./100 ml.) was added and the whole thoroughly stirred, allowed 

to stand for 30 minutes, and then filtered through filter paper 

pulp. 	Sucrose (1' was added to the medium and the whole 

sterilized by filtration through a '‘eitz filter. 

Nrg-yolk agar: Wade by adding 1 egg-yolk to 250 ml. of digest 

agar containing 1: Tween 80. 

Glycerol monoacetate medium for pigmentation: Nutrient agar to 

which was added 1' glycerol monoacetate prior to autoclaving 

(Turner & 	1962). 
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Yibrinolysin medium: 	The method of Selbie and Simon (1952) was 

followed. 	Human plasma was heated to 60°C for 30 minutes to 

precipitate the fibrin which was centrifuged down and then shaken 

in saline and incorporated in nutrient agar. 	Clearing round the 

colony was taken as an indication of the production of fibrinolysin. 

'uantitative determination of alpha haemolyein: 	The method used 

was that of Selbie and Simon (1952). 	Digest broth cultures were 

incubated at 37°C for 48 hours in 3tY CO2. 
	Serial four—fold 

dilutions of the broth culture were prepared in saline and C.1 ml 

of a suspension of rabbit red cells which had been washed. 3 times 

in saline were a.Aed to each 3 ml of saline diluant. 	The 

suspension was incubated at 37oC for one hour and the results rend 

then and wain after a further 18 hours at 4°C. The highest 

dilution showing at least 50' haemolysis was recorded. 

BACTERIA USED IN THE STUDY  

A number of strains were used as standards tiroughout much of the 

work and are described below. 	The strains from the epidemics in 

hospital w) Ls are described as regards share—type etc. in the 

relevant section of this thesis. 

Staphylococcus aureus  

PS 80: (NCTC 9789) The propagating strain for phage 80. 

This strain was originally isolated by Dr. P.M. Rountree in Sydney. 

"hags tyre 80/81. 	Resietant to penicillin only. 
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Nood 46; 	(NCTC 7121) This strain !produces large quantities 

of alpha haemolysin. 	Phage type Alt. 	Sensitive to all antibiotics. 

Charlton; 	Isolated from a severely septic lesion during 

an outbreak of cross—infection. Phage type 53/77. 	Resistant to 

penicillin, tetracycline and streptorzycin. 

Type 52* 	Isolated from a nasal swab during a survey of 

nasal carriage in recruits. 	The survival of this strain was 

studie3 reviously (Noble, 1961; 7'..90. Thesis.: 	'page type 52. 

-ensitive to all !rptibictics. 

Smith: 	The mucoid staphylococcus described by 1-:oenig 

(1962). 	This strain is not phage typable on account of the mucoid 

capsule. 	Sensitive to all antibiotics. 

Isolated from a pustule. 	Not phage typable. 

Resistant to penicillin. 

Farrow: 	Isolaled from a boil. 	Phage type 3C+. 	sensitive 

to all antibiotics. 

PS 83At  (NCTC 10039) 	The nroparating strain for phage 83A. 

haee type 6/7/53/83A.`sensitive to all antibielics. 

42T 	(NCTC 83571  The propagating strain for phage 42). 

   

Phage type 42";;. 	Sensitive to all antibiotics. 

•icrococci  

NCTC 7944: 	The strain used by the Committee on 

?ormaldehyde Disinfection (1958). 	Sensitive to all antibiotics. 

Harrod: 	isolated from an infected urine specimen. 



Aesistant to penicillin, tetracycline, streptomycin, 

ohioramphenicol and erythromycin. 

TCN: 	Carried as a commensal in the mouth. 	ensitive 

to all antibiotics. 

Streptococcus ny-'genes  

(1•TC 8194: 	Lancefield group A, type 19. 

Esoherichia coli  

56: 	Antigenic type o.12&, P.12, H.2 	Isolated from a 

case of gastro—enteritis and kindly supplied by 'hr. Joan Taylor. 

All cultures used in this study were freeze dried in am'oules 

when received. 	A new ampoule wae opened for each experiment. 

METHODS 

Determination of clump-size  

The expression 'clump—size' is used to inicate the number 

of viable bacteria in a clump or chain. 	The broth cultures used 

in the experiments were diluted 1C—fold, thoroughly mixed using a 

pipette and o.1 ml of this dilution allowed to dry on a microscope 

slide. 	The cocci were fixed and stained and about 2M agcregates 

counted, noting the number of cocci in each aggregate. 	From this 

date the clump—size may be found thus:— 

24C 
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Aaphylccocous P 8(j  

Number of cocci 
in clump 

1 2 3 4 5 6 

Number of such 
clumps 1c8 101 11 9 0 2 

total cells . 391 
	

total clumps . 231 

mean . 1.69 

Cluzo-oize . 1.69 cocci per clump 

It is roco6mised that this method ignores the fart that 

SWIM of the cocci may be dead but it seam reasonqble to sup7inse 

that this will be a constant fraction for oultureo of 

staphyloc000i grown in the enure lrvtch of broth at the same 

temperature for the same oericd. 

T,]1:JH3:  

The method of Green (1962) was followed. 	'llenyl-mercuric 

nitrate WAS dissolved in hot •thyl alcohol to give a concentration 

of 1 part in 150,000. 	0.02 ml of the solution was dropped. on to 

blotting paper discs 0.6 am in diameter and allowed to dry. this 

gave about 1.3 x 7 gm of the salt on each.  disc. 	These discs 

were need in the elms wanner as antibiotic sensitivity discs. 

Antibiotic resietanTs  

Antibiotic resistance was determined using paper dimes 

impregnated with standard concentrations of antibiotics on seeded 

agar plates. 	The concntratione of antibiotics was me follows:- 
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penicillin, 1 unit per disc; tetracycline, 25 mcgm per disc; 

streptomycin, 10 rncgm per disc; chloramphenicol, 25 moms per 

disc; erythromycin, 5 mcg!r per 

Sensitivity to 1aetcriophage  

Phage typing was carried cut at the Staphylococcus 

Reference Laboratory, Golindale, and at the '"right—Fleming 

Institute, St. Mary's :lospital edical School. 	A phrase such 

as 'phage type 5209' is used to indicate that the strain was 

sensitive to those two phages only at the routine test dilution. 

Lysis by Phages at 1* thee 'TI) is indicated 11:! underlining the 

phae numbers. 

Cotton dust  

C4 white cotton flock which is pure cellulose and corresponds 

to a bleached cotton fabric. 	I am grateful to the Shirley 

Institute, Didsbury, 'anchester and to essrs. iTutchinson 

(Ramsey) Ltd. for this material. 

Vitae 

The Wright—Fleming institute straiq of vice is derived from 

a cross of 'I' strain' anti 'strong A'. 	The r,ice used in the 

experiments are the F2  generation of the cross. 

Depilator  

The formula for the depilating powder is an fellowsz— 
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Barium chloride 	7 parts 
Flour 	 7 parts 
Talcum powder 	 7 parte 
Soap powder 	 1 part 

The animals' hair was cut as short an possible with clinaers. 

The norder mode into a smooth nester with water and applied to the 

shorn hair. 	After 2 — 3 minutes the paste, and hair, VMS removed 

by washing the animal. 	The animals were dried and kept in a 

warm box until the fur had dried completely. 

Preparation of vaccine and vaccoid from.) 80  

The medium used was a semi synthetic one containing amino 

acids, sodium lactate, sodium chloride, casamino acids, Difeo 

yeast extract and glucose (Poet, L.B., unpublished). 

Staphylococci were grown in this medium in Thompson bottles, 

laid flat, 400 ml per bottle, at 34C for 3 days. 	The cells 

were killed by heating to 800C for 30 minutes, centrifuged rnd 

washed twice with saline, re—suspended at a concentration of about 

1.5 x 1011 and counted. 

Vaccine: 	The cells suspension was diluted in phosphate 

buffered saline to 10.' organisms per ml, and C,.5 ml injected 

intraperitoneally into each mouse. 

Vaccoid: 	The cell susension was diluted to 1010  cells 

per ml, 0.3 ml of this added to le ml of alpha toxin containing 

5Lf per ml. 	ane ml of this mixture was injected intraperitoneally 

into each mouse. 



Vodification of the Reticulo—endothelial system  

Glycerol trioleate was made OP as a 2Ce•• v/v suspension in 

dextrose water containing l Tween 80. 	The mixture was 

homogenised in a Y.S.E. blendor and 0.05 ml volumes (equivalent 

to 11.5 mem of glycerol trioleate) injected into the tail vein 

of each mouse. 

stearate was made up as a 2Ce suseension in dextrose 

water containing 1 Tween 80. 	All manipulations had to be 

carried out at 4000 to prevent the stearate from solidifying. 

The eusnension was homogenised and .1 ml (ecutvalent to 26 rem 

of ethyl stearate) injected into the tail vein of each mouse. 

The methods and dosages followed were those of Cooper and 

Stuart (1962. 

ciaeurement of sensitivity to antibiotics produced by  

viridans streptococci  

The streptococci were Brown in Todd—Hewitt broth for 24 

hours and then incorporated into double strength nutrient agar 

at a temperature of about 45 C. 	The agar was then poured to 

form either a complete agar plate or to form a 'ditch' cut in a 

serum agar plate. 	In the former type, the etaehelococci were 

inoculated as spots on the stre tococcus agar and onto serum 

agar as a control. 	In the latter type the staphylococci wore 

streaked aeroso the ditch. 	Results were read at 24 hours as 

"complete", "partial" or "no" inhibition. 



APPENDIX 3 

PUBLICATIONS SUMITTED IN 

sUPPORT OP 

CANDIDATURE 

245 



246 

PUBLICATIONS SUBMITTED IN SUPPORT Of CANDIDATURE 

The following publications illustrate an epidemiological 

approach to invontipation of the sprend of staphylococci and 

staphylococcal disease in hospital wards. 

1) Williams, R. E. 0., Noble, W. C., Jevons, N.. P., 

Lidwell, O. !.., Shooter, R. A., hits, R. 

Thom, P. T. & Taylor, C. W. (1962) Isolation for 

the control of staphylococcal infection in 

surgical wards. 	'ed. J. ii 275. 

2) Noble, 	C. (1962) The dispersal of staphylococci 

in hospital wards. 	J. clin. Path. 2.1 552. 

Davies, R. R. & Noble, W. C. (1962) Dispersal 

of bacteria on desquamated skin. 	Lancet ii 1295. 

4) Davies, 	A. Noble, . C. (1963) Aspersal 

of staphylococci on desauamated skin. 	Lancet i 1111. 

5) !=oble, sN, C., Lidwell, 0. 	& Yinpston, D. (1963) 

The size distribution of airborne particles 

carryin- micro--organismic. 	J. Hyg. (Camb.), 61 385. 

6)  ;'!. C. 	Clayton, Yvonne M. (1963) Fungi in 

the air of hospital wards. 	J. pen. lAcrobiol. 32 397. 

The first paner submitted. here (Alliams, et al., 1963) 

contains analyses of the rate of spread of staphylococcal disease 

in hoEmital wards over )erio ! of trout 5 years. 	These 
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investigations, of necessity, involved a large number of 

people in carrying out the various sections of the work. 

)uring much of this period (1957-1961) I was mainly responsible 

for the collection and assessment of air—samples taken in the 

wards. 	The 2nd, 5th and 6th papers (Noble, 1962; Noble, 

Lidwell & Kingston, 1963; Noble 	Clayton, 1963) were the 

remelt of observations and specific investigations made in 

the wards during this period. The actual mode of spread of 

staphylococci was not known although it was felt that 'duet' 

must play some part, since the observations recorded in 

Noble, Lidwell & Xingston (1963) showed that the staphylococci 

were present in the air as particles of about 13 microns 

equivalent diameter. 

Dr. R. -Z. -levies, Lecturer in klcology at ;ete Kary's 

Hospital cedical echool,sugcested that since all persons 

disseminate small particles of desquamated skin which forms 

a considerable proportion of household duet, these skin 

fragments might be the particles on which staphylococci were 

dispersed. 	In investigations on there lines (Davies & ffoble, 

1962, 1963) 1 carried out the bacteriology on which this work 

was based. 	Atrther work on these linen (Noble & )(Ivies, in 

preparation) has shown that the dispersal of etatylococci is 



dependent on the degree of skin colonisation with 

staphylococci and that patients with skin diseases 

disseminate more ?articles of skin and have a greater 

susceptibility to skin colonisation with staphylococci 

than do normal subjects. 
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In a study of the natural history of staphylococcal 
infection we have observed a total of 3,986 patients 
treated in one or other of three surgical wards at 
St. Bartholomew's Hospital during the past five years. 
It was soon apparent that one factor of great importance 
in the causation of sepsis was the difference that exists 
between the pathogenic activities of different strains of 
Staphylococcus aureus (Shooter et al., 1958). We also 
found that those of our patients whose noses were 
colonized with staphylococci during their stay in the 
ward suffered a much higher sepsis rate than those who 
remained non-carriers (Williams et al., 1959). 

From the start of our investigations in two of the 
wards, A and B, we had, on empirical grounds, 
isolated patients infected with tetracycline-resistant 
staphylococci in side-wards whenever possible. The 
observation that relatively few strains of staphylococci 
had epidemic propensities supported the idea that 
isolation of the carriers of dangerous strains might 
reduce the incidence of sepsis, and in 1959 four isolation 
cubicles were constructed in one of the wards (B). This 

*Now at the Wright-Fleming Institute of Microbiology, St. 
Mary's Hospital' Medical School, London. 

479/62 
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enabled the isolation policy to be pursued with greater 
ease and completeness. 

We have now tried to assess the value of our isolation 
policy in preventing post-operative wound sepsis and in 
controlling the spread of staphylococci generally. Most 
of the analyses are based on the records from wards 
B and C, but results for ward A, which was studied only 
in the earlier part of our investigation, are included 
when possible. We also report here the results of a 
comparison of the use of cotton blankets in place of 
wool in one ward (B). 

Materials and Methods 
The Wards.—The general arrangement of the wards 

(A, B, and C) was described in our previous papers. All 
three were general male surgical wards, but there were 
especially large numbers of patients undergoing rectal 
surgery in ward A, vascular surgery in ward B, and 
urinary tract surgery in ward C. All three wards had 
a total of three beds in two side-wards, and in addition 
ward B had, from July, 1959, four beds in four single 
" cubicles " built into the ward. These cubicles were 
constructed of wood and glass and the walls reached 
from floor to ceiling. Each had a wash-basin, and an 
extract-fan was fitted in the window so that air from 
the cubicle did not return to the ward ; the exhaust 
fans were run continuously, and the cubicle door was 
kept closed whenever the patient in the cubicle needed 
isolation. The side-wards did not have controlled 
ventilation, but were 25 feet (7.5 metres) from the main 
ward along a corridor. 

