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PREFAGE

The need Lfor further knowledge wegarding the manvner
in which staphylococcal infectblons are caused first clained
wy abbtentlon several years ago when I was engaged ia
the treabment of such infections in the Western Infirmary,
Glapgow. The intevest bhoen arvoused led me o bake up
the study of bacteriology and in particular of the speciesn
Staphylococcus auvveus. This thesls contains +the results
of a large propovelon of the laboratory investigations
which I have conducted over the last § years.

I wish bo acknowledge with gratibtude the amount of
agpistance I have had in careying out this woyk. PFow

gorains of Shapbe.avreus I am indebbted to Dre Po Browniog

(Glasgow), Dr. 8.7 Cowan (National Collectlon of Type
Cultures), Dr. B.S. Duthle (Southampion), Prof. S.D. Llek
(London) and De. J.h. Harks (Deckenham)s For gilts of
anbisera I wish bo thank Miss Molly Rarr (Beckenham) and
Dre Jo Marks (Cardiff) and for chemlcal compounds Dive
Crowther (Manchester) and Dr. Lominski (Closgow).
Speclalised investigations beyond my own resources have
been made avallable 0 me; Dre RellaCe Willlams and Joan
Rippon (Colindale, London) and Dp. Morag Timbury (Glasgow)

have phage typed a number of sitralns; leucocldin production
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hap been measured by Dr. GePu Gladstone (O0xford); Die BeBe
Hendry (Glasgow) esbimabed blood probein and Librinogen,

In particular ¥ would lLike bo thank Dr. Ke3e Dubthie Tow
gifbe of very highly purified coagulasga.

The Tlrst part of Section I (Variants of Stavhvlococcus

avreus glving high and low ylelds of coagulase) has alvready
been publilsheds It descrlbes one aspect of a wider
tuvestlgation inbo Lagtors inflluencing coagulase production,
uwndertaken in collaboration with Dr. BeBe Morrvison and
Dy LeReWe Lomineki. IHowever, the Livst obssrvatlon ol
the assoclation between colonial morphology and coagulase
production, and the isolatlon of all but one of the Rough
variants, was made by mysell; bhe inforwaitlon in Table &
is o be abbribubed bo wy Colleagues. In Sectlon II, I
again had a collaborvaior, Dre Jele Johnsbtone. This work
was iniblated and cavrried out entirely by mysell except
for the varts dealing with histelogye

ALL of the work on thip thesls was done in the Depariment
of Bacterlology of the Universliby and Wesbern Infivmary,
Glasgow, and I am very grateful for wmy good fovitune in
Tionding there the Tacilliices Tor this wveseaxrch and for the

helpful advice and criticism of Cfriendly colleaguog.

Department of Bacberiology,
University of Glasgow,
Westorn Infivmary,

QLABGOW, Wele




LT RODUCTTON

(1) Choice of experimental modol

Disease caused by pathogenle micro-ovganisms is today
vary muceh less common than it was 100 yoars agoe. This
change has been broughl aboult in three wayss: Dy eradication
of reservoirs of infectlon through lmproved hygiene, by

tmmunisation, and by chemotherapy.

Stavhylocogeus aureus dlffers from most pathogens in

that it 18 s0 common on the skin and lu the nose of moat

healthy people as to be considered a commensale L6 i improb
able then that any method wilil be Qound which wilill

permanently exclude Ztopheaureus from communliles, thus

obviating the pessibllity of infections Por a shovt bime
11 seemed thab chemotherapy would deal with staphylococeal
infectliong, buit several anbiblotics initially active

against @%aph*amr@ug ave graduslly losing thely effect on

account of the emergence of reglsbant strains. The most
outstanding example is that of penicilling bhefore 1945 14
wag vnusual o find a resistant siralin « by L9566 the
proporiion of these ptraing isolated from patients in

hogpltale was as high as 80 per cents. There are probably
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many new chemotherapeutic agents bto be found bub this
approach may fall in the same way.

Bince exclusion ls lmpossible and chemothervapy is in
the process of feiling, all that lg Left is the hope that
new methods of lmmunisabtlon can be devised, opr else, bthab
the non-specific resistance of the host may be lncreased,
A prevoegulsite bo elther of these two measures is a boblber
undergtanding of the mechanisms of pathogenicity in
staphylococeal infectlon: +the investigalbions described
in this thesis were uwndertaken in the hope that they would
congtliube at least o conbribution to this need. The
gtuady of vwarianits Alffering among each other in the
production of five btoxic fachors seemed to offer the chance
off finding which AL any of these Lactors were essential to
vhe pathogenic actlon of the speclesa

Ia this typoe of work, it ls a great advantage to he
able to rapraauag aps nearly as possible the natural
infectlone With staphylococei, however, even Iin htman
volunteers, skin lesions can be produced only 1€ the
oprganisms are lnoculated lndto the bissues and in numbers
lavger than those which can reagonsably be expecbed bo
consbltubte the natural inccewlum. The usuval laboratory

aninals such as mice, rabbits and gulnea~pigs are not
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naturally suscepbible. The study which forms the subject
off this theslis was confined therelore to experimental
infection of laborvatory acimalss Since a choice had to

e made, mice were regarded as the most convenient because
they - are easy o work with, can be obtained in larse
nuwebers, and pernit a low degyvee of variability of host
raplatance by the use of lnbred slralins. Ixperimental
astaphylococcal infectlons can be established in wmice; 1o
pome important vrespects, such as the Tormatlon of localised
abscesses and, In severe casesn, aseplblcasmia, bhese repemble

human Infectlons closely enough bo provide a useful model,

(14) The importance of varianbs amons shaphylocoeeil

In the present work, varlants of Staph.guireus were
k-]

gtudied In an attempl o elucidate certain aspechs ol the

In vivo and jn yvitro physiology of this mpecies and notb

with 8 view to gaining lnformation on the mechanisw of
variation. Probably the most frequently noticed instance

off wvariatlion is in colonisl morphology, but almost any
function of the bacterial cell may be alfected.s 'The
exbensive review by Hadley (1987) giveas an account of
variatlion in morphology, biochemical activity, and virulence.

In absence of o wvregent review much relevant information is
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prasented in the text-books, Topley and Wilson (4th editbion,
Chaps 9) and Lomnana and Malebbe(Chape 18).

The terms variant end mubant as applied to bacterlan
are ofhon used as synonynse In this thesls bthe teym
'variant' has been preferved because 1t makes no
inference about the mechanism of the genetical ch&ng@*. In
sccordance with theory, characters vary lndependently and
result from a mubation affecting a single gene. I, as
1t has been gpeculated, the sbaphylococesl cell contalns
between 1000 and 10,000 genes (Bryson, 1956), bthen no
mabter how lmportant a varlation wmay appear blologleally,
1t vepresents only a minor change in the cellulap
organisation. In this sense bacterial varianits are comparablc
and provide a tool For the separatlon of ceritain components
and the investligation of thelir respecitive Tuncitlons.

Variation In a single gene may resullt ln more than one
ohservable change, for instance the same variastion 1ln the
pneumococeus accounts for the loss of capsule, change o
rouph movphology, aud loss of vieulence for mlcee, To
the medloal bacterlologlst this type of vaviablon, where

morphological change ls assoclated with change in virulence,

+ New genotypes can arise obheyr than by mubtation, and
genetical material moy be transferred fvom one bacterial
cell to another in a number of ways, 6.ge. by branaforming
principle (pneumococel) by phage transduction (salmonellas)
and sexual vecombinatlon (coliforms).
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ig’ of prime interest. In general the colonial varviation
from guoobh to rousgh (8~R) is accompanied by loss of
vivrulence, though excepblons exist where the virulend
form ls move rough. Thus, study of variants hos made
rogaible the identification of bacterial components nod
only aspoclated with but essentilal o pathogenic aetiah,
Gefye capsules in the anthrax baclllus, prewmECOCCUS,

Hpenophilus Influensec, and Hpeuophilus periusiigs the

type-spceiflilc M proteln of Bbrepbococcus pyogeness and
Vi and O antigens in species of the genus Salmonellas

It should he borne in wmind, bhowever, that no matier
how imporbtant any of these components may be bthey probably
represant only one of geversel factors which debermine the
capaciby ol the bacberlum to veunse diseasc. For example,
1t has been shown that the degree of vivulence of Shrepe.
pyogenes Loy laborabory anlumals does not depend on the
amount of M proteln possessed by the particulayr gtrain, and
Bhat M probein may be present in avivulent variants. Agaln,
most of the characterlisitlc leslong in diphtheria are
veproduced experimentally by bthe injectblon of btoxin and
indeed the taxin‘iﬁ'wf overviding importance in the

production of this diseage, Neovertheless the fomous strain

TP yTve

renovned oy 1ts high yield of toxin jpn vibro, is only
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poorly pathogenic. It follows then that it is not always
possible to relote virulence to ellther the presence owp
the amount of any one bacterial product.