Nursing Routine.—In wards A and B all patients who 
were infected with or were carriers of tetracycline-
resistant staphylococci were nursed in isolation whenever 
there was a bed available in a side-ward or a cubicle. 
Since admission to isolation depended on the results of 
bacteriological examination, there was inevitably a delay 
between the time when a patient became infected and 
the time he was transferred to isolation. In ward C 
infected patients were not isolated. Strict non-touch 
dressing techniques were used in all the wards ; gowns 
were worn when nursing patients in isolation in ward A 
but not in ward B. Cleaning equipment used in the 
isolation rooms was not used in the main ward. 
Woollen blankets, when soiled, were laundered after the 
discharge of a patient who was known to have an 
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infected lesion and, otherwise, at irregular intervals. 
The cotton blankets introduced into ward B were 
laundered after the discharge of each patient and, in 
addition, at monthly intervals for long-stay patients. 

Bacteriological Routine.—Nasal swabs were taken 
from patients on the day of admission or as soon after 
as possible ; thereafter all the patients in the ward had 
their noses swabbed on one day each week. Bacterio-
logical examination was made of material from all septic 
lesions, suspected chest infections, and so forth. During 
the latter four years swabs were also taken from healthy 
wounds at the time of the first post-operative dressing. 
All cultures were examined for staphylococci, and 
coagulase-positive strains were tested for antibiotic 
sensitivity and phage type. The air of the wards was 
examined for staphylococci with slit-samplers, the usual 
volume examined being 216 cubic feet (5.8 cubic metres) 
collected over a two-hour period on each of three days 
in the week. Bedding and curtains were sampled by 
the sweep-plate method as necessary. Nasal swabs from 
the ward staff were examined as a routine only during 
the first eight months of the study. 

Definition of Sepsis.—Wounds were regarded as 
" septic " only if there was visible pus ; the sepsis was 
attributed to staphylococci if these bacteria were isolated 
from a septic wound. The term " other sepsis " is used 
to cover all other clinically recognizable infective 
complications ; most of the infections referred to were 
in the chest. Infections of the urinary tract have not 
been considered, because urine samples were not 
received from all patients. 

Chenzoprophylaxis.—During one six-month period 
neomycin nasal prophylaxis was used in ward B, a small 
amount of 1% neomycin or later " naseptin " cream 
being administered to all patients twice daily, and soap 
containing 2% hexachlorophene was used for washing. 
This period has been excluded from all analyses, except 
when mentioned specifically. 

Calendar of Experiments.—Fig. 1 shows the periods 
during which the various investigations were carried out 
in the wards. For brevity we refer to A and B as the 
" isolation " wards and C as the " non-isolation " ward. 

Effect of Introducing Cotton Blankets.—As will be 
seen from Fig. 1, ward B was supplied with cotton 
blankets in October, 1958. There was surprisingly little 
difference between the wool- and cotton-blanket periods 
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WARD A 

Isolation with 
Side-wards only 

Wool Blankets 
Isolation with 

Side-wards Side-wards and 
only 
	Cubicles 

Neo-
mycin 

WARD B 
	

1-1 
Blankets 

Wool Cotton 	Cotton 

No Isolation 
WARD C 

Wool Blankets 

I 
1956 	1957 	1958 	1959 	1960 	1961 

FIG. 1.—Diagram showing periods during which the three wards 
were under the various investigations. 

in the frequency with which the blankets in use on the 
beds yielded staphylococci, in the numbers of staphylo-
cocci found in air samples, in the frequency with which 
patients acquired staphylococci in the nose, or in the 
incidence of staphylococcal sepsis (Table 1). Nor do 
the figures for the cotton-blanket period in B show any 
notable difference from those derived from ward C, 
which used wool blankets throughout. In all the 

TABLE I.—Effect of Cotton Blankets 

Ward B 
Cotton 

Blankets 

Ward B 
Wool 

Blankets 

Ward C 
Wool 

Blankets 

No. weeks of survey 	.. 	.. 41 20 119 
„ 	patients 	.. 	. , 	. , 336 181 1,604 

No. of blankets 	.. 	. 	.. 	.. 230 52 127 
Percentage of blankets sampled at ran- 

dorn yielding staphylococci 	.. 	.. 49 58 46 
Airborne staphylococci (cols. per e ft 1 .. 0.15 0.12 0.18 
Patients acquiring staphylococci in nose, 

percentage of all admissions .. 	.. 20.5 18.8 16.7 
Staphylococcal post-operative sepsis, as 
percentage of all operations 	.. 	.. 3.5 3.9 4.5 

subsequent analyses the results from the wool and cotton 
periods have been taken together. 

Methods of Analysis 
We have had to use a number of different methods 

to measure the effectiveness of our isolation policy in 
preventing the spread of infection. 
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(1) Direct Comparison of Total Sepsis Rates in the 
Isolation and Non-isolation Wards.—This is the simplest 
method, but it has the disadvantage that there were sub-
stantial differences in the operations commonly performed 
on the patients in the different wards, and the different 
operations had very different sepsis rates. This difficulty 
can be partially overcome either by confining the analysis 
to the group of operations performed in reasonable numbers 
in both units or by some method of statistical " standardiza-
tion " to allow for the differing distribution of operations 
in the two wards. 

(2) Carrier Rates.—The acquisition of hospital staphylo-
cocci in the nose is another measure of the extent to which 
cross-infection occurs with a ward. 

(3) Source of Staphylococci Causing Sepsis.—We have 
tried to separate those cases of sepsis that appeared to 
result from cross-infection from those apparently due to 
self-infection and to compare the experience of the wards 
in this respect. This separation could be done simply by 
counting the number of cases due to " epidemic types " of 
staphylococci, or by trying to determine the most probable 
source of infection for each individual case of sepsis. 

(4) Spread from Recognized Carriers.—A completely 
different approach was to measure the extent to which 
carriers of recognized. types of staphylococci spread their 
strains to other patients in the ward and to compare spread 
from patients nursed in the open ward with that from 
patients nursed in isolation. 

Method 4 
The analysis was confined to types of staphylococci 

that seemed able to spread in the ward, shown by their 
isolation from two or more patients within a period of 
14 days. Each staphylococcal type was then considered 
separately, and for each day of the period during which 
it was present in the ward we noted whether (a) all 
carriers and infected patients were being nursed in 
isolation, or (b) some were present in the open ward. 
We also recorded the number of patients who were 
found to have acquired the specific staphylococcus on 
each day of observation. The figures from all the 
different staphylococcus types and for the three wards 
were summated. We could thus express the number of 
acquisitions of staphylococci on days when all the 
known sources of the specific types were in isolation as 
a ratio to the total number of days on which there were 
such carriers in the isolation rooms and not in the open 
ward, and so compare the frequency of spread in the 
various circumstances. 
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A number of assumptions and conventions had to be 
adopted ; most are concerned with the interpolation 
needed because after admission the patients had nasal 
swabs taken at weekly intervals. The conventions are 
illustrated in Fig. 2. 

Patients were assumed to be infected from the day 
midway between a negative and a positive culture 
provided the interval between the cultures was not more 
than seven days ; and from a positive culture to the 
day of discharge from the ward provided this was not 
more than seven days after the day of the culture 
(patients A and B in Fig. 2). Patients not swabbed on 
admission were also regarded as infected from the day 

	

DAYS 	1 2 3 4 5 6 7 8- 9 10 II 12 13 14 15 16 17 18 19 2021 22 

	

PATIENT A  El 	

PATIENT B 	  

PATIENT C 

PATIENT D 

i• 	• 	WI 	VII 	61 	••••• 	•if 	• 

01 122222223333333221 I I 

0 0 0 0 0 0 0 I 2 2 2 2 2 2 I 2 2 2 2 2 2 2 
L---I 	 I--J 

A 	B C D 	E PG H I 
Fin. 2.—Diagram showing the conventions adopted for estimat-
ing cross-infection rates. Horizontal lines show the period for 
which the patient was in hospital. Square blocks represent 
cultural results: above line from the nose, below line from lesion. 
Stippled blocks represent cultures yielding Staph. awaits. 
,Horizontal stippled bands show period during which patient was 

assumed to he infected. 

midway between admission and the day of the first 
culture (B, nasal cultures). A few patients whose nasal 
swabs taken on admission yielded a staphylococcus 
currently epidemic in the ward were regarded as the 
victims of cross-infection unless the strain belonged to 
a type known to be common in the normal population. 
Half-days of carriage were counted as whole days. 

A few patients had single cultures taken from their 
wounds ; if these yielded staphylococci the wound was 
regarded as infected for the seven-day period centred 

NOSES. 
POSITIVE 

LESIONS 
POSITIVE 
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on the day of the culture (patients C and D). No patient 
was regarded as suffering more than one " acquisition " 
with a particular type—that is, for this purpose the 
lesions in patients B and C of Fig. 2 were assumed to 
be infected from the patients' own noses. 

The date taken for the acquisition of a staphylococcus, 
for correlation with the state of the ward at the time, 
is the day on which the strain is presumed to have been 
acquired—that is, day four in patient B of Fig. 2. There 
were sometimes a few days during the period of 
prevalence of a particular staphylococcus type when no 
carriers were known to be present in the ward. Patients 
becoming infected during such periods are entered 
separately in Tables VII and VIII. An epidemic was 
regarded as continuing over these periods when the 
staphylococcus was not shown to be present in the ward 
only if one or more of the patients known to have been 
infected during the earlier part of the epidemic was 
still present. 

Incidence of Sepsis 
Of the 2,555 patients included in the analysis, 1,677 

had surgical operations ; 100 (6%) of the operation 
wounds showed post-operative sepsis, in 72 cases (4.3% 
of all wounds) due to Staph. aureus. An additional 20 
wounds (1.2%) were found to be colonized with 
staphylococci but were not diseased. 

Of 72 wounds with post-operative staphylococcal 
sepsis, only five showed signs of the sepsis within five 
days of the operation ; in 27 sepsis was first recognized 
between 6 and 10 days after operation, and in the 
remaining 40 it was not seen until 11 days after 
operation. Of the 72 wounds, 62 yielded staphylococci 
from their first post-operative swab and 10 are known 
to have been free of staphylococci at the first swabbing. 

Sepsis in Relation to Nasal Carriage 
Table II shows the relation of staphylococcal sepsis—

wound infection and other septic lesions—to the patients' 
carrier state. It is based on patients in wards B and C, 
and includes the records of some of the patients analysed 
in our previous report (Williams et al., 1959). Analysis 
of the available records from ward A shows close 
similarity. There was a striking difference between the 
frequency of staphylococcal wound sepsis in patients 
who were never nasal carriers (1.3%) and those who 
entered the ward as non-carriers and became carriers 
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while in the ward (11.9%) or who changed their type 
of staphylococcus while in the ward (12.4%). The rate 
for the permanent carriers was intermediate (3.4%). 
" Other " staphylococcal sepsis was also more frequent 
in the patients who acquired staphylococci in the ward. 

There were 38 cases of staphylococcal wound sepsis 
in nasal carriers with staphylococci of the same type 
isolated from nose and lesion. Twenty of these patients 
were nasal carriers of the lesion type six or more days 
before the sepsis developed, and a further eight were 
found to be nasal carriers between one and five days 
before the appearance of sepsis. In only 4 of the 38 
was the staphylococcus not isolated from the nose until 
more than five days after the appearance of sepsis. 

Table II also shows, however, that the patients who 
acquired staphylococci in their noses in the ward had 
more non-staphylococcal sepsis than the non-carriers. 
We therefore sought other differences between those 
who acquired staphylococci in the ward and those who 
did not. The most striking difference was in length of 
stay in the ward (Table III): the mean stay for the 
patients who acquired nasal staphylococci while in the 
ward was 22.0 days compared with 11.6 days for those 
who remained non-carriers. The mean stay in hospital 
for patients with non-staphylococcal sepsis was also 

TABLE H.—Relation of Wound and Other Sepsis to Nasal 
Staphylococcal Carrier State (Wards B and C) 

Carrier 
State 

No. of 
Patients 

Percentage Developing 

Staphylococcal 
Sepsis 

Non-staphylo- 
coccal Sepsis 

Wound Other Wound Other 

Patients having operations: 
Never carrier 	.. 	.. 758 1.3 0.3 0.9 1.3 
Non-carrier on admission, 

acquired staphylococcus 
in ward..  235 11.9 6.0 4.3 4.3 

Carrier 	on 	admission, 
changed staphylococcus 
in ward 121 12.4 7.4 3.3 0.8 

Carrier on admission, no 
change 563 3.4 2.7 1.2 1.8 

Subtotal 	.. 	.. 1,677 4.3 2.4 I.7 1.8 

Patients not having opera- 
tions* 	.. 	.. 	.. 878 0.1't 0.8 0 0.2 

Total 	.. 2,555 2.8 1.8 0.95 1.3 

* 57% of these patients had only one nasal swab examined. 
t Patient admitted with traumatic lesion. 
Excluded from this table are 137 patients from whom no nasal swab was 

obtained and 484 patients who were in ward 13 during the period of the type 
53/77 epidemic and subsequent neomycin prophylaxis. 
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TABLE In.-Length of Stay in Hospital in Relation to Carrier 
State (Wards B and C) 

Percentage of Patients in Various Carrier 
Categories among those whose Total Stay in Mean 

Carrier State Hospital was: Stay 
(Days) 

1-10 Days 11-20 Days 21-30 Days 31+ Days 

Never carriers 56.0 46.0 36.5 22.5 11.6 
Carrier on admis-

sion, no change 
of strain 	.. 38.5 33.0 20-5 18.5 11.6 

Changed 	strain 
or 	acquired 
staphylococcus 
in hospital 	.. 5.5 21.0 43.0 59.0 22.0 

total patients 897 747 223 157 

This table is based on those pa Tents who had no sepsis 

longer than for those who had no sepsis, and it seems 
likely that the prolonged stay in the ward of the patients 
with non-staphylococcal sepsis resulted in some of them 
becoming nasal carriers of ward staphylococci. It is 
interesting to note that only 32% of the 44 patients with 
non-staphylococcal sepsis acquired their ward staphylo-
coccus before the onset of sepsis, compared with 57% 
of 84 of the patients with staphylococcal sepsis (d =25, 
SEd=9.3). 

Sepsis in Relation to Age and Type of Operation 
Sepsis was more frequent in the older patients (Table 

IV) and in those having certain operations, especially 
genito-urinary surgery and operations on ischaemic 
limbs (see Table V). The effect of age may, in part 
at least, reflect the slower rate of healing in old age, 
with consequent increase in exposure to infection. 

TABLE IV.-Sepsis in Relation to Age (Wards B and C) 

Are  (Years) 

No. of 
Patients 
having 
Onera-
tions 

Percentage 
Developing 

Wound Sepsis 

Percentage 
Dave oping 
Other Sepsis 

Percenta,,,e 
Acquiring 

Nasal 
Staphylo-

cocci 
while in 
Ward 

StaohYlo- 
coccal 

Non- 
staphylo- 

coccal 

.. 	, 	i 
'taPnY'°-  coccal 

Non- 
staphylo- 

coccal 

1-30 
31-50 
51-70 
71 + 

286 
482 
748 
161 

1.1 
2.7 
6.1 
6.3 

1.4 
1.5 
1.9 
1.9 

1.1 
2.1 
3.3 
12 

I - I 
1.9 
2.3 
1.2 

14.5 
16.7 
25.7 
26.6 

Assessment of Value of Isolation 
Functioning of the Isolation Rooms 

The isolation cubicles in ward B were planned so that 
air from the cubicle should never return into the open 
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ward. The success achieved in this was assessed in three 
ways. Smoke tests carried out on several occasions 
showed that when the fans were working and the doors 
only slightly open there was no flow out of the cubicles 
into the ward. This was confirmed by liberation of 
nitrous oxide into a cubicle with subsequent sampling 
outside, using the equipment described by Lidwell (1960). 
When the door was widely opened there was some reflux 
from the cubicle into the ward. 