Stanhe aureus 1s examined asg often as ovhey bacheris

Tor dingnosble purposes; eaven g0, vavrlabtion is seldom
observad. There are ab least three reasons for this: (1)
as a rule only two charscters are consldered (pipment and
coagulase production); (8) the period during which
cultures are observed, noymally 24 hours, does not usually
allow sufficient time for verianis to appear; and (8)

media most in use arve unsuitable Loy the detectlon ol
cvariantes  On the obther hand, 1f a large number of
charvacbers is examined 1t becomes apparent that the species
is heterogeneous, containing widely differing straings, and
that variation is comnon. A glonce at examples of variation
in sbaphylococel suggests that variation may affect almost
every observable character, @.g. colony size (Wise, 10856),
penicillin resistance (Barber, 1947), colonial morphology
(Bigper, Boland and 0O'leara, 19287), hyaluvonidase production
(Rogors, 1955)2 haecmolysin production (Rowntree, 1956;

Blek and Levy, 1964), coagulase production (Smith, Movrison
and Lommeki, 195%), and virulence (PBurnet 1930).

Of particular relevance to the present sbudies is the



waﬁk éf lek and Levy on alpha and beta hsemolysin. These
WQ?kerﬁ examlined single-cell and single-colony cultures
Aé&nd Pound that, of four variants, three were gbtable in
thelr heemolysln productlon, whereas one did not breed true.
They concluded that alpha and beba haemolysin produchtion
are two lndependently controlled genetical characters and
that all cells producing heemolyalin do so o the pame extenb.
Thus a culture giving high yields of haemolysin wouwld do so
becuase Lt contalned almost 100 per coent of haemolysin
producing variants, and one glving low yilelds a correspondingl:
lower proporbtlons

Another work to which veference must be made is that
of Bigger, Boland and 0'Meara (1927)s They nobiced thatb
when old byoth cultures were plated some of the colonies
were ivregulay in outlliune, had a rough surface, and were
visceld when btouched with a platinun loop. These R variants
were easlly obtained from a number of strains. Subsequently,
Hoffetodt and Youmans {(1988) obtained from one strain of

Shaphe BULGUS No Lewer Tthan eolght types of wough variant,

one albus smooth variant, and two types of swall-colony
varionty the varianbe avose lu culitures containing Lithium
chioride and rabblits inoculated lobravencusly wibh

the pavrent strain. Only one of their elighit R varliants



[y 4

variants rvesgembled the R variante of Blgger ob al:  such
description and illusbtrations as they give of thely other
rough variants suggest that the term rough was hardly
Juetifiable, The pavent straln which was aureus and smooth
amooth and a small colony variant, wers nob.

The present study is confizned bto four sbaphylococcal
products namely, cocagulase and the three hacmolysinss
alpha, beta, and gamna., The cholce was dicltated by the
conslideration of bthe role of coagulase ag an aggressin in
establishing an infection (Smith, Hale and Smith, 1947)3
the general toxiciity of alpha boxing and, last but not
leasl, because in the course of the work varianits differing
in precisely fh@&e Tacuors became avallable. The omission
of other staphyloccccal producits does not constitube a
Judgement upon the role thalt some of them may play in
tnfections I am aware how lmportant hyaluronidase,
Levcociding, and Dibrinelysin mayoes However, an abbempt
to correlate all staphylococceal products singly and ia
combination with pathogenicity would be entirely beyond the
maberial means availables

In each sectlon of this work a comparison is m&d@
between staphylococcal varianbts of smooth and rough colonial
morphology. It has been suggesited (Topley and Wilﬁﬁﬂg

4the edition page $23), that the letter 8 ghould no longer



denote smooth colonial morphology, but the colonial variant,
whether smooth or rough, assoclated with vivulencey R should
be the symbol for the avirulent colonial type. In the Plrst
part of Seetion I (already published) 8 has been used

to denote smooth colonial morphology and R, rough; no
inference is made therein to the relative pathogenicity

off the variants. To avoid confusion, the symbols 8§ and R
will not be used In other sections and the tewms gmooth

and prough will refer to morphology only.



SECYION I

SUMOOTH -~ ROUGH COLONIAL VARIATION AND COAGULABSE

PRODUCTION I VITRO

The maln contributlon of thls section is the
demonstration of the assoclation between colonial morphology
and coagulase productlon. The recognition, isolation,
and some propeviles of vough variants, other than of
coagulase productlon, are alpo descprlbed.

Most of this part of the work has already been

published in the Journal of Patholosy and Bacherlolomy,

1958, vol. 64, pages HET-57H (Smith, Morvison and Lominskl),
In the preface of this thesis (page 1) the extent of my

own c¢ontributlon o this joint work ls exactly defined.

The second part ol this sectlon containg information bhased
on the examinabion of more streins; Lt deals algo with

the chemical structure of compounds that may be msed o

asslst In the demonstratlon of vough variants.
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LS0LATION O VARIANDTS OF BUAPHYLOCOCCUS AUREUS GIVING

HIGH AND LOW YIRLDS OF COAGULASE
DOUGLAS De SMITH,” ROBERT B, MORRISON™ AND IWO LOMINSKI

From the Bacteriology Depertment of bthe niverslby and

Western Infirmary of Glasgow,

At present the recognitlion of pathogeniclﬁtaphylococei
In vitro largely dependa-am the vesult of the coagulaée
test; however, only a small propmrtién of posltive stralus
give high ylelds of éoagula@a. Turthermore, laboratory
gtrains often suddenly deteriorate and less often suddenly
lmprove ln respect of coagulase production, even when gpown
in ﬁhe.aame bétah of mediwn oy in a'ch@mically defined
medium. In the course of work on the synthesis of coagulase
by sbaphylococcel we were often hampered by ivr@gularitiﬁs
In the coagulase production of our strains, eepecially by
the tendency of some of them o weaken in coagulase
productions +this led to a detaliled investigation of our
culiureg.

The present study shows that in many strains of
ﬁﬁﬁghv aooccus aurous, varlants can be found which differ
in respect of coagulase productiong and that high and

low coaguluse~yieclding vapriants may be distingulshed by

Re During the course of this work D.De Bmith held the
Coats ond Perman Scholarships and R.B. Horrison a Carnegie
Sanlor Scholarshlp.
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thelr colonlal appearance and charvacteristic growith in
broth. The varlants ave not absolutely stable bub may

e kepb by dally plating and selection of colonies for
subculitura. The proporvtion. of high~ and low~cosgulase
producers vavies within one and the game strain, and this
may well account fop the apontaneous variations in coagulase

productlon shown by cultures of Siaph. aurens.

MATERIALS AND METIODS

Btraing. We used ten straineg of coagulase~positive

Staph. sureus of human owviging they were selected becausne
they gave high ylelds of coagulases Two were one-yenp-old
laboratory strains and the other elghtlt werve raecenily
isolated.

Medin. Three media were used: (1) hovse-honrt exbrach
broth, (8) "Lablemco broth agar, and (3) horse~heart
digest-~hroth agar with 5 per cents of oxalated horse DLood.
Medium no. 8 vas used either unheated or heated at 80°C.
for 10 minutes; the pd of the three medla wag between
7e2 and Tabe

Plapmas. Human plasma conbaining 0.6 per cenb. sodiuwn

acld citrabe and 0.4 per cent. glucose was used, care
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belng taken to use the same batch when coagulase produciion
of variaunbs was compared.

Estimation of coasulosnc. Four ml. of broth in 4 x Fin.

test-tubes were inoculated end lncubabed ab 57.5°C. for
four days. These detalls ave ilmporbont becoune we Ffound
that the degree of acratlon and thoe surface: velune vatio
of the culbtures lnfluenced coagulase productlon. Swo
methods of coangulase esbimation were useds (1) & clobbing-
$ime measurement, and (8) bibtration

(1) Clottlne=time measurenents 0.5 mle of culiure

was added to 0.5 mls of & L in § dillution of human plasma
in 0.85 per cente saline in a 4 x % in. bost-bube. The
tube was genitly rocked through 45° from the vertical and
the tlue requived Lor clot bto form was nobed.