Bacteriological testing by means of simultaneous air-
sampling in main ward and isolation cubicle was not 
entirely satisfactory. Thus on 3 out of 10 occasions 
staphylococci of the same type as in the cubicle were 
found in the ward air, but it was not possible to exclude 
the possibility of undetected carriers in the main ward. 
On a further four occasions high air counts were 
obtained in the cubicles by shaking the patient's 
blankets ; despite concentrations up to 53 staphylococci 
per cubic foot (1,870 per cubic metre) in the cubicle, 
no staphylococci of the particular type were found in 
the main ward. 

In wards A and B the side-wards along the corridor 
were also used for isolation. These had no mechanical 
ventilation, but the structure of the building had the 
effect, in ward A, of providing a steady outflow of air 
from the main ward. The ventilation pattern in the 
side-rooms of ward B was variable and there must 
sometimes have been reflux of air from these rooms 
into the main ward ; the side-rooms were not, however, 
often used for the isolation of infected patients after 
the construction of the cubicles in the ward. 

Some difficulty was experienced at first in persuading 
patients to remain in the isolation cubicles in ward B 
with the doors closed, for they could see the other 
patients in the ward around them but could not converse 
with them. On one occasion at least we believe that 
cross-infection from an isolated patient was attributable 
to the patient having switched the fan off. This was at 
a time when we had a rapidly spreading epidemic of 
staphylococci of type 53/77 which led us to attempt 
control by neomycin prophylaxis. The period of this 
epidemic and of the neomycin prophylaxis is omitted 
from the subsequent analyses because early in the 
epidemic there were too many infected patients for 
isolation to be practicable. 
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Sepsis Rates 
The incidence of post-operative wound infection in 

ward B (excluding the 53/77 epidemic just mentioned 
and the period during which neomycin prophylaxis was 
in use) was 3.8% ; that in the non-isolation ward (C) 
was 4.5%. As we have already indicated, a simple direct 
comparison is not satisfactory because of the differing 
nature of the operations. Table V presents the results 
in more detail. The operations entered in the top half 

TABLE V.-Incidence of Staphyloccocal Sepsis in Isolation Ward 
(B) and Non-isolation Ward (C) 

No. of Operations 
Performed 

Percentage 
Wound Sepsis 

Percentage 
Other Sepsis* 

13 	C B C B C 

Gastrectomy 	.. 57 39 1.8 5.1 7.0 2.6 
Appendicectomy 39 58 0 0 0 1.7 
Repair of hernia 110 151 0 6.0 0 0.7 
Neck and head .. 33 39 3.0 0 3.0 2.6 
Recto-anal 35 55 2.9 3.7 0 1.8 
Nephrectomy 	.. 10 35 40.0 26.5 0 0 
Miscellaneous 

abdominal 	.. 47 83 4.3 7.2 6.4 4.8 

Total 331 460 2.7 6.1 2.7 1.95 

Varicose veint 	.. 52 58 1.9 0 1.9 0 
Minor limb 	.. 84 55 3.6 0 1.2 1.8 
Major limb 	and 

arterial graft 	.. 72 2 12.5 50 8.3 0 
Genito-urinary 

operations 	.. 55 320 9.0 4.7 1.8 2.8 
Other operations 114 112 0 0.9 2.6 0.9 

Grand total 708 1,007 3.8 4.5 2.8 1.1 

*" Other " sepsis includes chest sepsis, boils, etc.; infections of urinary 
tract are excluded altogether. 

t The mean stay in hospital for varicose-vein operation is 9.7 days in the 
isolation ward, but only 4.8 days in the non-isolation ward. 

Other operations were as follows: lumbar sympathectomy (B, 58; C, 3), 
cervical sympathectomy (B, 9; C, 0), eye operations (B, 0; C, 62), mastec-
tomy (B, 5; C, 4), cholecystectomy (B, 15; C, 17), thyroidectomy (B, 9; 
C, 5), thoracic operation (B, 6; C, 0), mixed operations (B, 12; C, 21). 

of the table were performed in reasonable numbers in 
both wards ; those below were done in much larger 
numbers in one of the wards than in the other, or were, 
like minor limb operations, different in nature ; or, as 
in the case of operations on varicose veins, there was a 
major difference in the routine of post-operative manage-
ment. For the common list of operations the sepsis 
rate was 2.7% in the isolation ward and 6.1% in the 
non-isolation ward ; this difference is not statistically 
significant (SEd =3.6). 

There was no striking difference between the two 
wards in the incidence of other staphylococcal sepsis. 
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Carrier Rates 
Of the patients swabbed on admission to ward B 

(isolation) 1.9% were carrying tetracycline-resistant 
staphylococci in the nose compared with 3.2% of the 
patients admitted to the non-isolation ward C. In both 
wards the patients acquired staphylococci in their noses, 
but the rate of acquisition was much slower in ward B 
than in ward C (Fig. 3): among patients who had been 
in the ward six weeks the proportion carrying tetra- 

O 
ADMISSION I 	2 	3 	4 

STAY IN HOSPITAL (weeks) 
FIG. 3.—Nasal carrier rates for staphylococci for patients in the 
wards. Non-carriers=Patients with no Staph. aureus in nose; 
R/PT strains=Staphylococci resistant to penicillin and tetra-

cycline. 

cycline-resistant strains was 11_% in ward B and 23% 
in ward C. A similar analysis for the other ward (A), 
which had been studied earlier and which had only side-
ward isolation rooms, showed a rate of acquisition of 
resistant staphylococci very similar to that of ward B. 

Presumed Source of Infection 
There was an indication that epidemic spread of 

staphylococci was less in ward B than in ward C (Table 
VI). Thus there were fewer epidemics due to tetra-
cycline-resistant staphylococci, a lower proportion of 
all the septic lesions were due to " epidemic " types of 
staphylococci—that is, strains causing more than two 
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cases of sepsis in one episode---.-and a rather higher 
proportion of the sepsis was attributable to staphylococci 
carried by the patient on admission. The numbers of 
cases or incidents on which these proportions are based 
are, however, rather small, so that by themselves they 
would have little significance. 

The second isolation ward (A) was in several respects 
intermediate between wards B and C (Table VI). 

TABLE VL—Sources of Staphylococcal Infection 

Isolation Non- 
isolation 

C B A 

Frequency of epidemic incidents 
per month of observation 	.. 0.3 0.4 0.4 

Frequency of incidents due to 
strains resistant to penicillin and 
tetracycline 	.. 	.. 0.1 0.3 0.3 

Percentage of all 	septic 	lesions 
due to: 

Tetracycline-resistant 	staphy- 
lococci 	.. 	.. 	 . 52 30 89 

" Epidemic" types of staphy- 
.. 	.. lococci 38 43 66 

No. % No. % No. % 

Wound sepsis due to staphylo-
cocci: 

Carried on admission 15 9 26 3 7 
Acquired in ward: 

Probably first in nose 	• • First in lesion 	.. 	.. 61  4 .1-  37 81  l4f 65 IS  4 42 
Wound 	sepsis 	in 	patients 	not 

carriers of wound strain: 
Due to " epidemic " staphylo- 

.. 	. 	• 	.. cocci 4 15 1 3 II 24 
Due 	to 	" non-epidemic " 

staphylococci 	.. .. 8 30 2 6 11 24 
Source not known 	... . I — I 

total patients with wound sepsis 27 34 45 

Cross-infection from Particular Patients 
For this analysis we have used the records of all three 

wards and have not distinguished side-ward from cubicle 
isolation. Since even in the isolation wards there were 
often days when patients harbouring tetracycline-
resistant strains were actually present in the open ward, 
many of the " non-isolation " days in fact refer to the 
isolation wards. Furthermore, since the analysis was 
based on all episodes in which a particular type of 
staphylococcus infected two or more patients, regardless 
of its tetracycline-resistance, some of the incidents 
concern staphylococci for which isolation was not 
considered. 
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Comparison of Wounds and Nasal Carriers as 
Source of Infection 

It was first necessary to discover whether nasal carriers 
were more or less liable to give rise to cross-infection 
than patients with septic lesions. The results of an 
analysis based simply on cross-infection from patients 
in the open ward are presented in Table VII. There was 
a steep increase in the frequency with which patients 
acquired the staphylococci in the ward with the number 
of carriers present to serve as sources. Patients with 
septic lesions gave rise to cross-infections only slightly 
more often than nasal carriers. 

The material was re-analysed to see whether antibiotic-
resistant staphylococci behaved differently, and to see 
whether patients with severe septic lesions were any 
more active in generating cross-infection than all those 
with lesions. In neither case was any noteworthy 
difference from the figures of Table VII detected. 

From these results it seemed justifiable to treat nasal 
carriers and septic lesions as equivalent for the measure-
ment of cross-infection from patients in isolation. 

It will be noted that the cross-infection rate on days 
when no sources were known to be present in the ward 
was practically the same as that on days when there was 
one known source (Table VII). These days with no 
known source were all from the middle of recognized 
incidents, and we presume that there must in fact have 
been some unrecognized source of infection present. 
Investigations of perineal carriage made during one 
epidemic revealed the existence of a number of patients 
with staphylococci on the skin but not in the nose. 
These would have been missed by our routine examina-
tions, but might well have been important as a source 
of cross-infection. 

Cross-infection from Patients in Isolation 
With sources of the specific staphylococci present in 

the open ward the acquisition rate for other patients in 
the ward was 10.5 per 100 days ; when all the recognized 
sources of infection were in isolation it was 7.3 (Table 
VIII). When there were no known sources of infection 
in the ward (as in the previous analysis on occasional 
days during the run of a particular type episode) the 
rate was 7.3. This again suggests that there may often 
have been an unrecognized source of infection in the 
ward on these days. 



TABLE Vii.—Nasal Carriers and Septic Lesions as Sources of Cross-infection (Wards A, B, and C) 

Sources of Infection in Ward 

No 
Known* 
Source 

Carriers Only 
Lesion 
Only 

I Lesion -,Carriers 2 Lesions 

Carriers 3± 2 3 	 l- 

Total days' experience 793 1,242 487 375 168 267 181 149 130 

No. patients acquiring infec-
tion in ward: 

Nasal carriage only 41 70 38 45 10 19 26 21 21 
Septiclesion, not carrier .. 8 10 6 3 2 1 I I 0 
Lesion and carriage 9 9 7 8 2 4 3 8 5 

Total acquisitions 	.. 58 89 51 56 14 24 30 30 26 
Acquisitions per 100 days 7.3 7.2 10.5 15.0 8.3 16.6 20.0 20.0 

In this table " no known soarc.=, " idcludes days whet patients in isolation carried the strain, but there was no known source, in the main ward. 
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TABLE VIII.—Cross-infection from Patients in Isolation (Wards 
A, B, and C) 

Source of Infection 

None 
Known 

In Main 
Ward 

In 
Isolation 

In Main 
Ward and 
isolation 

Total days' experience 	.. 478 2,730 315 269 

No. of patients in open ward 
acquiring infection: 

Nasal carriage only 	.. 23 225 18 25 
Septic lesion, no carriage 5 22 3 2 
Lesion and carriage 	.. 7 45 2 1 

Total acquisitions 35 292 	23 28 
Acquisitions per 100 days .. 7.3 10.5 	7.3 9.8 

Analyses from the three wards taken separately gave 
very similar figures. 

Table VIII omits the period of one staphylococcal 
epidemic due to phage type 53/77. This strain was 
introduced by an unrecognized carrier transferred from 
another ward and had a very great tendency to spread 
and colonize the nose. It is certain that the isolation 
rules were not properly followed at the time when the 
first recognized patient was segregated, and several 
secondary cases arose. It subsequently became 
impossible to isolate all the known carriers, and 
neomycin nasal cream and hexachlorophene soap were 
therefore given to all patients in the ward ; this regime 
continued for various reasons for a total of six months 
(Fig. 1). If the period of the type 53/77 outbreak were 
included in Table VIII the figure for acquisition from 
isolated patients would be increased from 7.3 to 9.5 per 
100 days ; those for sources in main ward, or main ward 
and isolation, would become 10.5 and 11.5 respectively. 

In Table VIII there are recorded 23 infections 
acquired at a time when the only known sources were 
in isolation. For nine of these cases a carrier had been 
present in the main ward one to five days before the 
presumed date of acquisition, so the infection may have 
been acquired in the ward but remained unrecognized 
for a longer period than allowed for by our conventions. 
There was no known carrier within the previous seven 
days for the remaining 14, but six of them were part 
of an outbreak due to type 52/55 and occurred within 
a few days of each other ; the staphylococcus was found 
in the air of the main ward even when all the carriers 
were in isolation, so that it is possible there was an 
undetected carrier among the patients or staff. 
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Cross-infection in Relation to Propinquity to a Carrier 
Using methods of analysis similar to those employed 

for testing the effect of isolation, we tried to find out 
whether cross-infection was commoner in patients 
nursed in beds close to a carrier. No clear relation 
could be demonstrated (Table IX), but the regression 
coefficients of acquisition rate on bed-spacing are all 
negative, as would be expected if the closer patients 
were at greater risk, though none of them is statistically 
TABLE IX.—Effect of Distance from Carrier on Cross-infection 

Acquisition Rate per 1,000 Patient'Days with 
No. of Bed Spaces 

between Patient 2 or Mora 
Acquiring Infection I Carrier Carriers Any Type 
and Nearest Carrier in Ward or Patients 

with Lesions 
of Source 

1 6.3 (8) 9.3 (38) 8.6 (46) 
2 4.1 (7) 8.6 (32) 7.2 (39) 
3 8.2(15) 3 4 (9) 5.3(24) 
4 6.7 (11) 7.8 (11) 7.2 (22) 

5 and 6 4.1 (7) 8.5 (6) 5.3 (13) 

Numbers in paren heses = No. of acquisitions. 
N.B.—Owing to the layout of the ward, no patient could be more than 

six bed spaces away from any other patient. 

significant. The results are consistent with the notion 
that the most remote patients experience as much as 
half the acquisition rate of the patients nursed adjacent 
to a carrier. It is interesting to note that, in a few 
experiments in which a tracer gas was liberated at one 
point in the ward, samplers at the far end of the ward 
(which because of the ward layout is equivalent to six 
bed spaces distant) collected about half the quantity of 
tracer collected 6-8 ft. (1.8-2.4 m.) from the point of 
liberation. Such a reduction in transfer has, however, 
a limited effect on cross-infection because so few patients 
are as much as five or six beds away from one another. 