(2) Ditratlone To 0,85 ml. of serinl doubling dilutions

of the culbure in 0,85 per cent. saline was added 0.5 ml.

of a 1 in 8 dllution of mmnan plasne in merthlolated saline,
the final concentration of merthiolate belng L in 1000,

The highesl diluvion of the culbturesn to show clot after 24
hours at 37.59C. was noted and recorded as bthe coagulase
Thitre®,

taolation of vaprlianbs

The method was originelly deviged 1n ovder to £find outb
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vhether the lndividual ovganisme ln a culturve of $Laovh. suraus

were ldentical in regard Lo coagulase production. Accordingly,
broth cultures were plated, and Lfrom & awnber of colonies,

usually 24, brovh cultures were agaln made. Afber 4 days'

incubation, these were tested for coagulase by measurementd
of clobving times. When differences in clotting speed
were found the culbures with the highest and lowest clotting

times were again plated, colonies pilcked into broth and the

broth-plate-~broth cycle vepeated several times with the aim
of selectling the best and worgt coagulase producers. AL

fivet the colonies were plcked at random bub we soon realised
ﬁhaﬁ"ﬁh@ fast-clotting and the slow-clotting verinnts could
bhe wrecognlsed by thely chavactevisbic growth in brmﬁh and.
colonial morphology, particularly on blood agar and heatedw
blood agare The fﬂllOWiﬂg.<$$Oéi&ﬁiGﬂ of coagulase production
and growih characters was foundé the faﬂﬁwclcttingyvariéuta
gave graoular growth in broth and colonies of varying degree
of voughness, whereas the slov-clotiting varlanta showed

mwlform turbldity in broth and gave smooth colonies, typical

o’ Btaph. sureug. Conseguently growth charvacters became

our guide in the selection of variants.
At this sbage we wecalled that Blogper, Boland and O'Heara

(1927) had Hound that Zough colonies of Staph. aureus may
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raadily be oblbained by plating old broth cultures. As our
fast~clotting variants wore of the vough type and since

we observed that wough variaats wmay be deotected in young
broth cultures by the granular appearance of the hroth and
the presence of pellicle, we evolved the following method for
the iselation of wough varviants. Young broth culbures
showlng gramalarity, or hroth culitures which had been allowed
to stand For 1-8 weeks, were plated and checked Tor the
presence of rough (R or fast-clobbing) and swmooth (5 or
slow-clobting) variants. These colonies served as starbing

material for broth cultures with which the experiments on

coagulase productlon were carvied oub.

RESULES

Description of varianbs
The experiments demonstrabed the existence in our 10
gbtrains of variants differing conslderably in coagulase
production and growbth characters; & descyription of thelwr
disbinguishing f@&turés is ziven below,

The fast-cleobtting varisnts giving high yields of
coagulase showed a variable degree of roughness in thelir
growth; in 2Z4~hour broth cultures the Liguld might be
almost cleay o more or less ftuebld bub 1t always contained

coarsae granules visible bo the neked eye. There was slways

o pellicle with ecarly ving formation and a heavy deposit
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which was viscid on shaking and had an ivregulay edge (Fig. 1).

On solid media the colonlial movphology showed a gradation in

R characteres. On Dlood agar or heated=-blood ager the fast

clotting vaviants of some sibrains were smaller, more ojsaque
and more convex than the Gypleal, smooth colony of Siaph.
aureus (Pige 5); 1% was only when picked into broth thatb
they revealed thelr rough chavacter., ihen touched with a
wire bthese colonies were coherent and could be shifted as
a whole on thé surface or litted entive on the loop; they
often had an irwvegulay ouitline and dpyy appearance. On
heated-blood agary bthe wrough characters were more marked.
Pinally, 7our of our stralus Crequently pave typlcal R
cclonieﬁ.(Fig. 2 and 8) vesembling those desecribed by Dipgser,
Boland and O'HMeara., The rough characters became less marked
with age and after 48 hours the fast-clobtbing might be
indigtinguishable from the sloweclotblug varlanits. Haemolysis
did not appear to be corvelated with Ré—» & variation., On
occasion, after 48 hours' ineubation, a slight clearing of
heated~blood agae around the colonies was noted., Pigs., 2-D
show the different colonial appeaprances agsoclated with
the Tast-=clotbting and slow~-clotitlng variantsc.

The slow-clotting varionits gliving low yields of coagulase
showed growth of the smooth 8 type generally assoclated with

Shanh. SUrCUS. In 24-48 hour broth culiures there was
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Fic, 1.— Broth rultiiroM of, on Fui. 2.—Colonics . of H fast-
loft. U fust-clottill); variant ; clotting variants on heated-
on rijiht, S .slow-clotting hlood agar. Xcn. 6.

variant. Natural sil.c.

Fin. M— Colonies of B fast-clotting variants on heated-hlood agar. xc«. Kb».

Fin. 4 .—Colonies of B fast-cloning Fin. a.— Colonies of fast-clotting
variants (small and irrcmilar) variants (small and olia(|n(*) and
and S slow (lotting variants slow-clotting variants (large).
(large and circular) on hhasl Xca.

agar. xoi.
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undform turbidity with a little swooth sedlment which could
eaplily he ghaken up; we dld not observe pellicle or

ping Formatlon in these youag eultures (Pige. 1). On solid
media 24-hour colonles were <lirular, slightly convex, smooth,
glisﬁemiﬂgﬂand entirve (Pig. 4 and 5). The clearing of
heated=-blood agay occaslonally noted around the colonies of
fagt-clothing variants on 43-houry plates was much more
froquent and extensive with the swwoth varlants.

From one sbtrain a swmeoth variant wasg lsolabed which
produced ao aoagulaée afber 78 hours' growbh in broth.

The results of phage~typing desceribed below show that it was
a varignt and not an accldental conbaminand.

The chavacters of the Lfasi-clotbing and slow-cloltiting
variaonts and the associatlon of R and S variation with
congulase production arve suumarised in tables I and IT.

The gquesbion arose whether the difference in coagulase
production bebween the two variants was due Lo & difference
in growthe The results shown in table ITI indicate that
the amouﬁt of coagulase produced by R as compared with the
S5 varianlt is not proporitionate to the difference in thely
FPOWELe

On prolonged incubabtion the cell count of 8 variants
sometimes rose and approached that of the R, but coagulase

production lagged behind. Whenever older cultuves of B
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TABLE I

Growbth characters of variants of Staph.auveus

Hedium

Broth

Hoeabed-~
hlood agay

R fast-~clotting
vapriant

Granular, with pellicle
Pormabion (fige 1)

Rough or ivregular (Lig.
Swd)s  or small, dull
and. opaque (small
colonies of fig. 5)3
little oy no cheavring
or discolouratlon of
medium

8 slow-clotting
vavient

Uniforim turbldltys n
pellicle (fig. 1

Large, cipcular,
glistening and smooth
large colonieg of
figse 4 and 5); ofter
discolouration and
clearing of medium
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TABLE II

Coapulase production of variants of Slopheaureus

R op faat-clobting B o¥ slow-clotbting

vavriant variant
Clotting tlme
o Btealn  of original
shraln
(minuies) Clobting Coagulase Clobting Coagulase
bime titre ime bitre
(minubes) (miautes)
ngw 5 1, S8, 000 25 4,
MeC L5 i 38, Q00 85 256
MeD 20 2 16,000 a5 58
K 20 4 16, Q00 25 2
C 20 1 A2, D00 20 1,000
MoA 20 i 16,000 25 a
W 20 i 88, 000 ) 1é 2,000
M 20 1 16, 000 16 1,000
Wils 20 1 84 000 25 - P
Ken 20 e 16, 000 25 53
The relation bebtween clobbting btime and tibtre of coagulase

varies with the straine

The tire of coasgulage was asceriained ag deseribed in the
section on "Materials and methods"s The filgures ave reciprocals
of the highest culbture dilubion Ho show coagulase achivity
under the conditlon degeribed.

In these thyee culibures inoculated from smooth colonies the
relatively high production of coagulase was accompanied by

the appearance of R varianits.
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TABLE IIT
Belation of coagulase pyroducihion to dry cell welsht

in swrain b

Variant tested Coagulasge Dry welght of bacteria
vitret (g. per 100 ml, )

Rough « ¢ . N 8000 0. 0687

Smooth . ° . 64 Oe 0582

Rough: smooth ratlo 126:1 LeG4dal

The Tigures Iin this btable refcer to 48«hour culitures
grown in 40 ml. volwnes with a lavge surflace ared.

The tibtre of coagulase was ascevbalned as deseribed in the
aegtion on "Mabeorials and methods". The flgures are
veciprocalds of the highest culture dilution to show coagulase
actlvity under the condibions described.
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rariants showed o vilse In coagulase conbent, the broth had

become granular and R variants could be fouwad on plating.

Stability of variants

TR o A e el A ey it e e e TS

R variants produced 5 variants and vice versa, the

rate OF converglon differing from straln to strain. Ve
always found that after one or nore plate-~broth-plabe
cyeles, colonles of the opposiite type appeared on the plaitces

With dlfferent strains, the number of such colonies vanged

from 1 Ho & per plate 0o aboul B0 per cent. of the colonies
present,. On the whole, there seemed Lo be a greater tendency
for § 0 be Tormed from R vewlanbs than the reverse., In
three sbrains (G, W and ¥ of table II) the tendency seemed

$o be in the opposite directlon, and smooth colonles picked
into broth often showed granuvlar growbth and gave high yilelds

of coagulase., Plates spread from such broths revealed the

presence of R colonies.