Neomycin and Hexachlorophene Prophylaxis 
Neomycin and hexachlorophene prophylaxis for all 

patients admitted to ward B was started in April, 1960, 
because of the widely spreading epidemic due to a 
staphylococcus of phage type 53/77 and the lack of 
sufficient isolation accommodation. The prophylaxis 
was continued until October, 1960. The wound sepsis 
rate during the whole period April to October was 5.6% 
(on 356 operations). Eight of the 20 cases of sepsis 
were due to type 53/77, so that the sepsis rate for other 
types was about 3.5%—that is, the same as the overall 
rate for the non-neomycin period. Moreover, the sepsis 
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rate on 96 operations performed after the end of the 
53/77 epidemic in mid-May was as high as 7.3%. The 
introduction of the neomycin and hexachlorophene 
prophylaxis appeared to eliminate the type 53/77 
staphylococcus and terminate that epidemic. However, 
during the subsequent period it had no detectable effect 
in reducing the total post-operative sepsis rate ; it is, 
however, curious that of the seven septic wounds 
occurring in patients on prophylaxis, four were infected 
with staphylococci sensitive to penicillin and tetracycline. 

Of 92 patients under neomycin prophylaxis after the 
end of the 53/77 epidemic, 37 (40%) were at some 
time nasal carriers of staphylococci. This may be 
compared with 55% for similar patients not given 
chemoprophylaxis. 

Discussion 
On the face of it the results of our attempt to 

control staphylococcal cross-infection by isolation are 
disappointing: a post-operative wound-infection rate of 
3.8% in a ward in which all patients known to be 
harbouring tetracycline-resistant strains were isolated, 
compared with a rate of 4.5% in a ward where no 
isolation was practised. But we need to consider not 
only whether the isolation was actually effective in 
restraining the spread of staphylococci but also how 
much we could have hoped to achieve by our isolation 
methods at their best, and the extent to which a similar 
system could ever be applied in a general hospital 
routine. 

The effect of an alteration in technique is necessarily 
difficult to establish by comparing the experience of 
patients in only two wards, and none of our conclusions 
can be more than tentative. Apart from the difference 
in isolation policy between the wards, there may have 
been other unrecognized differences in management 
which affected our results. This proviso has to be borne 
in mind in all our comparisons between the wards when 
we attribute the observed differences to the isolation 
policy. 

There was one important difference, which we can 
allow for 	namely, the different operations performed 
on the patients in the two wards. There were 331 
operations on patients in the isolation ward and 460 on 
patients in the non-isolation ward having one or other 
of seven common operations. The sepsis rate on these 
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operations was 6.1% in the non-isolation ward and 
2.7% in the isolation ward. The sepsis rate to be 
" expected " in the isolation ward, calculated by applying 
to each group of operations the rate observed in the 
non-isolation ward, was 5.1%. Though not statistically 
significant, the figures suggest a halving of the sepsis 
rate. 

In the isolation ward the operations excluded from 
the common list had a higher-than-average sepsis rate 
(4.7%). If we assume that the sepsis had been reduced 
among these operations by the same proportion as 
among the common operations, the sepsis rate in a 
control ward with a similar distribution of operations 
and with the conditions of our non-isolation ward might 
have been about 8.2% (58/708). If these rather tenuous 
assumptions are accepted we can estimate that the 
isolation policy may have prevented 31 cases of sepsis. 

One also needs to ask how much an isolation policy 
could have achieved. Four of 26 cases of sepsis in the 
isolation ward were due to staphylococci carried 
by the patient on admission (information on one further 
patient is lacking) ; this is equivalent to a sepsis rate 
of 0.6%, which could certainly not be prevented by 
isolation. A further eight cases were due to staphylo-
cocci not isolated from any other septic lesion ; in so 
far as these were derived from known carriers, they 
were mostly tetracycline-sensitive, so that the sources 
of these cross-infections would not have qualified for 
isolation under our rules. On these grounds the 
incidence of " unavoidable " sepsis might have reached 
1.8% of the 708 patients ; this is about half the sepsis 
actually observed. 

An alternative approach is to consider what might 
have happened if we had been able to isolate effectively 
all patients harbouring " epidemic strains " of staphylo-
cocci—that is, those giving two or more cases of sepsis 
—from the time of admission to the ward. Elimination 
of all cross-infection with epidemic strains would have 
prevented 11 of the 27 cases of sepsis in ward B, again 
reducing the sepsis rate from 3.8% to 2.3%. 

In sum, then, the records suggest that if the ward 
had not followed an isolation policy at all there might 
have been 58 cases of wound sepsis, and if it had been 
completely successful in preventing cross-infection from 
patient to patient there might have been only 16. The 
observed number was 27. 
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A part of the sepsis regarded as unavoidable in the 
previous analysis is due to the patients' own staphylo-
cocci. Part is probably also due to cross-infection in 
the operating-theatre, though very few of our patients 
developed their sepsis with the signs of fever soon after 
operation and deep pus that are characteristic of 
theatre infections ; in over half the cases the appearance 
of sepsis was delayed for more than 10 days. Never-
theless we cannot exclude infection in the operating-
theatre or soon afterwards as quite unimportant. Some 
cases of infection may also be due to infection from the 
medical and nursing staff in the wards. These were 
outside our investigation, but the small proportion of 
acquisitions by patients at times in our epidemics when 
we knew of no carrier or lesion among patients (58/ 378, 
Table VII) does not point to a large reservoir in the 
staff. 

That the isolation rooms were probably reasonably 
effective in preventing the escape of staphylococci from 
patients nursed in them is shown not only by the tracer 
experiments but also by the fact that when all known 
infected patients were in isolation the cross-infection 
rate was reduced to the same level as that found during 
periods in the middle of epidemics when there were no 
known carriers present in the ward. One must presume 
that the residual cross-infection is attributable to 
undetected carriers present in the ward. 

Although our observations were not continued long 
enough to provide unequivocal results, it seems that 
the isolation rooms with ventilation, when properly used, 
were probably effective in limiting the spread of 
staphylococci from patients nursed within them, and 
this was as true of the isolation rooms within the ward 
as of the side-wards. If confirmed this is important, 
since isolation rooms within an open ward are sometimes 
the only facilities available. We have the strong 
impression that some of our " escapes from isolation 
resulted from the switching off of the exhaust fan ; this 
certainly allowed the contaminated air from within the 
room to reach the main ward. 

The main difficulty of an isolation policy became clear 
during our study ; it is the difficulty, in many epidemics 
of ward infection, of detecting carriers who serve as 
reservoirs from which the , spread is maintained. We 
could detect hardly any difference between carriers and 
patients with septic lesions as sources of cross-infection, 
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and, though there might be greater differences in other 
circumstances, it seems to us inescapable that a control 
policy based simply on the isolation of patients with 
septic lesions must often fail. To detect all the 
dangerous carriers by swabbing is an expensive 
procedure and will frequently give the information too 
late—as it often did in our own wards. The implication 
seems to be that, unless we perfer to protect patients 
against the acquisition of staphylococci in their nose 
by chemoprophylaxis, hospitals ought to be constructed 
so as to isolate as many as possible of the patients from 
one another, and in particular to protect newly admitted 
patients from exposure to those who have been in 
hospital long enough to acquire hospital staphylococci. 

Summary 
The natural history of staphylococcal infection was 

studied in three male surgical wards, in two of which an 
attempt was made to isolate all patients known to carry 
or be infected with tetracycline-resistant staphylococci. 
One of the wards was provided with four exhaust-
ventilated cubicles for isolation purposes. 

The introduction of cotton blankets, washed at 
frequent intervals, into one of the wards had no 
detectable effect. 

Patients who acquired staphylococci in their nose 
during their stay in hospital developed staphylococcal 
sepsis more than five times as often as those who did 
not. In most cases the nasal colonization preceded the 
sepsis. The patients who acquired staphylococci also 
had a higher incidence of non-staphylococcal sepsis, 
but this appeared to be associated with prolonged stay 
in hospital. 

The post-operative sepsis rates were compared in 
patients having operations performed with comparable 
frequency in one of the isolation wards, and in the non-
isolation ward. The rates were 2.7 and 6.1% 
respectively ; the difference of 3.4% does not reach the 
level of statistical significance. 

Patients in the isolation wards became nasal carriers 
of tetracycline-resistant staphylococci more slowly than 
those in the non-isolation ward. 

There was some evidence that epidemic spread of 
staphylococci was less in the isolation wards than in the 
non-isolation ward. 
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When individual sources of infection were considered, 
it was found that nasal carriers were almost as important 
in generating cross-infection as patients with septic 
lesions. When all patients known to be sources of 
infection in the ward were isolated the incidence of 
cross-infection was apparently reduced. The exact 
magnitude of the reduction is difficult to determine 
because of the almost certain presence of undetected 
sources of infection in the ward. 

The limitations of any study of this sort based on 
three wards is stressed, but, taken at their face value, 
the results suggest that the isolation policy might have 
reduced the sepsis rate by about one-half. The 
demonstrable importance of nasal carriers as sources of 
cross-infection implies that such an isolation policy can 
be applied only if continuous bacteriological surveillance 
is available. Since this is seldom practicable, the 
conclusion is reached that, to prevent the transfer of 
staphylococcal infection, hospitals need to be constructed 
so as to isolate as many patients as possible from one 
another. 

For permission to study their patients, we are grateful to 
our surgical colleagues, Mr. C. Naunton Morgan, Mr. D. F. 
Ellison Nash, Mr. A. W. Badenoch, Mr. I. P. Todd, and Sir 
James Paterson Ross. Bt. Our thanks are also due to the 
sisters and nursing staff of the wards ; to the Treasurer and 
Governors of St. Bartholomew's Hospital for the construc-
tion of the cubicles, and to Mr. John Weeks for help in 
their design ; to the Medical Research Council for a grant 
for scientific assistance ; and to Miss Olive Duke and Miss 
Susan Green, B.Sc., for assistance in the laboratory. 
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SYNOPSIS The air of three hospital wards was examined frequently for staphylococci for a period 
of nearly four years using slit samplers. 'Broadcasts' of staphylococci into the air were observed with 
the air count rising well above the mean of 0-2 staphylococcal particle per cubic foot and these 
broadcasts often appeared to be due to single patients. 

Eight of the 3,675 patients admitted to the wards possessed an ability to disperse staphylococci 
into the air of the wards which was markedly greater than normal. 

The actual dispersal about the ward appeared to be mediated by the bedclothes, for, when these 
were disturbed, large numbers of staphylococci were disseminated into the air. 

During investigations of post-operative staphy-
lococcal sepsis in surgical wards at St. Bartholomew's 
Hospital, London, the air of the wards was fre-
quently examined for staphylococci. Shooter, Smith, 
Griffiths, Brown, Williams, Rippon, and Jevons 
(1958) observed 'broadcasts' of staphylococci into the 
air from time to time and some of these broadcasts 
appeared to be associated with particular patients. 
The study was continued and the more extensive 
records now available have been analysed in an 
attempt to discover more about the spread of staphy-
lococci by such patients. 

METHODS 

The study was carried out in three male surgical wards 
(A, B, C). The work of the units was general surgery, 
although a proportion of specialized work was carried 
out in each ward. Wards A and C used wool blankets 
throughout but ward B used cellular cotton blankets for 
much of the investigation. Patients harbouring staphy-
lococci resistant to penicillin and tetracycline were nursed 
in isolation in wards A and B but not in ward C (Williams, 
Noble, Jevons, Lidwell, Shooter, White, Thom, and 
Taylor, 1962). 

The wards, which measure 56 ft. by 43 ft., have a 
volume of about 30,000 cu. ft. Each has 22 beds, spaced 
about 6 ft. (1.8 m.) apart, with three more beds in two 
side wards. There are cotton curtains, suspended from 
rails 7 ft. (2.1 m.) from the floor, which can be pulled out 
to surround each bed. During the course of the study 
one of the wards, B, had four single-bed cubicles built 
in the body of the ward. 

'Present address: The Wright-Fleming Tnstitute of Microbiology, 
St. Mary's Hospital Medical School, Paddington, London, W.2. 

Received for publication 16 May 1962. 

A total of 3,675 patients was seen during this study. 
They had nasal swabs taken on admission to the wards 
and thereafter at weekly intervals. No systematic attempt 
was made to examine other possible carrier sites for 
staphylococci. 

During the four years of the survey, the air of the wards 
was examined on three days each week, usually Monday, 
Wednesday, and Friday, using a slit sampler running for 
two consecutive hours. During the first year the total 
volume sampled daily was 48 cu. ft.; later it was 216 cu. 
ft. For observing the effect of such procedures as bed-
making and wound dressing, a slit sampler drawing 
6.3 or 12.6 cu. ft. per minute was used so that adequate 
volumes could be sampled in short periods. 

The colony count obtained using the slit sampler gives 
a measure of the number of airborne particles carrying 
staphylococci and in accordance with general usage the 
counts are given here as colonies per cubic foot of air 
sampled. For the routine ward samples the counts are 
given as the average for the two-hour sampling period. 

The bedding was examined qualitatively for staphy-
lococci using the sweep plate technique (Williams, 
Blowers, Garrod, and Shooter, 1960). For quantitative 
estimation of staphylococcal contamination a cellular 
cotton blanket was held, 7 sq. in. at a time, clamped over 
the mouth of a tube through which air was drawn 
directly into a slit sampler. The blanket was covered with 
a filter paper and gently percussed, the organisms thus 
released being collected on agar plates exposed for suc-
cessive one-minute periods in the slit sampler. Experience 
showed that about half the recoverable staphylococci 
appeared on the first six plates exposed, and so the total 
count of recoverable staphylococcal particles has been 
estimated by doubling the count on six successive plates. 

One colony from each positive nasal culture and two 
colonies from each bed sweep were phage-typed. As 
about 75 % of the air samples yielded fewer than 40 
colonies of staphylococci from the 216 cu. ft. sample (less 
than 0.2 colony per cu. ft.), staphylococci from the air 
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were typed as a routine only when the count rose above 
this level. However, up to 12 colonies from each air 
sample were preserved whether or not typing was in-
dicated on the basis of the count observed. When more 
than two-thirds of the staphylococci recovered from the 
air were of the same phage type, that type was referred to 
as being predominant in the air. 

The medium used throughout this study was Oxoid 
blood agar base containing 5 % horse serum and 0.01% 
phenolphthalein-phosphate (Barber and Kuper, 1951). 
Phosphatase-positive colonies were tested for coagulase 
and were phage-typed at the Staphylococcus Reference 
Laboratory, Colindale. Throughout this paper the word 
staphylococcus is used to mean the coagulase-positive 
Staphylococcus aureus. 

RESULTS 

ROUTINE COUNTS OF AIRBORNE BACTERIA Although 
the total airborne flora and the number of staphy-
lococci recovered varied from day to day, the average 
was remarkably similar for the three wards (Table I). 
During the 732 ward days of observation there were 
177 days when the count of staphylococcal particles 
in the air was greater than 0.2 per cu. ft. (Fig. 1). 
On 21 days the count was greater than 1.0 per cu. ft. 
and on four days greater than 2.0. The highest count 
recorded for a two-hour period was 3.4 staphy-
lococcal particles per cubic foot. 

An analysis of variance was carried out on the air 

TABLE I 
MEAN NUMBER OF BACTERIA IN AIR SAMPLES FROM THE 

THREE WARDS 

Ward 	Colonies per Cubic Foot 
Number of Days 

Total Bacterial Flora Staphylococci of Sampling 

FIG. I. Counts of airborne staphylococci. On 3% of the 
days no staphylococci were recovered from the air (count 
less than 0.01 particle per cubic foot). 

counts of ward C over a period of 83 weeks with two 
samples on each of the three days each week. The 
variance between days and that between weeks was 
significant at the 0.001 level. (Variance ratio, be-
tween days F = 8.7, n1  = 2, n2  = 413; variance 
ratio, between weeks F = 4.1, n/  = 82, n2  = 413.) 
Variance between the two counts on one day was 
not significant. 

RELATION OF AIRBORNE BACTERIAL COUNTS TO 

CARRIERS On 162 of the 177 days when the count 
of airborne staphylococci was greater than 0.2 per 
cu. ft., there was one type of staphylococcus pre-
dominant in the air. The phage types of the staphy-
lococci recovered from the air were compared with 
those isolated from the noses or wounds of the 
patients at the previous weekly swabbing. For 64 of 
the 162 days, only one patient was found to carry 
the strain predominant in the air. Thirty-eight 
patients contributed to these 64 days; 16 patients 
were associated with high air counts on two or more 
days and eight patients were associated with high air 
counts throughout much of their hospital stay. These 
eight patients are referred to for convenience as 
`dispersers'. 

On a further 45 of the 162 days, one of the 38 
patients referred to above and one or more other 
carriers were present and on 47 days several carriers 
were present, but it was not possible to attribute the 
spread of the staphylococci to any one of them. On 
only six of the days when the count in the air was 
greater than 0.2 particle per cu. ft. was no carrier 
known to be present. 

CHARACTERISTICS OF DISPERSERS Some of the charac-
teristics of the eight dispersers observed are given in 
Figure 2. Six of these patients were active dispersers 
on admission to the wards and two became dispersers 
of the staphylococci that they acquired in hospital. 
Dispersal of the staphylococci acquired by patient 
H apparently resulted in an outbreak of staphy-
lococcal sepsis. Dispersal from patient G led only to 
nasal colonization of other patients. 

Patient A carried and disseminated the same strain 
on three successive admissions whereas patient C 
was not a carrier on his first admission but on re-
admission two years later carried and dispersed the 
type 6/53/75 referred to below. Patient D was a dis-
perser on his first admission but not on his second 
four months later, although carrying the same types 
of staphylococci. The remaining dispersers were 
observed only once. 

Although none of these patients had an infected 
lesion on admission to the wards six of them subse-
quently developed scm3 infection with the same 
staphylococcus as was carried nasally. Patient A 
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A 79/6/53/77 - + + 12 0.39 0.83 

B 6/53/77 + + + 6 2.3 3.40 

C 6/53/75 + - + 10 0.9 2.51 

D [0 - + + 4 0 - 62 160 53/54W + + + 
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FIG. 2. Characteristics of dispersers in relation to their stay in hospital. Patient H acquired his strain in another ward. 
As he was isolated in a cubicle the total number of patients infected with his strain and the air counts in the main ward 
are not directly related to his ability to disperse organisms. 

had an infected colostomy in the sixth week of his 
first admission and a boil in the third week of his 
second admission. Patient B developed infection of 
an abdominal laparotomy wound during the fourth 
week of his stay in hospital and patient C had an 
infected ulcer in the third week of his stay. Patient E 
had an infected sputum in the second week and 
patient G a boil in the eighth week of his stay. 
Patient H had an infected sputum a few days after 
his admission to the ward. Only one of these infec-
tions, that of patient G, could be classed as severe. 
Patients D and F had no infections. Most of the in-
fections developed some time after admission and it 
seems probable that they were the result of the large 
numbers of staphylococci found in the patients' 
environment rather than the cause of the dispersal. 

ENVIRONMENTAL STAPHYLOCOCCI 

RECOVERY OF STAPHYLOCOCCI FROM BLANKETS When 
the number of airborne staphylococci in the ward 
rose markedly above 0.2 per cu. ft. an  attempt was  

made to locate the source of the organisms by taking 
bedsweeps from the top blanket near the head of 
each bed. There was normally a delay of two to 
three days between the day on which the high air 
count occurred and the day on which the bedsweeps 
were taken. 

Although the strain in the air was often recovered 
in small numbers from some or many of the beds in 
the ward, it was common to find one bed that was 
heavily contaminated and it is presumed that this 
bed was the source of the airborne organisms. From 
Table II it can be seen that over the 28 occasions on 
which bedsweeps were taken when a disperser was 
present, 76 (12-4 %) of the 615 beds examined yielded 
more than 20 colonies of staphylococci. These 
76 beds were distributed amongst the 28 occasions, 
but there was a tendency to find more beds heavily 
contaminated when the disperser had been in the 
ward some time than soon after his arrival. 

In the absence of a high air count more than 95 
of the blankets yielded six or fewer colonies of 
staphylococci by the sweep plate method. 

TABLE II 
PERCENTAGE OF PATIENTS' BLANKETS YIELDING SPECIFIED NUMBER OF STAPHYLOCOCCI 

% Blankets Yielding Specified No. of Staphylococci No. of Days on which Blankets 
Were Sampled 

No. of Blankets 
Sampled 

0 1-3 4-6 7-9 10-20 21- 

Disperser present 32.8 32.0 7.5 6.5 7.8 12.4 28 615 
No disperser present 58.0 34.9 2.7 0.7 1.8 2.0 23 450 
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TABLE III 
RECOVERY OF STAPHYLOCOCCI FROM BLANKETS 

Calculated No. 
on Entire Blanket 

640,322 

148,500 
38,016 
27,240 
24,354 
8,190 

The figures given above are the values of separate determinations 
carried out on different areas of blanket. 

Quantitative examination for staphylococci of 
blankets taken from the beds of two dispersers 
showed very large numbers of organisms, but examin-
ation of blankets from the beds of four non-dispersers 
yielded only small numbers of staphylococci 
(Table III). 

RATE OF CONTAMINATION OF BEDDING Once bed-
clothes were put on the beds in the wards they 
became contaminated with staphylococci very 
quickly. Table IV shows the number and percentage 
of blankets from which staphylococci were recovered 
in relation to the length of time that the bed had 
been occupied by the patient. 

The rapidity with which an active disperser can 
contaminate his bedding is shown by investigations 
on patient C. This patient was given clean pyjamas, 
bedding, and curtains. After two hours, a sweep 
plate of the sheet on which he lay yielded more than 
700 colonies of his staphylococcus and after five 
hours these organisms were recoverable from the 
curtains around his bed. The sheet became con-
taminated more rapidly than the blankets, suggesting 
that the organisms were derived from his body rather 
than from his nose. 

Patient C was, by chance, observed from the 
moment of his arrival in the ward and he carried a 
rather distinctive type of staphylococcus (phage 
type 6/53/75, resistant to tetracyclines but sensitive 
to penicillin). On the day of his admission, none of 
the beds in the ward carried type 6/53/75. During the 

3 

2 

15 
	20 

Day f patients Number of days in hospital o  
arrival 

FIG. 3. Dispersal of staphylococci by patient C. On 
day of this patient's arrival in the ward the first 
sample yielded no colonies of his staphylococcus but 
second sample yielded four colonies per cubic foot. 

act of undressing he disseminated large numbers of 
organisms into the air and two days after his ad-
mission his type was recovered from 14 of the 22 
beds. After one week, 20 of the 22 beds, 28 of the 
30 curtains, 12 out of 12 window ledges, and three 
of the three sinks sampled were contaminated with 
this type of staphylococcus. The number of patients 
and beds from which this strain was subsequently 
isolated is shown in Figure 3. 

Patient No. of Staphylococcal Particles 
Recovered per Square Inch 

E, disperser 56, 76, 77, 78, 83, 100, 127, 
146, 160, 175 

G, disperser 3, 32, 40 
1, non-disperser 6, 7 
2, non-disperser 4, 5 
3, non-disperser 4, 4 
4, non-disperser 1, 2 

25 

the 
air 
the 

TABLE IV 
RECOVERY OF STAPHYLOCOCCI FROM BLANKETS ON BEDS IN WARD B 

No. of Days Bed Occupied Blankets from 
Linen Cupboard 

0 1-5 6-10 11-15 16-20 21-25 >26 

No. of beds sampled 23 66 40 29 22 15 58 182 
% Beds yielding staphylococci 35 42 38 59 41 53 62 14 
% Beds yielding >4 colonies of staphylococci 8.5 12 17.5 28 23 20 41 0 
% Beds yielding >4 colonies of staphylococci 
carried by occupant of bed 

4-5 12.5 21 18 13 17 

Clean blankets were put on the bed before the admission of all patients, after any patient had been in his bed for four weeks, and when indicated 
by soiling, etc. 
6 
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RELATION OF NUMBER OF AIRBORNE BACTERIA TO 
NUMBER OF CARRIERS When a disperser was present 
in the ward the number of staphylococci in the air 
bore little or no relation to the numbers of carriers 
of the strain, although the presence of large numbers 
of staphylococci in the air usually resulted in some 
other patients becoming carriers, as with the case 
illustrated in Figure 3. 

For 11 episodes lasting more than six weeks when 
a strain was spreading amongst the patients but no 
disperser could be found, the number of carriers of 
the strain was plotted against the air count on the 
day of swabbing as a scatter diagram. Altogether 
there was little correlation between the number of 
carriers and the air count. 

DISPERSAL FROM FOMITES 

In an attempt to define the mechanism of dispersal 
rather more precisely, air sampling was carried out 
close to the beds of patients during bedmaking and 
wound dressing. The two groups of patients selected 
for these investigations were (a) six of the eight dis-
persers and 10 non-dispersers and (b) 23 patients 
suspected of having staphylococcal wound infection, 
staphylococci being isolated from the wounds of 11 
of these patients. 

Investigation of a further 10 patients with staphy-
lococcal pneumonia showed that only two of them 
were disseminating organisms and then in very small 
numbers. 

3.0 

2.5 Bedmoking 
finishes 

2.0 

1.5 

Wound 
1.0 Bedmoking 

starts 
dressing 

0.5 

IS 30 45 60 75 90 105 
Minutes 

FIG. 4. Dispersal of staphylococci during bedmaking. 

DISPERSAL DURING BEDMAKING Bedmaking was 
studied on 24 occasions. On 19 of these occasions 
there was an increase in the number of airborne 
staphylococci and on the remaining five occasions 
an increase in the total bacterial flora only. The 
recognized dispersers liberated more staphylococci 
than the non-dispersers (Table V). An example of 
the timing of the dispersal in relation to bedmaking 
is given in Figure 4. It can be seen that few staphy-
lococci were liberated until the bedclothes were 
disturbed even though a blood sample was taken 
from the patient in the period before bedmaking. 

TABLE V 
INCREASE IN NUMBERS OF AIRBORNE STAPHYLOCOCCI DURING BEDMAKING 

Patient Staphylococci 
in Nose 

Staphylococci 
in Wound 

No. of Colonies of Staphylococci in Air 

Before Bedmaking 	 Peak of Count 

Dispersers 
A -F 0.08 	 2.20 
A 0.64 	 2.10 
A 0.10 	 1.60 
A 1.00 	 1.30 
B 0.40 	 9.50 
D - 9.00 	 36.00 
D 0.10 	 5.40 
D 0.50 	 4.50 
D 0.20 	 3.10 
D 0.06 	 3.00 

12.00 	 53.00 
-I- 0.10 	 20.60 

F 0.09 	 /40 
G 0.50 	 7.90 

Non-dispersers 
a 1.00 	 2.40 
b 0.10 	 1.70 

0.10 	 0.90 
0.09 	 0.80 
0.10 	 0.40 
0.19 	 0.38 
0.20 	 0.13 

h 0.40 	 0.09 
0-11 	 0.06 
0-05 	 0.00 
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One of the investigations was carried out in an 
exhaust-ventilated cubicle of about 1,000 cu. ft. 
capacity. A peak count of 53 staphylococcal particles 
per cu. ft. was obtained, suggesting that rather more 
than 50,000 staphylococcal particles must have been 
liberated during the process of bedmaking. 

DISPERSAL FROM CURTAINS Disturbance of bedside 
curtains was observed on 41 occasions. On 32 of these 
occasions there was an increase in the total airborne 
flora and on 26 occasions there was an increase in 
the staphylococcal flora. On 17 of these 26 occasions 
some or all of the staphylococci recovered were of 
the same phage type as carried by a patient in an 
adjoining bed. 

DISPERSAL DURING WOUND DRESSING PROCEDURES 
When investigating the spread of staphylococci from 
the wound itself, it is necessary to eliminate as far 
as possible all other sources of organisms for, as 
shown above, disturbance of the bedding can result 
in dispersal. In our experiments the bedding was 
therefore changed and the patient put in clean 
pyjamas before the dressing was done. Where these 
experiments were carried out in the main ward,  

care was taken not to disturb the curtains after the 
start of the sampling. Many of the experiments were, 
however, performed in the isolation rooms. There 
was, of course, still the possibility that the wound 
dressing was contaminated on the outside with 
organisms from the nose or other carrier site, but 
this could hardly be avoided. 

Wound dressing procedures were observed on 25 
occasions involving 23 patients. On 12 of these 
occasions the wound was found to be infected with 
staphylococci (Table VI). An increase in the number 
of staphylococci in the air was seen during the 
dressing of six of the 12 infected wounds and two of 
the 13 uninfected wounds. 

PERSISTENCE OF ORGANISMS IN THE WARD In experi-
ments with five blankets removed from the beds of 
patients and kept in the laboratory, staphylococci 
were recovered for periods up to 203 days. However, 
staphylococci seem to disappear from the air of the 
ward very rapidly after the last-known carrier is dis-
charged. Thus for 20 episodes when a strain was 
spreading amongst the patients, a search was made 
amongst the strains isolated from the air of the ward 
in the week after the discharge of the last-known 

TABLE VI 
DISPERSAL OF STAPHYLOCOCCI DURING DRESSING OF INFECTED WOUNDS 

Patient State of Wound Whether Patient is Nasal 
Carrier 

No. of Colonies of Staphylococci in Air 

Bacteriological Clinical 
of Wound 

Staphylococcus Before Dressing 	Peak of Dressing 

F Staphylococci Healthy 0.10 2.40 
2 Staphylococci Healthy 0.02 0.40 
F Staphylococci Healthy 0.13 0.80 
4 Staphylococci Slight infection 0.03 0.16 
5 Staphylococci Healthy 1.00 2.40 
6 Staphylococci Healthy 0.30 0.80 
7 Staphylococci Healthy 0.08 0.13 
A Staphylococci Slight infection 0.10 0.12 
E Staphylococci Healthy 1.00 1.10 
D Staphylococci Slight infection 0.20 0.20 
11 Staphylococci Slight infection 0.60 0.60 
A Staphylococci Slight infection 0.15 0.15 

13 No staphylococci Healthy Nasal carrier 0.10 0.24 
14 No staphylococci Healthy Nasal carrier 0.03 0.22 
15-25 No staphylococci Healthy Some nasal carriers No rise in count 

Slight wound infection is used to indicate the appearance of some pus and inflammation at the wound edges. 