Changes in cosgulase productlon within strains

i mm—y P T it

As already mentioned, strains kept in the laboratory over
a mmber of years often showed sudden chenges in coagulase
production. Ouy experiments demonstrated thah, at the
peak of coagulase productlon, strains ylelded a high proporiion
of R fast-clotbing variants and few or none during the phase

wvhen coasgulase produchtlion was at its lowest level,



Qvservations with our strain § lllustrate this point. An
agor slope made from a bypically granular breoth culture

was shovwn by platliag to contalin mainly rough variantsSe.
subculbures made a Tew days later sblll gave granuler growbh
in broth and a high yield of coagulases Two months later,
subeultures from the same slope gave smooth colonies on
plates and uniform bturbidily in broth with 1ittle coagulase
production. The same change from R 4o § happened also

wilh freege-dried culbtures of strain B, Fourbeen days aftep
drying, suboultures gave rough colonles, granular growbh

in broth and a high yleld of coaguluse; but three moniths

later they gave smooth colonles, uniform furbldity in broih

and poor production of coagulase. The instabillity of these

particular freeze-dried cultures wmay have been dve o imper-
PTect dyvyinge.  For some strains which had considerably
feclined in coagulase production it was possible to restove
this properly; bult only by repeated plating Cfrom old broth
cultures were we able to isolate R fagt-clobblng colonies
which on subculbure gave high yields of coa ulasc.

To sum up, high yields of coagulase were always
associated with the presence of R fast-clotting varlants and

low yields of coagulase wlth thelyr absenca.
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Shage-typing

The insbabillby of the variants strongly sugsested thatb
the starting wmaterial dld not consisght of a mixture of strains,
but in order to chack hhis point the varlants of three
gtraing were submlibbed for phage-«typing. The resulis
(bable IV) confirm the view that, for each of the sbrains

egtad, Tthe sbtarting material indeed consisted of only a

i

single sbrain.

Pregervation of varyiants

Deapite the lustablillty of the vawriants it was possible
to maintain them by dally platings on blood or heated-blood
agar from colonles showing the characteristic morphology.

Thus, over a period of four moniths the R fast-clotiing
varlant of strain § was kopt throuch 100 subculbures and

the 8 slow-clobtbting variant thvough 80. It is importand

that subeultures should be made from plates not morve than
2d hours old because, as already mentloned, after bthis time
the colonles tend to lose thelr charvacteristic appearance.
Also, on plating from old R colonies an increased proportion

of 9 colonies was obbained.
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TABLE IV

Fhapge-tyoineg of the vapiants of ¢ strains of Staph.gureus

Strain Vaviant Phage bype
5 . R (fast-clobilag) 6/ /4% /58 /54
" S (slow=clotbing) PRI
" 5 (comgulase~negative) B/ /47 /54
McC R (Past-clotting) 29/804,
" 8 (slow-clobbing) 29/904
MeD R (fast-clobbing) B3/T6/ 1
" 8 (slow=clotbting) BS/VE /16,7

These phage patterns are regarded as esbablishing close
relatlionship between the varisnts within each particularp

abraine
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DIBCULHION

The coagulase btest used in the identification of
pathogenic staphylococcl is performed eibther on colonies
Trom solid medlia or on broth culbtures. In both insitances
a laprge population of organisms is bested. The problem
therefore arises whether it is permigaible to look on a
positive result in this test as vepreosentative of the whole
populatlong & few R Past-clobiting variants might be present
in a sbrain which consisbed lavgely of cosgulase-negative
varianbts. On the obther hand, a negatlve repult need no0b
exclude the possibility that the strain is capable of
vroducing coagulase-posltive vaprlants; wsome bagis for this
exiats o our Tinding of a coagulase-negublve variant of strain
He From our results there does not appear to be an
unbridgeable gap between coagulase-posltive and coagulasee
negative gbtaphylococci.

I% seems unlikely that coagulase production and type
of gwvowth ave the only chavacters in which bthe R and 8

varlants diflfers. The intense clearing of heated-blood agaw
%]

by B varisnts and preliminary resulls observed with a
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chemlcally defilned mediwn lead us Lo believe that the
observed featurves velflect a basle metabolle difference

batweon the btwo varlanis,.

DUMMARY

ST e S

Le  Irom ten strainsg of Stapbhylococcus aureus, variants

differing in respect of goagulase productlion and growth
charachers were isolabed.

8y IHigh yields of coagulase are associated with the
R, and low yields with the & type of growth.

de The varianits are unstable, with a greater btendency
Por the R to become 8 than ¥ice versos

4, Changes in coagulase production observed in some
of our strains may be velated o the propoviions of thelp

R’ and & varianbs.

ey
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PART WO

PURTHER STUDIES ON ROUGH;ANE BHOOTH, COLONTAL

VARTANDS

The degree of roughness of rough varients ranges Lrom
colonies which are wrinled and drey to those showing only
slight irregularity of surface and oubline; ‘the difference
depends not only on the strain but also, as has been shown,
on the medium. A study of the influence of the medium on

the morphology of these variants was undertaken both as a
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matter of genecral interest and in an atbempt bo ldentify

factors which would increase bhe rovghuess of pough varisnts

and so facllitate theiyr vecogniblon.

The roughness of poush variants on nutrient agay is

not marked, but in early laovestigations 1t was found thab

this appearance could be accentuated by the additlion of

blood, egpecially i1f the blood was heated at 80°C for B0

minuvtes. In movre recont experiments, however, possibly

due to an wnidentified change in the basal nubrlent agar,
enyichment with whole Hlood was Just ap effective whether
it was heated or nobty 1t was algo fouwnd bthat plasma was
ag actblve as whole blood and more achbive than washed red
hlood cella.

Roughmess may algo bhe incwveased, probably by a different
mechanism, by the addition of ceytaln chemlcals to the

medium. A substance known ag Dispersol IN(ICI) was found
vo have an even greater effect on the morphology than

blood (Filgs. 6, 7 and 8)e Dispersol LV does not inhibit the

growth of Staphsaoy

ez e

us atb a dilution off 1 in 2003 1t is
a surface actlve agent and iaohlbits the swarming of Proteus
(Lominski and Lendrum, 1948)s The acbivity of this

aubstance suggested the examination of other chemicals with
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Sga&h and Simoth colonial variants grown on nutrient agar
containing Diapersol IN.

Fig.6. pough variant of strain F after 48 hours

growtii. x8

Fig, 6. fenooth variant of strain F after 48 hours
growth, x2

Plg.B, Kou.Th variant of strain CIS after 48 hours
growth, x2
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purface bension lowering propvertles, bubt none of 10 anionic

sebive agents, listed in table 5, or saponin, had any efTect.

TABLE V

Llgt of surlace active aments besbed fov thein offect on

tha colonial morpholosy of roush vayisobs

o

Soang R COONa

Le Na caprylate
De Na oleate

Se Na : ricinoleote

Alkyi sulpbatos R.O.Sﬁgoma

Lo Na butyl sulpvhate .
5. Na laupryl sulpbhate

Arvyl and sallkewvyl sulpbonates Aw, Soﬁ;ﬁa

Ga Alkyilated aryl sulphonate
(santomevrse D)

T Complex sbearyl alkyl sulphonate
(ULtvavon W)

Ge Reduced Iovm of ¥
(Ultravon WA)

Qe Aryl sulphonabe
(Invadine W)

10, as @
{Invadine B)

These pubstances are some of those tbtested on suvrains of
Proteus for antleswarming achbivity by Lominskil and Londrum

(1942).



3
wf
Y Nty
So}“ HU}G
NH, N, N
/-
Hgs

e M“1 0 H “"1

/Ou ! “Hl
o
PN ot
R 3
\\\¢//\\\{0&
//J\\y ook

Lo s

~C
/
He -

riz.9 Structural formulae of compounds which did not
increase the roughness of rough varisnts on sclid

media.