TABLE VII 
PERSISTENCE OF STAPHYLOCOCCI IN AIR OF WARDS AFTER DISCHARGE OF LAST-KNOWN CARRIERS OF STRAINS SPREAD 

AMONGST PATIENTS 
Phage Type 	 Na. Strains Typed No. Strains of 	Count per cu. ft 	Count per cu. ft. 	No. Days Since 

Index Type Found of Index Type 	on Last Day of 	Last Carrier 
Carrier's Admission Present 

52A/79 16 0431 0.05 
52/52A/80 17 0-01 0.03 2 
52A/79 29 0.01 0.02 3 
52/52A/79/80/7/42E 11 0.01 0.10 4 
79 13 0431 0.05 5 
Various strains taken from 15 other episodes 259 0 <0.01 0.02-0.17 1-7 
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carrier. In only five of these cases were such staphy-
lococci recovered (Table VII), four from ward B 
and one from ward C. A total of 259 staphylococci 
was examined from the air samples taken after the 
end of the remaining 15 episodes without any strains 
of the appropriate type being recovered. 

DISCUSSION 

During this study, which lasted nearly four years, 
3,675 patients were admitted to the wards and 
1,488 of these patients carried staphylococci in the 
nose on admission but we detected only six patients 
who had the ability to contaminate their environ-
ment heavily with staphylococci. About 18 % (662) 
of the patients acquired a staphylococcus in the nose 
during their stay in hospital but only two of these 
had the ability to disperse this staphylococcus to any 
marked extent. 

Although 81 other patients became colonized with 
the same types of staphylococci as carried by the 
eight dispersers, none of them were observed to be-
come dispersers themselves. Hence it seems likely 
that the ability to disperse is a property of the patient 
rather than of the staphylococcus. There seems to 
have been no common factor such as age, disease, 
or type of staphylococcus carried in this series of 
patients. 

Four factors have been recognized in other work 
on the dispersal of organisms. Eichenwald, 
Kotsevalov, and Fasso (1960) found that their `cloud 
babies' apparently disseminated organisms from the 
respiratory tract and that the ability to disseminate 
staphylococci was sometimes associated with adeno-
virus infection, but this factor was not investigated 
in this study. White (1961) showed that patients from 
whom large numbers of staphylococci could be 
recovered by nasal swabbing carried more staphy-
lococci on the skin and disseminated more staphy-
lococci from their bedding than non-carriers or 
carriers with only slight nasal growth. We have no 
information as to the heaviness of nasal carriage of 
staphylococci amongst the patients in this survey 
but when there was no disperser present in the ward 
staphylococci were recovered from the beds of 59 
of the nasal carriers and from 36% of the non-
carriers. The same phage type as was carried in the 
nose of the patient was isolated from 39 % of the 
beds. Hare and Cooke (1961) found that patients  

with eczema or mycosis fungoids carried many 
staphylococci on the skin and contaminated their 
bedding with staphylococci. Patients with lesions 
which could be covered, such as wound infection, 
boils, etc., liberated few staphylococci unless there 
was a profuse discharge from the lesion. In the in-
vestigations reported above, only one of the patients 
had a severely infected lesion and this developed 
four weeks after he had begun dispersing the 
organism. Hare and his colleagues have emphasized 
the importance of perineal carriage of staphylococci 
in relation to dispersal. It was not possible, however, 
in our study to carry out routine skin swabbing but 
perineal swabs taken from three of the dispersers 
(A, B, and D) all yielded staphylococci of the same 
type as carried in the nose. Skin swabbing was not 
carried out on the other five dispersers. 

Although the strains disseminated by the dispersers 
were recovered from the noses of the other patients 
and the lesions on the dispersers themselves, only 
one strain caused any sepsis amongst other patients 
in the ward. This was the strain with which patient H 
was admitted to the ward under investigation from 
another ward. Thus it appears that the dispersal of 
staphylococci, even in enormous numbers, does not 
lead to cross-infection unless the strain itself has 
epidemic propensities; this same strain was able to 
spread through another ward without any dispersers 
being apparent. 

The studies reported in this paper constituted part of the 
larger investigation referred to above (Williams et al., 
1962) and arose as a result of the discussions held by the 
workers involved in that investigation, to whom I am 
extremely grateful. I should like to record my indebtedness 
to the Treasurer and Governors of St. Bartholomew's 
Hospital for permission to work in the wards. 
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MUCH attention has been paid to the way in which 
microorganisms, especially staphylococci, are spread in 
hospital wards. Noble (1961) reported that the mean 
equivalent diameter of air-borne particles carrying 
staphylococci was 13.5 µ *; and Lidwell et al. (1959) 
showed that, on average, these particles each carried about 
4 viable units. These results suggest that the bacteria are 
not suspended freely in the air but are carried on other, 
larger particles. It has been widely assumed that textile 
fibres act as the carriers; although Rubbo et al. (1960) 
showed that the presence of bacteria in the air was not 
necessarily associated with complete textile fibres. 

That bacteria can be recovered from the skin has been 
reported by many workers; moreover, in man, a complete 
layer of skin is desquamated every one or two days 
(Rothman 1954). Skin scales were found in the air of 
hospital wards and barracks as early as 1855 (Thomson 
1855, Rainey 1855, Hewlett et al. 1861, Temple-Wright 
1869, de Chaumont 1867). More recently Davies (1958) 
observed that the number of skin scales in the air was 
increased during bedmaking; and the possibility that 
bacteria are carried on scurf and skin scales was suggested 
by Gordon (1905) and Allison and Gunn (1932). 

It seemed reasonable, therefore, to examine the air and 
dust of hospital wards to determine whether skin scales 
were present and whether viable bacteria could be detected 
on them. 
* The equivalent diameter of a particle is the diameter of a sphere 

of unit density which has the same settling-rate in still air 
(calculated on the basis of Stoke's Law) as the particle in 
question (Bourdillon et al. 1948). 
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Fig. 1—Photomicrograph showing skin scales and textile fibres 
impacted from the air of a hospital ward. ( x 250.) 

Methods 
Air samples were taken by means of a slit-sampler (Bour-

dillon et al. 1941) and a cascade impactor (May 1945). Slides 
for the impactor were coated with petroleum jelly or silicone 
grease as an adhesive. Dusty surfaces were sampled by pressing 
similar slides upon them, and dust was also collected by picking 
it up on ' Sellotape ', which was then mounted on a microscope 
slide. Since there is no specific stain for keratin, the deposits 
were stained by the following methods: Gram's stain, Shorr's 
stain, iodine, Pressley's stain (Pressley 1958), and Millon's 
reagent. 

Results 
More than 50 samples of dust from undisturbed surfaces 

in obstetric, medical, and surgical wards (where both 
cotton and woollen blankets were in use) were examined 
under the microscope, and all showed the same picture: 
the deposit consisted largely of flake-like particles which 
morphologically resembled skin scales. A much smaller 
number of fibres was also seen. 

Air samples were taken in these wards by means of a 
slit-sampler and a cascade impactor, and the deposits 
obtained showed a very similar picture; again the bulk of 
the deposit resembled skin scales in appearance (fig. 1). 

Deposits sampled from the air and dust, and also skin 
scales from our arms, were impacted on to sticky slides 
and stained as reported above. The flake-like particles 



Fig. 2—Photomicrograph of a skin scale in a slit-sampler deposit 
after 3 hours' incubation on nutrient agar showing a microcolony. 
( x 1000.) 

from both air and dust gave the same staining reactions as 
the skin from our arms. It seemed reasonable therefore to 
conclude that these flakelike particles were desquamated-
skin scales. 

Owing to the uneven and sometimes granular surface of 
the squames, it is difficult to identify individual micro-
organisms on them with certainty. Skin scales from the air 
of hospital wards were therefore impacted on to the surface 
of nutrient agar, using a slit-sampler with the plate 
stationary, and the culture plates were incubated at 37°C 
for 3 to 5 hours. Coverslips on which a drop of methylene-
blue in alcohol had been placed were laid on the traces and 
these were examined under the microscope. The micro-
colonies seen were normally associated with the skin 
scales (fig. 2); more than 80 deposits on serum agar were 
examined and, of 45 micro-colonies which were sufficiently 
clear to photograph, only 1 was not associated with skin. 

In contrast to the samples obtained in the hospital 
wards, samples taken from the air of a room which had 
been contaminated by a " simulated sneeze " (Bourdillon 
et al. 1948) showed a different picture. Many micro-
colonies of streptococci and micrococci were observed that 
were not associated with particulate matter, although some 
were observed which were clearly associated with 
squamous cells. In a simulated sneeze, 25% of the particles 
which bear salivary streptococci have an equivalent 
diameter of less than 4 t and only about 12% are greater 
than 18 11. (Lidwell et al. 1959). One might therefore 
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Fig. 3—The number of airborne skin scales and bacteria during 

disturbance of patients' bedding. 

expect to find considerable numbers of streptococci 
unassociated with any particulate matter. 

Dispersal of Skin Scales during Bedmaking 
On 14 occasions samples were taken simultaneously by 

means of, a slit-sampler and a cascade impactor during 
disturbance of patients' bedding. The rise in the number 
of airborne bacteria was accompanied by a corresponding 
rise in the number of skin scales recovered (fig. 3). During 
these experiments the ratio of skin scales to aerobic 
bacterial colonies was between 400 and 1700 to 1. 

Bedding and clothing was " vacuum-cleaned " using an 
impactor and the deposits were examined under the 
microscope; in the deposit, textile fibres were few com-
pared with the large number of skin scales. 

Discussion 
Our results suggest strongly that desquamation plays a 

major part in the dispersal of the bacteria which are 
carried on the surface of the body. 

We have not so far identified precisely the bacterial 
species growing on the skin scales; the vast majority seen 
were cocci, but occasionally bacilli and chaining cocci 
were observed. Most of the organisms recovered from the 
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air of hospital wards by means of a slit-sampler with 
serum-agar as the culture medium and overnight incuba-
tion at 37°C, are cocci; thus of 1066 colonies examined 
from slit-sampler plates used in the wards, 90% were 
gram-positive cocci, 2% were gram-positive bacilli, and 
7% v, cre gram-negative bacilli. 

It seems likely that salivary organisms, such as the 
majority of the streptococci, may be spread by droplet 
nuclei rather than on skin scales. The " cloud babies " 
described by Eichenwald et al (1960) dispersed staphylo-
coccus-carrying particles of a much smaller diameter than 
is usual for staphylococci even in nurseries for the 
newborn (Cope et al. 1961), and it seems possible that this 
spread also was mediated by droplet nuclei. Bang (1961), 
however, has reported that, during virus infection, 
increased numbers of cells are desquamated from the 
upper respiratory tract, which in itself could lead to 
increased bacterial dispersion; the smaller apparent size of 
the respiratory-tract particles might be due to shrinkage 
of the non-cornified cells. 

In the spread of staphylococci by dispersers of the type 
described by Hare and Ridley (1958) and Noble (1962) 
some factors require further investigation. These patients 
may have a heavier skin carriage of staphylococci, or they 
may desquamate more skin than do the non-dispersers. 

Samples taken in the wards by means of the cascade 
impactor showed that the particles of skin had a mean 
equivalent diameter of approximately 8 v., which is rather 
smaller than the diameter found for bacteria-carrying 
particles, but no estimate has yet been obtained of the 
mean equivalent diameter of the skin scales that bear 
viable microorganisms. 

Summary 
Examination of deposits obtained from the air of hospital 

wards by means of a slit-sampler and a cascade impactor 
revealed the presence of large numbers of skin scales. 
Brief incubation of these deposits showed that bacteria 
were carried on them. 

It is suggested that most of the bacteria dispersed into 
the air of hospital wards from carriers and bedding are 
carried on desquamated skin. 
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DISPERSAL OP STAPHYLOCOCCI ON DESQUAMAMED SKIN 

Sir, - In our communication on the dispersal of bacteria upon 
desquamated skin (Davies, R.R., Noble, W.C. Lancet, 1962, ii, 1295), 
we stated that we had not determined precisely which bacterial species 
were carried on the skin-scales, although most of them were cocci. 

Since then we have been able to identify the organisms by the 
micro-pipetting technique of de Fornbrune. Microcolonies seen on the 
skin-scales were picked off with a micro-pipette and manipulator; the 
pipette was broken off in broth; and after incubation the bacteria 
were identified. 

We have investigated the aerial dispersal of Staphylococcus  
aureus by 5 patients. Skin-scales were impacted from the air by the 
methods previously described, and, in each instance, staphylococci of 
the same phage type as those recovered from the patients' skin by 
swabbing were obtained from micro-colonies which developed on skin-
scales (see table). 

AERIAL DISPERSAL OF Staphylococcus aureus 

Case Source of 
skin-scales Subcultured 

in broth 
Yielding 

growth in broth 
Yielding 

Staph. aureus 

No. of micro-colo nies 

22 
21 
8 

21 
20 

15 
12_ 
8 

20 
20 

9 
9 
2 

20 
20 

Disturbance 
of 

bedding 

Patient 
undressing 

3  

L. 
 

The results suggest strongly that the Staph. aureus carried jon 
the surface of the body is dispersed mainly by desquamated skin and 
that the contaminated skin-scales are spread by bedding and clothing. 

R. R. Davies 
W. C. Noble 

Wright-Fleming Institute of Microbiology, 
St. Mary's Hospital Medical School, 
London, W.2. 

Published in The Lancet 1963 i 1111 
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The size distribution of airborne particles 
carrying micro-organisms 

BY W. C. NOBLE,* 0. M. LIDWELL AND D. KINGSTON 
Cross-Infection Reference Laboratory, Central Public Health Laboratory, 

London, N.W. 9 

(Received 9 April 1963) 

The ability of a particle to remain airborne, its ability to pass through filters, 
the site at which it may be deposited in the respiratory tract and the rate at which 
it will be removed from the air by sedimentation are all dependent on the size and 
density of the particle. In the course of a variety of investigations we have deter-
mined the size distribution of particles carrying various species of bacteria and 
fungi, using the size-grading slit-sampler described by Lidwell (1959). A few of 
the results obtained have already been quoted in part, but the majority have not 
been published previously. 

The air sampler used separates the airborne particles into four size ranges, each 
of which is deposited on the surface of the agar medium contained in one of four 
6 in. Petri dishes. This apparatus is constructed so that the air sample, entering 
through a slit 7 mm. wide, impinges on to the surface of the first Petri dish at such 
a velocity that only the larger particles, i.e. those having an equivalent particle 
diameter-  greater than about 18,a, are deposited. The air stream carrying the 
smaller particles is then caused to impinge in turn on to the surface of the three 
remaining Petri dishes, each time at an increased velocity and through a narrower 
slit, so that the minimum particle size for 50 % deposition is about 10p, for the 
second dish, 4p for the third and less than 14a for the fourth and last. When the 
plates have been incubated the colonies found will be derived from organisms which 
entered the sampler carried on airborne particles corresponding approximately to 
the four size ranges, greater than 18p, between 18 and 10p, between 10 and 4p, 
and less than 4p. These size limits correspond to the value of equivalent particle 
diameter for 50 % deposition so that there is, in fact, a considerable size overlap 
between the fractions. In spite of this, however, reasonably good estimations of 
the particle size distribution within the sample and hence of the median equivalent 
particle diameter and of the dispersion, expressed either as an interquartile range 
or, if appropriate, as a standard deviation, can be made by plotting on probability 
paper the cumulative fraction oversize against the 50 % collection limits, namely 
18.2, 9.6 and 4.2p. As there are internal losses in the instrument it is necessary to 
correct the numbers of colonies counted in the later stages in order to arrive at a 
good estimate of the size distribution in the original sample. The numbers found on 

* Now at The Wright-Fleming Institute, St Mary's Hospital, London, W. 2. 
I-  The equivalent particle diameter is the diameter of a sphere of unit density which has a 

settling rate in air equal to that of the particle in question. 
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plates 2, 3 and 4 should be multiplied by 1.10, 1.20 and 1.25, respectively. These 
factors are derived from experimental observations. 

CULTURAL METHODS 

Samples for Staphylococcus aureus were collected on nutrient agar containing 
5 % horse serum and 0.1 % phenolphthalein-phosphate (Barber & Kuper, 1951). 
Phosphatase positive colonies were tested for coagulase. Counts of total flora and 
of aerobic spore-bearing bacilli were made on the same medium but the phenol-
phthalein-phosphate was sometimes omitted. 

Streptococci were grown on serum-sucrose agar containing tellurite and crystal 
violet (Williams & Hirch, 1950). The levan-producing colonies of Str. salivarius 
(Williams, 1956) were recognized by their colonial appearance and counted after 
40-48 hr. incubation at 37° C. The other streptococci and the enterococci were 
estimated by picking a random sample of colonies from these plates and examining 
them by methods previously described (Air Hygiene Committee, 1954, Routine C, 
pp. 52-4). 

Samples for Clostridium welchii were collected on a modified Nagler medium 
containing neomycin. Those colonies showing zones of serum opacity were 
regarded as Cl. welchii (Noble, 1961). 

Sabouraud's dextrose agar containing antibiotics to suppress bacterial growth 
was used for isolating fungi. Cultures were incubated for 3 days at 37° C. for the 
Aspergilli and the Candida species and up to 3 weeks at room temperature for the 
remaining fungi. When sampling for Candida albicans or the dermatophyte fungi, 
Actidione (0.5 g./1.) was added to the medium. 

RESULTS 

The values deduced for the median equivalent particle diameters and for the 
inter-quartile ranges are given in Tables 1 and 2. These were obtained in the way 
described previously (Lidwell, 1959). Estimates of the inter-quartile ranges, the 
limiting diameters defining the 25 % smallest and the 25 % largest particles, are 
given, rather than standard deviations of the diameter, since the forms of the 
distributions are not known. In most cases an arithmetic-normal distribution 
appeared to fit the data reasonably well, where the median equivalent particle 
diameter was greater than 10,a; if the median diameter was smaller than this a 
log-normal distribution usually appeared the better. We have, however, no 
information about the tails of the distribution except that these must be truncated 
at or above about 1a for the bacteria and at sizes corresponding to that of the 
single cells for the fungal species. Some environmental factors can be seen to 
affect the recorded values of median equivalent particle diameter. Ventilation 
preferentially removes the smaller particles so that the median diameter normally 
becomes greater when the ventilation is increased. The staphylococcal samples 
show a small but definite increase in median diameter with increasing activity 
during the sampling period. A similar, and partly associated, variation with the 
amount of air contamination is illustrated in Fig. 1. 



Table 1. Airborne bacteria 
Median equi- 

valent diameter 
of the airborne Inter-quartile 

Colonies particles range 
Species Place Activity, etc. counted (A) (A) 

Total aerobic flora (grown at 37° C.) Offices Low ventilation > 15,000 7.7 4-11 
Offices Good ventilation > 8,000 10.0 5-15 
Hospital wards Moderate > 50,000 12.8 7-18 
Hospital wards Considerable > 30,000 13.0 8-18 
Operating rooms Unoccupied > 30,000 12.3 7-18 

Total mouth streptococci Offices Low ventilation > 800 10.0 4-16 
Offices Good ventilation > 300 12.4 6-18 

Streptococcus salivarius Offices Low ventilation > 500 11.0 4-18 
Offices Good ventilation 89 14.4 7—(22) 

Beta-haemolytic streptococci Offices Low ventilation 29 11.7 8-15 
Offices Good ventilation 22 12.5 8.5-16-5 

Enterococci Offices Low ventilation 83 11.0 6-16 
Offices Good ventilation 50 10.8 4-17 

Staphylococcus aureus Hospital wards Light—moderate > 6,000 13.3 8-18 
Hospital wards Bedding disturbed > 7,000 14.8 10—(19) 
Hospital wards Bed-making > 2,000 15.7 11—(20) 

Bacillus sp. Hospital ward Moderate > 300 (3.0) (?)-8 
Clostridium welchii Outside air Wet weather 186 11.0 5.5-16.5 

Outside air Dry weather > 500 17.2 10—(24) 
Hospital wards Moderate (wet 

weather) 
299 11.4 4-18 

The inter-quartile range is given as the limiting diameters defining the 25% smallest and the 25% largest particles. Where the estimated 
diameters are below 4g or above 18g the values depend on extrapolation and have been given in brackets to indicate the greater possibility 
of error. 

The samples of air from the offices were obtained in several different rooms of a large group of offices over a period of months. 
The hospital samples came from a number of different hospitals. 	 Co oo -4 

Siz
e of airb orne i nfected parti cles 



Table 2. Airborne fungi 

Species Place and activity, etc. 
Colonies 
counted 

Diameter of spore 
or single cell 

(it) 

Median 
equivalent 
diameter 

of the 
airborne 
particles 

(P) 

Inter-quartile 
range 
(g) 

00 
GO 

Aspergillus fumigatus* 
Penicillium spp. 
Paecilomyces spp. 

Hospital ward, moderate 
Hospital ward, moderate 
Hospital ward, moderate 

> 100,000 
> 750 

105 

2.5-3-5 
2.5-4-5 
(2.5-3) x 6 

(3.0) 
(3.1) 
(3.4) 

[3-3] 
[2-4] 
(2)-6 

Rhodotorula spp. Hospital ward, moderate > 4,000 (3-5) x (4-7) (3.8) [3.3-4.3] O 
Aspergillus spp.-t Hospital ward, moderate 159 2.5-4 4.3 (2)-8 
Claclosporium spp. Hospital ward, moderate > 2,500 (2-6) x (3-20) 4.9 (3)-7  Aspergillus niger Hospital ward, moderate 125 2.5-10 5.5 (3)-9  Syncephalastrum spp. Hospital ward, moderate 240 (2.5-5) x (5-20) 6.6 4-10 
Rhizopus spp. Hospital ward, moderate 45 3 x (6-9) 6.8 4-10 
Monilia sitophila Hospital ward, moderate 74 3 x (3-10) 9.5 7-13 
Didymocladium spp. Hospital ward, moderato 5 x (10-15) 10.7 7-15 
Candida albicans Hospital ward, moderate 

> 5007  6  
(3-6) x (3-12) 13 5—(21) 1E1 

Trichophyton mentagrophytest,§ Clinic, scraping and examination of skin > 300 2 x 4 (a) 16 11—(22) 
(4-6) x (10-50) (b) 

Rhodotorula spp.II Clinic, scraping and examination of skin 118 (3-5) x (4-7) 18 11—(26) 
Epidermophyton floccosum§ College dormitories, little 18 (6-10) x (20-30) 19 12—(26) 
E. floccosum Clinic, scraping and examination of skin 172 (6-10) x 20-30) (21)  15—(26) 
Candida albicans Clinic, scraping and examination of skin > 1,000 (3-6) x (3-12) (22)  18—(27) 

The inter-quartile range is given as the limiting diameters defining the 25% smallest and the 25% largest particles. Where the estimated 
diameters are below 4,a or above 18a the values depend on extrapolation and have been given in brackets to indicate the greater possibility 
of error involved. Substantial correction has had to be applied to the values of the quartiles for Asp. fumigatus, Penicillium spp. and Rhodo-
torula spp., found in hospital wards, on account of the diffuse cut-off of the stages in the instrument, and theso aro enclosed in square brackets. 
Where the spore or cell concerned is markedly non-spherical the approximate ranges of both the shortest and the largest axes are given in 
brackets, linked by a multiplication sign. In the case of Trichophyton mentagrophytes, (a) refers to the microconidia and (b) to the macroconidia. 

* In seven separate evaluations the estimated median equivalent diameters ranged from 1.8 to 4.1 with an indication that the value tended 
to be larger in the winter. 

t Including Asp. gracilis, Asp. nidulans, Asp. terreus and Asp. versicolor. 
I This was derived from examination of an artificially contaminated arm. 
§ Spores of these organisms were never seen in material obtained directly from patients. Only mycelium could be seen in the infected skins. 
II This organism is not known to have been associated with any patient. 
The hospital ward samples were obtained in various places on different occasions. 

1-3 
0 
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In comparing the figures for median equivalent particle diameter given here with 
those deduced from the ratio between volumetric and settling counts (Bourdillon, 
Lidwell & Lovelock, 1948) it must be remembered that these latter are primarily 
estimates of the mean settling rate, i.e. of the mean-square diameter. The relation 
between this quantity and the median diameter as determined here or by data 

0 

0 0  0 
0 
	0 

2 
	

3 	4 

Bacteria-carrying particles per cubic foot of air 

Fig. 1. Median diameters of airborne particles carrying Staphylococcus aureus. 

0.2 	0.4 	0.6 	0.8 

Standard deviation, in logarithms to base 10 or as a fraction of 
the median diameter 

Fig. 2. Relationship between mean settling diameter, d„ and median diameter, dm. 
The upper of the two curves refers to log-normal distributions. The arithmetic-
normal distributions, lower curve, are truncated at zero diameter and their 
standard deviations are expressed as a fraction of the median diameter. 

obtained in a similar way, e.g. samples taken with the Andersen or Batelle samplers 
(Andersen, 1958; Mitchell & Filcher, 1959), depends on the distribution of particle 
size in the sample. Fig. 2 gives values for the ratio of the two quantities for both 
arithmetic-normal and log-normal distributions over a range of values of the 
standard deviations of these distributions. 

0 

0 0 
	O 

O 

0 
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The following example illustrates these points. 
At the same time as the samples of total flora were collected in the operating 

theatres with the size-grading sampler (see Table 1), settling plates were also 
exposed. The mean rate of settling over the whole series of experiments was 5.89 
colony-forming particles per minute per square foot of surface exposed. The mean 
volumetric count over the same period was 4.90 cu.ft. of air sampled. This 
corresponds to a mean settling rate for the particles concerned of 5.89/4.90 = 1.20 
ft./min. Using the figure of 0.006d2  for the settling rate in feet per minute of a 
unit density particle d microns in diameter this corresponds to a mean equivalent 
settling diameter of (1.20/0.006)t = 14.2p,. 

The median equivalent diameter of the particles as determined by the size-
grading sampler was 12.3,a and the distribution conformed well to a normal 
distribution in the arithmetic value of the diameter with a standard deviation of 
8.0,ct. The ratio of this standard deviation to the median diameter is 0.65 and 
from the lower curve in Fig. 2 this would correspond to a median settling diameter 
1.18 times the median diameter, i.e. 12.3 x 1.18 = 14.5A, which agrees closely 
with the estimate obtained above by direct comparison of the settling and the 
volumetric counts, namely 14.21u. 

The estimated standard deviations of the size distributions of the airborne 
bacteria-carrying particles which we have so far examined have almost always 
fallen within a fairly narrow range, about 0.3 for a log-normal distribution to the 
base 10 or about 0.6 times the median diameter for arithmetic-normal distribu-
tions. For standard deviations of this magnitude the mean settling diameter is 
about 15 % greater than the median diameter and this value may be used when 
comparing particle diameters estimated by the two methods where detailed 
information on the size distributions are not available. 

DISCUSSION 

The most striking fact revealed by these data is the size of the median equivalent 
diameter associated with almost all the bacterial species and with those fungi that 
are probably derived from a human source, that is, the dermatophyte species, 
Trichophyton spp. and Epidermophyton spp. and Candida albicans. These dia-
meters, which are much greater than the dimensions of the microbial cell, imply 
that the organisms are usually disseminated into the air in association with material 
derived either from the menstruum in which they originally multiplied or from 
some intermediate resting place. There is some evidence (Williams, Lidwell & 
Hirch, 1956) that the streptococci are derived directly from the mouth and that 
the particle therefore largely consists of dried saliva. Davies & Noble (1962) have 
recently presented evidence that many, if not most, staphylococci are present in 
the air attached to skin scales which could account for the observed diameters. It 
also seems likely that infected skin scales are responsible for the dissemination of 
the dermatophyte fungi. The size distribution of airborne particles carrying micro-
organisms is determined by two opposing factors, gravity, which tends to eliminate 
the large particles, and the chance that a particle will carry a viable organism, 
which is likely to increase with the size of the particle. These factors combine to 
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confine the distribution within a relatively narrow range over the main part of 
which, at any rate, the distribution approximates closely to the arithmetic normal. 

In contrast many fungi such as the aspergilli, penicillia, cladosporia, among 
those included in the observations reported here, possess a mechanism for direct 
dispersal of their spores into the atmosphere from their natural growth sites. This 
is reflected in the close correspondence for many of these species between the 
median equivalent particle diameters found for the air sample and the size of a 
single spore. Within the observed portion these distributions approximate to a 
log-normal form. 

The most marked exception to the general pattern described above is the 
particle diameter associated with the aerobic spore-bearing bacilli. This is not much 
larger than the single cell although there is a very wide spread of particle size. It is 
possible that this is a result of the capacity of these organisms to multiply in 
extremely dilute media, in which sporulation commonly occurs, so that when the 
spores are dispersed by mechanical action they are only very loosely bound 
together and embedded in only small amounts of dried material. 

SUMMARY 

Values are given for the median equivalent diameters and for the inter-quartile 
range, of airborne particles carrying a variety of micro-organisms. 

Organisms associated with human disease or carriage were usually found on 
particles in the range 4-20/6 equivalent diameter. 

Many fungi appeared to be present in the air as single spores. 

We should like to acknowledge the collaboration of Dr Yvonne M. Clayton in 
the collection and examination of the fungal samples. 
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SUMMARY 
The fungal flora of the air of hospital wards was investigated by using 

slit samplers. Isolations were made on Sabouraud glucose agar and parti-
cular attention was paid to the flora which grew at 37°. Aspergillus 
fumigates was recovered on each of the 78 days of sampling and reached 
peak of incidence in the autumn and winter months; no other fungal species 
was recovered at 37° with such regularity. Bed sweeps revealed the 
presence of these fungi on blankets in the hospital wards. The mean 
equivalent diameter of the air-borne particles was determined for several 
fungal species and was found to correspond closely to that of individual 
spores. No dissemination of fungal particles by four patients with the 
hypersensitivity type of aspergillosis or by one patient with an aspergillus 
mycetoma was observed. 