35~

NH,
1 OIH |
“‘.N:N—'\_->——‘< - N = A—f /
C/Hs CHS
/
H%S/ o HO S /\/ SOH

Tl:'qbqn Blue
T

)

SOzNe

w5,/

AN - i §03 N
Y i

—NH. co | 0c - NH—
' , \/

Y
CH CHS

\/“NH- co - Nit—

Suramin
FIG,10 Structural formulae of two counpounds which increassed

the roughness of rough variants

e



36

With the failure of surface tension lowering agents
to increase roughness attentlon was turned o the chamlcal
structure of Dispevsol L. From ICI it was learned that
the chemiecal structure of this matoerial was still unknown
but that it 1s besl deseribed as the sodlum salt of
/Gunaphﬁhaleno pulphonic acld and formaldehyde. A number
of naohthylamine and naphthol-sulphonic scids, whose
formulae are shown-belﬁw {(Fipg. 9), were teied wlthous any
suecess. AL the suggestlon of Mr. A.F. Crowbher (Imyperial
Chemicals (Pharmaceuticals Lid. ) the effect of Supramin

(Antrypol) a naphthylenesulphonic agld derivatlve, which

is widely used as a ﬁ@ypanociﬂai arup was examined. Although
Lens piriking in its effect bthan Dispersol N, it acceatuated
the roughness of the varlonits. The activity of Suramin in
this vespect prompied the testing of obther naphthalene
sulphonlc acid derivatives. Two substancesn found active
wvere Troypan Blue and Chlorazol Fast Pink, dyes with
trypanocidal actlvity Trom which the colourless Suramin was
evolved (Sexton, 1955) (#ig.. 10).

To sum up these Investigations, 1t appears thati

increased roughness of rough variants wmay be produced not

by simple naphbthol or naphthylamine sulphonic acids bub

by lavger compounds derived from Lheil.



Incldence of Rough Varianis,

Rough variants ave earely seen on divect plating of
bt Pl

freghly lsolated stralng. 0O several hundred strains, elther
Preghly loolated or old laboratory strains of human and
aninal origin, only 4 have shown poush variants on direch

plabing. About 50 per cent of Treshly isolated sbrains

o

veadily gave rise bo rough Corms aiber 7 days' growth in
hroth, bub persistent examination demcnstratoed ﬁh@m in a
mach higher propovition. The uéa of Dispersol LV hag
facilitabed the vecognition of rough - jmggﬁg variation

in wore than 30 shrainsg apart from the 10 already described
In the fierst part of this sectlon.

Comparison of eo@respnﬂ@ing Poucsh and pmooth  varianiys
of the same strain has so far shown that the pough variant
always gives a higher yield of coagulase; convergely very
high ylelds are indicative of the presence of pough variants.
One exception to this Is the high cosgulase-producing
sbrain Newnan (Dutble); +this strain on'bloadwcant&iniwg nedia
ghows & gmooth colonial morphology and even on Dispersol I

media, roush forms appear only lrregularliy and do not breed

true,
Phage Tyolne of Rough and Smoobh Vavianbsg.

Phage-typing was used o asceribaln whether smooth
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and rouph variants belonged to the same gstraine In 9 oub

of 10 strains bested both vériants showved bthe gams or a

#e?y glmilar phage »attern; thls type of varistion was
observed in strains of each phage group and in one straln
which was untypables In one of the 10 straina (A), howevewr,
roush and gmooth variants had different phage patitems:

one possible explanation of this lg that bthe strein oviginally

was not pure and vepresented a mixbture ol Lypes.
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TABLE VI

STRATN TYPH GROUP
JES untypable
PR "
C16 S 42D
C16 R 42D
5614 8 EB/GC/TL I
"R BBR/BC/7L IT
5586 9 29+ I
" R 294 I
C15 8 ASD/B4STY
C1l5 R 42D/84,/77
5546 S 29/6/54/75 I & IIX
"R 29/6/54,/5 [ & IIX
5872 8 7 /ARB/B4/T0/ 15 IIT
"R 54 2
5480 S 42T 11T
5480 R 49T III
K8 29 I
KR 29/488/54/75 T
A S BRA T
AR 8/ 7/428/54./7% I1I

The table records the results of phage typlng gmooth
and pough variants from each of 10 sitrains,

I am gratelul to Dr. lorvag Timbury of this deparbment
for the information contalned in thias tablc.
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BIOCHEMIGAT, ACTIVITY OF ROUGH AND SMOOTH VARTANTS

Tn exanining the effect of gmooih - rough variation on

blochamlcal activity 1t was found that the fermentation of
commonly used sugars was uwnallfected. Nob only did both
variants attack the same sugars bub appeared to do so at
the same vate. The most oubstanding diflference in
bilochemical actilvity bebween prough and gmoobh varlants was
in the Liquefaction of gelating in the strain examine
stable rough variants did not Liguely gelatin in 10 dayg
when cultured at about QOOGg whereas most smeoth varlants
coused marked ligquefactlon by the 5th daye

Biochemlcal activisies of 19 gmoobh and youpgh varlants

may be seen in table %o



TABIE 7

Strain Lactope Glucose Sncrvose Marmwltol  Duleivol Litowms  CGeloatd
5R . . & $ 0 A O
548 kS » & 4 0 AC i
HAS + + + + 0 AC +
I6R % 2 b + 0 AC +
168 s 4 + + 0 AC +
KR O + 4 + 0 0 0
XS 0 - + J O 0 +
53086R 0 + + 0 0 Q
53853 0 4 & 0 0 3]
BO0ER + o+ KX + 0 A 0
56028 + i + + 0 A +
55460 1 + + + 0 A 0
5L63 ! 4 + + 0 A +
AR : + * + 0 A 0
iR 4 - + 4 0 A 0
BoyR 2 4 + A+ 0 AG 0
53740 % & + 4 8] AC 0
Oxford + 4 + + 0 AC 2
oN 56 ES xS A8 3 0 AC +

Table mecording the fexmentation of 1 per cent .suger golutions in poptone
water and actlon on lltwas me.lls., of 9 &’5‘392.'*:}3; &:nc’l 10 ?:m}.gh vafienss after 48
houvwy pgxowth ot 37 C aftexr 10 doys growth at 20 C gelatin culiures were
examined for liquefachion.

Tugers: + = acld Iitmue mills A = acid Geledins + = Liquefied
0 = no change ACQ = acid alot 0 = not ligueiied

0 = no change
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It moy e mentloned in possing that some swooth variands

prodused no peasurablo cosgulnne in d-doy brobh oul furoeng

ol These egugnlvesgw-nagative varisnts were dund o fowm

3t

an engyme cupable of desbroying coogulese, This ensmyne

..

andl another olosely rolatsd o L6 vere deseribed in

congiderable deball by Lominski, Nereison eond Swibh (1065

i Geetion UL dAlfferences 1u hacnolyein pyoduciion

batween suooth and rough va wadants are descrinods

s e s e e
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SECTION IT

STAPHLOCOAGULASE ACTIVITY IN VIVO

There is indirvect evidenco that coagulase acts as an
aggressin by exerting its clobtting action on plasma.
Experiments demonstrating the clotting action of coagulase
do vive are described.

Thilis work has been accepited for publication énd is now

in press: British Journal for Laperimental Pathology,

1958, (Smith and Jobnsione)s The extent of my own conbri-
bution to this Jolnt work is defined in the preface of this

theslis (page 2 ).
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STAPHYLOCOAGULASE ACTIVITY
I_VIVO

Douglas Ds S8mith and J.M. Johnstone

The Departments of Bacteriology and Pathology, The University
and Western Inflrvmary, Glasgow, Wel.

The abllity of cewvtaln staphylococci to ¢lob plasma
was demonstbrated as early as 1908 (Much), but 1t was many
years before it became recognised that coagulase production

wag peculilar to Staph.sureus, and therefore could be used

as a criterion of pathogenicity (Crulckshank, 1957)., At
the present time the in vibtro produetion of coagulase is
the comnonest and mogt important test used to differentilate
pathogenic and non-pathogenic staphylococci.

Menkin and Walston (19%5) made the Firet abtempt to
determine whether coagulage productlon was merely an in vitro
character or whethcer it also played a part in the mechanism
off disease. Unlike strephtococcal lesions which tend to

spread, those due bto Ztaph.aureus are characteristically

localised. Menkin and Wolston sugpgested that this
locallsatbion might be due to a Librin harrier rosulting Lrom
coagulase actions They failed, however, to show In vivo
clotting by coagulase and concluded that althouzh the

barrler existed, it was due to toxic action on the surrounding

blgsues. Subseguently Flsher (1986) also failed to find
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evidence of coagulase actlon ipn Vivoe.

L Sbrong presunptive evidence oy the in vive acbion of
coagulase came from the work of Wilson Smith and his
colleagues (Hale and Smith, 1945; Smith, Hale and Smith,
1947), who found that plasma clobted by coagulase inhibite
phagooeytosis of staphlococcel. They also demonstrated thatb
clotting of plasme lp vivo might be a pre-~regulsite fop
the ewgtabllesbment of staphylococcal infection. In thelr
experiments straing of staphylococcl capable of clotting
humen but not guinea-pig plasma did not cauvse more bthan
a translent lesion In gulnea~plgs, bult vwhen the organisus
were injected at a slte Into which human plasma had been
previously injected, multiple absceoesses develpped. Iominski
and. Roberts (1946) showed thait the serum of many healthy
people contained a subsbtance which prevented coagulase
clotbing in vitro. This inhibitory substance was absent
from patients who had wecenitly suifered Lrom a major
ataphylocmécal Infectilon, such as acuite osteomyelitis. Sero
with a high anticoagulase tltyre protected wabblis against
experimental infection (Lomilnskl, 1949). Coagulase
inhibltion by honan serum was subsequently demonsbrated by
a nunber of other workers (Xaplan and Spink, 19483
Rammelkamp, Badger, Dingle, Feller and Hodges, 19493 Tager

and Hales, 1948a). Dinally it was found that animals acbively
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immnised sgalnst coagulase were alsoe protvected from
infection (Boake, 1956),

In the face of all +this evidence thevre can be little
doubt that ccagulase olays a part in staphylococceal infection,
but there is no dirvect evidence that 1t does so by exerting
1ts clobting action. The neavest approach to this is
possibly the work of Tager (1954), who found that after the

injectlion of massive doges of coagulanse rabbits dled with
Lowered Yibrinogen levelg in the Dlood.

We helieve that the present work briefly reported
carlier (Smith and Johnstone, 1986) provides divect evidence
that coangulase may produce clobting in vivo. This cloviing
acgblon was judged both by the egtimatlion of rabbit hlood

Pibrinogen levels before and albter indravenous coagulase

injections, and by the hisbological demonstrabion of
intravasculay Tibrin deposite in prabbits alter these

injectlons.

SMATERIALGS AND METHODS

soacgulasa. Three preparatlons of coagulase were used.

Coagulases 1 and 2 were dried, purilied preparations obbained
from the well~-inown coagulase-producing straln Newmen: they
conbained no alpha boxin, belng non-naemolytic Tor rabbi

rad cells and producing ne devmonecyosls in vabbits. DBoth

were very povent: cospgulese 1 at a dilatlon of 1 in 500,000
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clotted human plasma diluted 1 in 10 in 1 hour; coagulase
2 was approximately four times more acltive. Although
highly durifled these preparatlions were not puve and
contalned only approximately 5 per cent of coagulase
(Duthie, personal communicatlon)es

Coagulase & was a crude prepavation from our own high
coagulase-~producing strsin BR. IH was the supermatant of
d-day broth culbtures and clotted hunae plaswa at a dilution
off 1 in 2000 in 1 hour, This preparation was used for
In vitro witratlions only.

Bach of these coagulase preparations clotted not only
human but also mouse gud rabblt plasme. As measured by
clotting tlmes the pﬂténoylagainst rapollt and human plasma
wes the same, but against wmouse plasma 1t was out 16 times
lower,

Coangnlase injection. Iach dosge of purliied coagulase was
X 8

dissolved in B ml. of saline and slowly injected (1L0-20
minutes) inbo the ear velin of rabbiis. In mice the coagulase,
dissolved in 0.8 ml, of saline, wasg injected into the tail
TEite

3 A

Anlmalse Chinchilla rabbits, weighing between 2 and 4 kilos,

+

and the Porton Swiss White strain of mice were used.

Rabbits lmwunised agalnet congulase. Animals were immunised

TN Sie

with a coagulase similar $0 coagulase &3 it was the



gsupernatant of 4-day fluid cultures ol atrain 5Re In
addition to coagulase 1t algo contalned gamna Llysine
Initially 0«2 mle of thisg preparatvion wag lnjected
intracutaneously, followed at weekly intervals by 2
subcutaneous, and & intravenous injections, each of aboud
0.75 mls The animals were bled 10 days after the last
injection and the serumn examined for lits antlecoagulase
titra. The preparation convained gamma lysin and intra-
cubtaneous injection produced skin necyrosisd 1t was used
as the Immunlgation was orviginally wnderbaken to obtain
gamna antlsera,.

Mibratlon of Cospulase Inhibition of Rabbli Sera. The

titration was that devised by Lominskl and Roberts (1946).
Constant amounts of coagulase, together with doubling
dilutiong of the serum belng tested, were incubated at

57°C for 90 minutes; thereaiver human plasma was added to
a final dilution of 1 in 10, and the highest inhibiting
dilution of serum was recorvded. Readings were baken at the
time the control clotited.

Begtimation of blood nrotelins. Mibrinogen was estimated by

the bluret method described by Barry, Peeney and Geoghegan
(1955), heparin was found to be proferable to oxalate as
antilcoagulant. The method of Gornall, Bardawill and David

(1949) was used for the estimation of albumin and globulin.
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Histological Demonstration of IMibrin. Rabbits died within

30 minutes of the intravenous inje¢tion of large doses of
coagulase, lee. 10 mg. of cosgulase 1 or ¢ mg. of coagulase

2, or were killed at 80 minutes after the injection of
gmaller doses. After preliminary fixation in 10% formol
saline the organs were fixed fTor &4 hours In corrosive formole.
Paraffin sectlong were preparved and stained by haemalum and
cosin, Gram's method, dasson's trichrome, Plcro-iallory,

eosin phloxine and tartrazine, and Liebs' phosphotungstic

acld haematoryline

The intwvavenous injection of coagulase in Pébbits
resulted in a marked and very rapid fall in fibrinogen, with
widespread intravascular clotiing, affecting particularly

the lungs.

Bffect of Coamulase on Blood Fibrinogen Levels: Blood

fibrinogen levels before and after the intravenouvs injection

of coagulase 1 are shown in Table 8. The sglow administration
ol small amounts had Little general effect on the animals, bub,
if given quickly, they b@camé very agitated and developed
leg weakness for a short perlod. After the administration
off a large amount the animala rapldly became extremely
excited before collapsing: violent spasmodic leg movements

and gasping respirvations preceded death. In all animals



the punciure wounds in the ears bled profusely and bleeding
wag adifficult to control.

Afber injection the blood fibrinogen level Lell very
rapidly, reaching its lowest polnt at about SO0 minutes, then
it quickly vose uatil by 48 hours 1t had reached approximately
twice the original value. The level slowly rebturned to
normal in & to 8 days (Table 8).

Blood samples were also examined electrophoretlcally
and by this means the Tibrinogen values obtained chemically
were confirmed and it was also shown that fibyinogen alone
was being estimaved. Further, electrophoresis of the
plasma after chemical romoval of flbrinogen confirmed thatb
the fibrinogen was being esbimated completely.

A pample of coagulase 1, inactlivated by aubtoclaving for
60 minutes, was Tound to have no In vitro elobibing power.

6 mg, wvere injected Intravencusly with no apparent effect on
the rabbit and its Lfibrinogen level was noit albverved
significantly (Table 8),

Effech of Coapulase on Plasma Proteint In four snimals the

total plasma proteins were eshimated, after injection of
coagulase, daily for 8 days. The btotal protein value fell
vapldly, wlth the flbyinogen, after ilntravenous coagulase
1 injecbion, but the fall was much greater (0.8 40 Led

2+/100 ml, ) than could be accounted for by removal of fibrinogen
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TARLE 8

.

Iffeot of comsulese I, on zebbit blood fibzinogen levels when injected

inbrovenously
Rohbit Coapulase Fibrinogen Level Remarxls
nmbo T (e ) 1o/ 100 _mil, )
30 3 P 5 L 6

ABRO MINS DAY DAYS DAYS DAYS DAYS

w2 2 270 95 O KO0 360 370 265 ¥11d Resction
1g¢) 1a 5 270 O 320 500 IO L3B 330 Vo Appaxvent

":-(7.2) (6a3) (5.8) = (5.8) (5.8) (6.0) uffect

B, 5 300 6o 410 = 550 - - Yo Appexent
Bffact

D30 5 g70 110 L0 670 525 o 290 Severe Reactior

D31 10 By 25 Death

W6 10 K0 18 Death

BoL. G 2%0 308 No Bffect

Autoclaved

Autoclaved Coagulase L,

Thege figures illustvated the chavges in total protoin velue (my./100 ml,)
following intravenous cospulese lnjection,

+ Figs, in brackebs are the btotal proteln values (pmse./100 ml,. ).
R Wt
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alone. Therveafter the total protein value slowly returned
towardy the opriginal level. The slbumin values remained
congbant and the Tall was largely accounted for by a
general decrease ln globullins, particularly in the gamma

globulin fraction.

Inhibition of Coapulase in vitwre: The coagulase inhibitory
pitre of the serum of filve normel rabbits ranged from 1 in
16 to 1 in 64, bdbut in lmmune rabbite it was 1 in 1,000 owx
more, This inhibltion refers to tlvrations against both
coapgulase B and the homologous coagulase J.

Inhibition of Coagulase jin vove: Graded doses of coagulase

4 were injected intravenously into vabbits and it was found
that the fall in fibrinogen 80 minutes after the injection was
voughly proporitional to the smouvnt of coagulase injected.