INTRODUCTION 
Calendars illustrating the incidence of fungal spores in outdoor air at different 

times of the year have been prepared by several workers (e.g. Hyde, Richards & 
Williams, 1956). Examination of the fungi that can be isolated from the air of 
buildings has, however, been largely confined to those situations where specific fungi 
might be expected. Thus Ibach, Larsh & Furcolow (1954) reported the isolation of 
Histoplasma capsulatum from the air of a chicken house belonging to a farmer who 
had recently contracted histoplasmosis, and Stallybrass (1961) reported on the 
incidence of aspergilli in a grain mill. Clayton & Noble (1963) isolated Candida 
albicans, Epidermophyton floccosum and Trichophyton mentagrophytes from the air in 
the vicinity of patients being examined for fungal infections of the skin. Howe, 
Silva, Marston & Woo (1961) found that of 62 hospital blankets examined, 29 (47 %) 
yielded unspecified fungi. We know of no other studies carried out on the fungi 
recoverable from the air of hospital wards. The present report deals with such a 
study and investigates the size distribution of the fungal particles recovered, parti-
cular attention being paid to the flora which grew at 37°. The air of wards at 
St Bartholomew's Hospital was examined on 78 days between March 1960 and 
April 1961. Air sampling and blanket sweeps were also carried out at the Brompton 
Hospital around the beds of four patients with the hypersensitivity type of 
aspergillosis and one patient with an aspergillus mycetoma. 

* Present address: Wright-Fleming Institute of Microbiology, St Mary's Hospital Medical 
School, London, W. 2. 
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METHODS 
Slit-samplers were used which sampled at 5 cu.ft./min. on to 6 in. plates and were 

run for 1 hr. There was no serious overcrowding of the colonies when the plates were 
incubated at 37° but very much smaller volumes of air had to be sampled when the 
plates were to be incubated at 20-25°. The slit sampler gives a measure of the mean 
number of fungal and bacterial particles in the air and the results are conveniently 
expressed as the number of colonies obtained/cu. ft. of air sampled. The method 
estimates only the viable and not the total number of spores in the air. 

Special samples were also taken on the size-grading slit-sampler (Lidwell, 1959) 
which divides the particles sampled into four fractions : particles greater than 18 it 
`equivalent diameter', particles between 10 and 18 u, particles between 4 and 10 u 
and particles less than 4 u. From these data the 'mean equivalent diameter' can 
be calculated. The equivalent diameter of a particle is the diameter of a sphere of 
unit density having the same settling rate in still air (calculated by using Stokes's 
Law) as the particle in question (Bourdillon, Lidwell & Lovelock, 1948). 

Blankets in use in the wards were examined by the sweep-plate technique of 
Williams, Blowers, Garrod & Shooter (1960). 

The medium used was Sabouraud glucose agar containing streptomycin or 
neomycin to suppress bacterial growth. Preliminary tests with a slit sampler and 
with ' settle ' plates indicated that more colonies were recovered at 37° on the 
Sabouraud agar than on malt agar or on Czapek-Dox agar. Since the main interest of 
the study lay in the Aspergillus species, plates were incubated at 37° but sometimes 
room temperature (20-25°) was also used. 

RESULTS 

Isolation of Aspergillus fumigatus from the air 
A total of more than 96,000 cu. ft. of air was sampled over 78 days. Aspergillus 

fumigatus was recovered by culture at 37° on each of these days. During the spring 
and summer months the numbers of A. fumigatus particles isolated ranged from 
0.01 to 0.2/cu. ft. In the autumn and winter months counts of up to 35 particles/ 
cu.ft. were encountered for periods of up to 2 hr., whilst peak counts of 70 particles/ 
cu.ft. were encountered during 10 min. sampling periods (Fig. 1). 

Isolation of other fungi 
In the samples recorded above, the only other fungus isolated at 37° with any 

regularity was Aspergillus niger. It was present on 32 of the 78 days, although 
never in such large numbers as was A. fumigatus, the highest count recorded being 
0.2 A. niger particles/cu.ft. The other fungi recovered from these samples, apart 
from Candida albicans, are given in Table 1. A report upon the prevalence of 
C. albicans in the air is dealt with in a separate paper. 

Some sample plates were also incubated at room temperature (20-25°). The 
various fungi recovered from these 20-25° plates but not from the 37° plates are 
given in Table 2. 

The fungal colonies growing at 37° on Sabouraud agar generally represented about 
1 % of the flora which would grow at 20-25°, which averaged about 10 colonies/cu.ft. 
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This ratio of 37° to room temperature growth fluctuated greatly, depending on the 
amount of Aspergillus fumigatus currently in the air. 

The size-distribution of air-borne fungal particles 
By using the size-grading slit-sampler the mean equivalent diameters of various 

air-borne fungal particles were calculated and are shown in Table 3. The mean 
equivalent diameter of these particles approximates to the diameter of spores 
measured microscopically. This suggests that a number of the air-borne particles 
exist as single spores and that the spores have a density close to unity. 

100 
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M. A. M. J. .11. A. S. 0. N. D. J. F. M. A. 
1960 	 1961 

Fig. 1. Number of colonies of Aspergillus fumigatus recovered/cu.ft. from ward air over 
a 2 hr. sampling period 

Table 1. Fungi recovered on a total of 78 days' sampling from air samples 
incubated at 37° 

Fungus 

No. of days 
fungus 
isolated Fungus 

No. of days 
fungus 
isolated 

Alternaria 2 Paecilomyces 27 
Aspergillus candidus 1 Penicillium, 29 
A. flavus 21 Rhizopus 13 
A. fumigatus 78 Scopulariopsis 2 
A. gracilis 2 Sordaria fumicolor 1 
A. nidulans 17 Syncephalastrum 20 
A. niger 32 Trichoderma koningii 5 
A. tamarii 3 Trichothecium 2 
A. terreus 13 V erticillium 2 
A. ustus 1 
A. versicolor 2 Chaetomium brasiliensis 1 
Botrytis cinerea 1 Sporobolomyces 1 
Cunninghamella 1 Rhodotorula 1 
Epicoccum nigrum 1 Streptomyces 3 
Fusarium 1 Mycelia sterilia — 
Gliocladium 1 
Monilia sitophila 17 
Mucor racemosus 4 
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Examination of blankets 
Over a period of 6 weeks during the autumn and winter, 200 blankets in use in the 

wards were examined by the sweep-plate method. Aspergillus fumigatus was 
recovered from 79 (39.5 %) of the blankets examined, although the number of beds 
which yielded the fungus varied from week to week. Other fungi which grew at 37° 
were recovered from 83 % of the blankets; the majority of fungi recovered from the 
air were also obtained in small numbers from blankets. 

Table 2. Fungi recovered from air samples incubated at 20-25°  
but not recovered at 37° 

Aleurisma 
Aspergillus ochraceus 
Cephalosporium 
Cladosporium 
Didymocladium 
Isaria 
Mucor pusillus 
M. spinosus 

Phoma 
Aureobasidium pullulans 
Stysanus 
Trichophyton terrestre 
Trichosporon cutaneum 

Candida mycoderma 

Table 3. Mean equivalent diameter of air-borne fungal particles 
Mean 
equi- 
valent 
dia- 

Percentage of particles of meter 
given size range (A) of 

particle Size range of 
No. of 

colonies 
> 18 10-18 4-10 < 4 Organism (a) single spore (a) counted 

Aspergillus fumigatus 0.7 5.5 24.9 68.9 2.9* 2.5- 3 113,449 
A. niger (group) 4.0 15.6 47.1 33.3 5.5 2.5-10 125 
Aspergillust 6.9 12.1 34.2 46.8 4.3 2.5- 3.5 159 
Cladosporium 1.4 15.5 41.1 42.0 5.2 (2-6) x (3-20) 2,651 
Didymocladium 14.5 49.2 31.6 4.7 10.2 5 x (10-15) 523 
Monilia sitophila 8.3 39.1 49.7 2.9 8.9 3 x (3-10) 74 
Paecilomyces 3.9 6.0 35.0 55.1 3.7 6 x (2-5-3) 105 
Penicillium 0.7 6.3 26.8 66.2 3.0 2.5-4•5 798 
Rhizopus 3.8 31.3 38.7 26.2 6.6 6-9 on long axis 45 
Rhodotorula 0.3 5.3 37.9 56.5 3.8 (3-5) x (4-7) 4,039 
Syncephalastrum 3.2 26.1 47.2 23.5 6.8 (2.5-5) x (5-20) 240 

* This result is based on seven separate evaluations having the following values: 1.8, 2.3, 2.7, 
3.2, 3.3, 4.0, 4-1. There is a suggestion that the mean equivalent diameter is greater in winter than 
in summer. 

t These comprise Aspergillus gracilis, A. nidulans, A. terreus, A. versicolor. 

Investigations in the environment of patients with aspergillosis 
Aspergillus fumigatus was isolated from the blankets of four patients with the 

hypersensitivity type of aspergillosis and one patient with an aspergillus mycetoma. 
The number of colonies recovered on the sweep plates was no greater than on those 
from the surgical wards at St Bartholomew's Hospital. No increase in the mean 
equivalent diameter of the air-borne spores could be demonstrated when the 
blankets were shaken, as might have been expected if the spores had become 
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associated with organic debris or blanket fibre. The incidence of A. fumigatus in the 
air in the environment of these five patients with the fungus in their sputa was no 
greater than in air samples taken elsewhere in the hospital and outside the hospital 
at the same time. These particular investigations were carried out in the autumn. 

DISCUSSION 

Many workers have used the spore trap to determine the fungus species present 
in the air (e.g. Hamilton, 1959). 'Whilst this method is useful for studying allergens, 
it has the disadvantage that the Aspergilli and Penicillia cannot be differentiated. 
Another method which has been used was to expose agar plates and to allow 
organisms to settle on them (` settle ' plates). De Vries (1960) and Stallybrass (1961) 
isolated Aspergilli in this manner, and Friedman, Derbes, Hodges & Sinski (1960) 
thus recovered dermatophytes from the air of a clinic. However, the number of 
spores which settle on the surface is dependent not only on their concentration in the 

Table 4. Terminal settling velocity of spherical particles of unit density 
in still air 

Mean 
equivalent 

particle 	Settling 
diameter 	rate 

(z) 	(ft./min.) 
30 5.4 
20 2.4 
15 1.3 
10 0.6 
5 0.15 
2 0-024 
1 0.006 

The settling rates are calculated from the data given in Bourdillon et al. (1948). 

air but also on the size of the particles (Table 4). A particle of 20 it equivalent 
diameter settles at a rate of 2.4 ft./min. whilst one of 2 u settles at only 0.024 ft./min. 
in still air, so that even very small air movements will suffice to keep the smaller 
particles air-borne. Richards (1954) recorded differences in the recovery of moulds 
indoors and outdoors which he attributed to differences in settling rates of spores of 
different sizes. 

By using the size-grading slit-sampler we found that the mean equivalent fungus 
particle diameter was close to the diameter of a single spore. It seems reasonable to 
conclude that some of the air-borne particles are individual spores, though from 
their size, they might also be fragments of mycelium. Such fragments have been 
observed in the Hirst spore trap (Hamilton, 1959) but it is not known whether these 
were viable. Davies (1957) found that more than 80 % of Cladosporium particles 
recovered indoors were single spores and a further 13 % existed as groups of two 
spores. Clayton & Noble (report to be published) found that Candida albicans in the 
air of hospital wards had a mean equivalent diameter greater than that of individual 
organisms. The same is true for dermatophytes (Clayton & Noble, 1963) and for 
Staphylococcus aureus and Clostridium welchii in hospital wards (Noble, 1961). 
These micro-organisms are derived from patients in the wards and may be associated 
with organic debris. 
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The number of spores of any given fungus species recovered from the air varied 

from day to day and from season to season. The peak prevalence for Aspergillus 
fumigatus recorded in these studies was in the autumn, which corresponds with data 
collected by Hyde et al. (1956) by using settle plates. The failure to demonstrate 
dissemination of A. fumigatus by five patients with aspergillosis may have been due 
to the fact that any increase in fungal spores in their environment was masked by 
the large numbers of spores already present in the air in the autumn when exam- 
inations were made, but equally, such patients may not disperse the fungus. 

We are indebted to the Treasurer and Governors of St Bartholomew's Hospital 
and to the physicians and surgeons of the Brompton Hospital for permission to 
work in the wards. One of us (Y.M. C.) was in receipt of a grant from the Asthma 
Council. 

REFERENCES 

BOURDILLON, R. B., LIDWELL, 0. M. & LOVELOCK, J. E. (1948). Studies in air hygiene. 
Spec. Rep. Ser. med. Res. Coun., Lond. 262, pp. 6, 249. 

CLAYTON, Y. M. & NOBLE, W. C. (1963). Airborne spread of dermatophytes and Candela 
albicans. Trans. St John's Hospital Derm. Soc. 48, 36. 

DAVIES, R. R. (1957). A study of air-borne Cladosporium. Trans. Brit. mycol. Soc. 40, 409. 
DE VRIES, G. A. (1960). Aspergillus fumigatus and actinomycetes in air. Acta allerg., Kbh. 

15, 99. 
FRIEDMAN, L., Dmums, V. J., HODGES, E. P. & SiNsici, J. T. (1960). The isolation of 

dermatophytes from the air. J. invest. Dermat. 35, 3. 
HAMILTON, ELIZABETH D. (1959). Studies on the air spora. Acta allerg., Kbh. 13, 143. 
HOWE, C. H., SILVA, T. F., MARSTON, A. T. & Woo, D. D. B. (1961). Staphylococcal con- 

tamination of mattresses and blankets on a surgical ward under non-epidemic conditions. 
New Engl. J. Med. 264, 625. 

HYDE, H. A., RICHARDS, M. & WILLIAms, D. A. (1956). Allergy to mould spores in Britain. 
Brit. med. J. i, 886. 

IBACH, M. J., LARSH, H. W. & FURCOLOW, M. L. (1954). Epidemic Histoplasmosis and 
air-borne Histoplasma capsulatum. Proc. Soc. exp. Biol., N.Y. 85, 72. 

LIDWELL, 0. M. (1959). Impaction sampler for size-grading air-borne bacteria carrying 
particles. J. sci. Instrum. 36, 3. 

NOBLE, W. C. (1961). The size distribution of air-borne particles carrying Clostridium 
welchii. J. Path. Bact. 81, 523. 

RICHARDS, M. (1954). Atmospheric mould spores in and out of doors. J. Allergy, 25, 429. 
STALLYBRASS, F. C. (1961). A study of Aspergillus spores in the atmosphere of a modern 

mill. Brit. J. industr. Med. 18, 41. 
WILLIAMS, R. E. 0., BLOWERS, R., GARROD, L. P. & SHOOTER, R. A. (1960). Hospital 

Infection. London: Lloyd-Luke. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262
	Page 263
	Page 264
	Page 265
	Page 266
	Page 267
	Page 268
	Page 269
	Page 270
	Page 271
	Page 272
	Page 273
	Page 274
	Page 275
	Page 276
	Page 277
	Page 278
	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286
	Page 287
	Page 288
	Page 289
	Page 290
	Page 291
	Page 292
	Page 293
	Page 294
	Page 295
	Page 296
	Page 297
	Page 298
	Page 299
	Page 300
	Page 301
	Page 302
	Page 303
	Page 304
	Page 305
	Page 306
	Page 307
	Page 308
	Page 309
	Page 310
	Page 311
	Page 312
	Page 313
	Page 314
	Page 315
	Page 316
	Page 317
	Page 318
	Page 319
	Page 320
	Page 321
	Page 322
	Page 323
	Page 324
	Page 325
	Page 326
	Page 327
	Page 328
	Page 329
	Page 330
	Page 331
	Page 332