With 0,125 mge of this preparation in normal rabbhlus
approximately 50-70% of Llbrinogen was removed from the

blood in 30 minubes. However, whon the same amount was
injected into activelylimmunised rabblits whose sera

inhibited coagulase the quantity of Tibrinogen removed was
very much less (1B%, £29% and 48%),

Wistological evidence oi intravascular clotiing: No

macroscopic abnormallty was seen in the organs of rabbits
killed by, or alter, the intravenous injection of coagulase.

Microscoplically, however, numerous and widespread Iintravascular
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lesions were evident. The lungs were the most severely
affected organs and, when the injections were gilven very
rapidly and death occurved within & or L0 minutes, few
lesions were seen in obhey viscera. I the coagulase was
administered morve slowly (1L5-20 mins.) the intravascular
lesioneg were readily sesen in other organs such as the kidneys
and Liver but were never as numevous as in the Lungs.

The lesions conslsted of intravascular deposits giving

the bypical staining veactions of fibrin. These degosits

occludad capillarvies and aprterlioles mainly, and, bto a lesser
extent, small and moderate silzed arteries. The deposits
were formed of multiple strands of fiberin arranged parallel
to one sanother and to the long axls of the vessel which they
occluded (Fig. 1l)e They were entirvely lntravasculav,
occaslonally enmeshing small numbers of ved cells: no
avidence of damage to the vessel walls wag seen.

In the lungs an enormous number of Tibria deposits
occluded the majorlity of the vessels of capillavy size
(Pige 18), and death appearved to be due to acube ripght heartd
failure Tollowing mechanical blockage of the pulmonary
vasculature.

Effect of Congulase on HMice: Doses of up to 2 mg. of the very

potent coagulase £ were injected intravenously inbto pairs

of mice. After one hour one of each paipr was killled.



After Intravenous ooagulase Injection
tho reaulting fibrin de >osltd are formed
of multiple Qtranae” rangea parallel to
one another and to the axis of the

occluded veaael*

GLJLi X 580
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This representdtlTe lung field
from a rabbit killed ty intrmvenoua injwtlon
of ooagulase aho»8 ooclosion of the nmjority
of capillaries and vessies by dar% fibrin

deposits*

MALoCm'S TRJJSmcm X IfH
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The Pemaining mice survived apparently unalfected by the
injection and no evidence of wndue bleeding was noted.
Microscopical examination of the organs of ‘the mice whieh
were kRilled failéd o show any evidence of Intravasculayp
clotting, such as was sean in the wvabbit, oy any other
abnormaliby.

DIBCTSHION

i e

The preamnﬁ gxperiments give direct evidence that
coagulase causes clobting in vivos. The fallure of some
of the previous abtempts to show this actlon may be related
bo the unsuitable »oute by which coagulase was introduced,
1e @ SUbcubaneous, intracubaneous and intrapleural (Menkin
and Walaston, 19853 Pisher, 1986) and to the low potency
of the coagulase used. Although Pisher used the intravenous
route the goagulase injected was comparatively weak, Lack
gand Wailling (L964) injected intra-pleuvally invo rabbibs
plasna along with & potent purified coagulase similar to
bhat used in the present works They attributed their

fallure to show clobbting in vive to the action of

staphylokinase present in the preparatlion of coagulase itsell,
gince goagulase will clot heparinised or oxalated blood

in vitro, 1t wight have been expected that blood dvawn

shortly after the injection of massive doges of coagulase

would clot despilite the presence of an antilcoagulante The
I
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fact that 1v did not do so suggests the absence of active
coagulase; Lts dilution, neublralisation by antibodies, and
fixzatlion in the tissuess may account fopr this.

In mice no hisbologlical changes,; such as were found
in rabbits, followed the Intravenous Injection of coagulase;
the explanation of this lles probably in the relative
deficlency of coagulase-yveacting factor of mouse blood,
mpproximaﬁely one hundredth that of wrabbit blood, according
to Tager and Hales (1948b).

The coagulage preparablions used, alithough purified, were
not pure. The possiblility however, that some fraction other
than coagulase was responsible for the in vivo clotting
actlon is remote. Coagulase has & known jln vitro clotting
acbivity, and therefore it seems reagonable Lo assume that
both the fall in fibrinogen level and the intravascular
fibrin deposlits ave the results of the action of coagulase

1teelfs

SUMMARY
Potent purified coagulase Injected intravenously into
rabbits produced Librinogen depletion and inbtravascular
clobting.
The fibrinogen level fell precipitously after injection,

then rose rapldly, reaching twice the orviginal level at
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4.8 hours, and revurned to normal in a week, The fall in
fibrinogen was moch less in rabbils lmmmised against
coagulast.

| No gligunificant Tall in fibrinogen was observed when
coagulase, inactlvated by auvtoclaving, was injected into
normal rabblisa.

Tollowing Intravenous coagulase Injection into rabbits
multiple lbrin deposits cccluded many capillaries and small
vessels:  they were most marked ln the lungs but cccurred
also in the liver and kidneyse

In mice, no changes were observed alter the intravenous

injection of coagulasc.

so——

We ave indebted to Dr. E.8. Duthie (Royal South lants
and Southampton Hospitael) Ffor the generous gift of puriried
coagulase and to Dr. B.B, Hendry (Western Infivmary, Glasgow)

and his stafld for all the biochemical estimablonse.
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THTRODUCT TON

The finding bthat gmooth and yough colonlal varianis
differed In ccagulase production prompted a comparison of
thelr haenolytic actbivitles.

It would be Aifficult bo survey in detail all the work
on gbaphylococcesl haewolysins; Tor an wp bo date account
veleveonce may ve made o the moest recent edition of Topley
gnd Wilgon (Pourth editlon poges, TO7-711) which also contains
the relevant bilbllography of the subject. Staphylococcal
hoemolysing have attracted atbention ever since the sxpeviments
of Burnet (1989), which showed that an apparently single
antigenlic subsitance wag veaponeiple for the dermonecrotic
and lethal action in rabbllis, and slso oy the haemolysis of
rabbit BBC. Durnet’s substance (alpha toxiﬁ or alpha lysin),
tias folloved by the discovery of two more anbigenleally
Aistinet haemolysing, beta (Glenny and Stevens, 1985), and
gamma (Smith and Price, 1958b), both also toxic Ffor rabbibs,.
A Tourth haomolyein, named delbta by Willlams and Harpew
(1947 ) completes the listy sccording bo Morvks (1L95L) this
sppears o be ldenticald with the alpha 2 of lorgen and

Graydon (1956 It differa frow tne others in being non-
antileonlc end alcohokrsoluble; although of Low toxiciby.

- £ N

hecent work by (Madstone and ven Heyningen (195%), shows thatb
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ih acts as a leuvcocidin.

Little attenvion has been pald in the past to the
effect of vaviation on hsenolysin production. It is well
known that strains difler greatly in the amount of alpha
lysin produced (e.z. Burned 1930; Parish and Clark, 1882;
Chrlstie, North and Parkin, 1946:; Marks, 1951; BElek and
Lavy, 1954) and in {he patitern of haemolysins produced
{Glenny end Stevens, 19353 Bryce and Stovens, 19565 Dlek
and Levy, 1950). One of the sarliest veferences o variation
in haemolysin production is thad of Burnet (1950) who noticed
that glbus varlants, covrespomding to those described by
Bigger, Bolund end 0'Meara (1987), unlike the aureus strains
from which they devived, gave high yields of alpha lysin
in the sbsence of additi mal CO,. Roumtree (1936), and
nove recently Blek and Levy (19564), drew atbention bo
Trequency of varlation in haemolysin production among strains
of Praph.aureus.

In the present work attention was at Tirst focussed

b
-

on alpha lysin. Alvh yeoin is generally considered to be
linked with pathogenicity: it is the most potent of
staphylococcal toxlos, antisera to 1t provide a degree of
probection against experimental infection (Burnet, 19893

Dovwnie, 1986), and a very high proportion of straions isolated

from human lesions produce it (Bryce and Rounbree, 19363



63—

Schwabhacher, Cunliffe, Williams and Harper, 19453 ©Blek and
Levy, 1980), It has even been sugpested by Marks (?95@
that it should replace coagulase as bhe mosd important
ceriterion of pathogenicily, since all or nearly all strains
from humen lesiong produce alphs lysing  the proportlion of
gtralns from carviers which produce it is much lowew,
Gamna-lysin production is freguantly assoclated with
that of alpha Lysin, optimm conditlons foy productlon are
similar {(Smith and Price, 1988b), and bobh are estimatbed by
their action on rabblt RBC. In the course of the present work
gamna lysin relatively fraee of other lysins became available,
so the opporbunity was baken to examine some of Lts properities.
iach legs mttemti9n was pald o beta and delta=lysin
production. Where beta lysin was produced, 1t was measured

guantitatively, dolta lysin was mesisured only qualitatively.

HATERTALS AND MEDHODS

Straing. Sixbeen stralns of human and animal orxigin were
used; bhey included 'Wewman' {the high coagulase-producing
gtrain of Duthie) CN 56 (Furroughs-Wellcome) also known as
Wood 48, a high alpha toxin yroﬁﬁcefy/sﬁyain Y2 (WNGUC 5664:)

used by Smith and Price (1988b) and later by Marks (1951)
Tor the production of gamma lysin, and strainsg Cl3 and CL6
(Blek) two alpha-lysin producers; of the remaining twelve

straing gome had been cultured in vitro for more than a

year and some were newly isolated. A tobal wownber of 14
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rough colonial varlants and 19 gmoguly variants were obtained

o

see Sectlon I); from some strains more than one

haemolybic type of gmooth variant was obiained,

Haemolysin prenaration. Haemolysins were preparved by the method

devised by Burnet {(1930) for the produchtion of alpha lysin
and ueed later for the production of beta-lysin (Bryce and
Rountpee, 1956), and gamns lysin (Smith and Price, 1938Db).
Pebri dlishes containing meat extract with agar ab a cone
gentration of 0,85 per cent were heavily inoculated with
organisms from 24 hour agar slope cultures suspended in broth,
and incubated In a mlixbure of air end 20 per cent cog for
24 hours, The Petri dishes were ompiied into a large
beaker and the agapy broken upy saline 2 mil. per Petrl
dish was added; after the culture had stood for 4 hours
at 10 Cy, the fluid was removed by straining through several
thilckucesses of cheese clobth and the cells were removed
by cenitrifugation. The prens ration wags ssored Iyozen at
«30 C,

Alternatively hoemolysin was prepured by incculating

5 ml., amownts of meat extract broth in 4 x 4" test-tubes.

After incubation at 87 C Loy & o 5 days the cells were

removed by centrifugation, and the supernatant conbaining
the haemolysin was sored by freezing at «20 G The

preparations from brobth cultures although more easily obtained,
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had lower tiltres than those obbtained by DBurnet's method.

Preparations of Hongvalenb aloha and pamog anbilsera. Since

both alpha and ga wms haemolysing were measured by the lysis

of wvabbit RBC the extent of lysis in titrations of mixtures

r—‘
Teal
o]

contuining both would be determined by which ever one is
axcess. By obltaining sntlsera which neutralised only one
of these lysins it was possible to determine the titre of
gach haemlysin in the presence of tha othar,.

Gamma_antlserun was prepaved by immmisling radbits against

gamma lysin preparced from strains producing lidtisle o2 no
aloha lysin. 0.8 ml. of lysin from strain 5R was injeched
intracutaneously into Chinchilla rabblbs, followed ab weekly
intervals by & subcutaneous and & Intravenous injeclions,
eacn oi about 0,75 ml. The animals were bled 14 days alter
the leptb Injectlon and the serum exa-dned Ffor its gamms
antibody content. L ml., of this serun neubtralised 2,000

MED off gamma Lyslin but &14 not neubralise 10 NHD of alpha
lysine

Alpha anbtlgerun was preparaed by removing the gammn antibodies
from a scrum wWhich contalned antlbodles 40 bobh alpha and
gamma lysine. The scerum used for thils purpose wag LEX, 1644
(Burroughs Wellcome) which was Found to contoin in each ml.
sufficient antibody Ho neutralise 160,000 MHD of alpha and
5,000 of ga ma lysin. Gamma lysin contalining 500 HHD per ml,

was added wuntil Llocculation occurred; alfter allowing
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the mixture to stand For 18 hours at 4°C the floccules

were removed by centrifugation. It was found that aboutb

0, 500 WHD gamma lysin had to be added o each ml. of serum

BX 1644 in order to obtaln a serum of which 1 wl. neutralised
8,000 ¥HD of alpha lysin and only 16 of gamna lysin. The
ratio of alpha/gammna had been increased from 52/1 to 500/1.
For practical purposes, especially as 1t was used diluted,
this serun can be referved to as monovalent.

Bata antiserum. For {the present investigatlions the alpha

antlserun also served ag beta antlserum, since serum EX 1644
contained not only élpha and ganma but also beta antibody.
The beta antiserum required was one which neutrallsed beta
but not gavama lysine. The content of alphs antlbody was
immaterial since the-haemmlyﬁin preparation against which

it was used contalned practlically no alpha lysine

Identification of alpha snd gamne lysins by Plate Method,
The method was that described by Gillespie and Simpson
(1948) with the modalficatlon that monovalent antisera were
used in addition 1o the usual polyvalent sera containing
hobh alpha and gamnga entibody. Nubeient agar plabes
containing & per'cent washed rabbit RBC were prepared and
on Lo them was laid a strip of filter paper %" wide soaked
in (1) alpha monovalent serwn, (&) gamma monovalent serwm,

or (5) alpha and gamma antiserum (serum BX 1644), Vhen
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dry, plates were inoculated by sitreaking oub varilants ab
right angles to the sterips of paper. After incubating atb
&7°C for 24 hours in a mimbure of air and 20 per cent 002
examination fov lysis was mades

Betimatlon of alonha and gamma lysin by the dilution method

Serial doubling dilutions of haamolysin preporabions
were made in 10 per cent broth in saline (Burnet, 1931) and
o this was added three times washed rabbit RBC in saline to
make a 1 por cent suspension. In each tube was a total volume
of' 1 mle consisting of 0«zd wml. lysin dilution, 0.25 mla.
saline or antiserum, and 0.5 mi. of RBC, In each tube
Thiomersalate (B.D.H.) was present at a concenbtration of 1
in 10,000, Readings of haemclyslis were made after 1 hour
at 5790,

A Bitration of haemolysin against v»abblt RBC alone does
1ot distiaguish bebween alpha and gamma lysin when hoth
are present in a preparvatlon. In the present work there
were preparations in which

a) Alpha was greaber bthan gamma

b)) CGamme was grealter than alpha

¢) Alpha and ga ma were equal

In order bto debermine the titre of gamma or alpha it was

neceassayry to newbralise the lysin not being estlmated by using
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the appropriate antiserum. This was done by introducing

into each btube of a titvati-m, sufficlent of either of the two

monovalent antilsera o neutralise the maximam amouﬁt ot

Lysin shown Lo be present in a ﬁitration gonbalning no serum.
With the preparatlons used, haemolytlc activity was

completely abolished when alpha and gamma lysins were both

neutralised. No lysis which could be atitributed o delis

lysin was found.

RESTLAE
L e e =

In preliminary experiments gmooth and pough colonial

pibed N s

varients of two strains only, b and F, were examined for
haemolysin production,

TABMOLYSTS OF RABBTT RED BL00D

2, Y

Assessuent by the plate techniaue. Both the gmooth and prough

variante of the two strains gave zones of_haemolysis on
rabbit RBC agar plates, but they differed in the extent and
manner in which they lysed the REC, Smooth variants caused
a wide zone of hazxy lysis with a narrow clsay .one wilthin
1t; with the vough variants the zone of lysls wam narrow
and clear. In each case the lysis was inhibilted by a

therapeutic, wefined staphylococcal antiserum, RA 3624, of the
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A

Iy

type vecomnended by Gillesple and Simpson (1948) and by

Elek and Levy {1L950),.

Asgegsment by Tube Litreabtlone Tube titratlions of gwooth

and pough lysins (prepared by Burnet's method or by growbh
in broth), against rabbit RBC showed quanitliative and
gqualitative dlfferenceas.

Smooth lysins showed two zones, the Tlvst conslsting
of the lower dilutlonsg in which haemolysis was completeo,
succeedad by a zone in which the amount of lysis gradually
diminished with lncreasing dilution. The appearance of the
soush titration was differenty bthere was only one zone
in which haemolysis was complete, and it ceased abruptly.
The zone of complebe lysis (100 per cent lysis) with gmooth
varlants cccureed o the same bitre as bthe lysis of the
rough variantsy the titre of the additional zone of
incomplete lysis (more than 50 per cent 1ymis); of the smooth
variants was aboul 16 Pimes highoer.

Comparing the appeavances of the plate tests with the
tube titrations, it seems posgible to look on the zone of
partial lysie ln the titration of ﬁh@ snoeth preparations
as corresponding Lo ﬁhe zone ol hazy lysis in the plates.

Another difference in the tibtrations was the rate at

which lysils occurred. 7The progress of »ough lysis is much

Fasher than that of the 8§ lysis (Table 9) even when the

tltre of the smooth lysin is much higher than thalt of the

rough lysgine
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TABLE 9
AR N T v VB Ly

Time Smooth lysin Rough lysin
(mins)

TR - . yi g I :

50% lysis 10084 lysisa Jo% lysis 1,00%
8% O e 16 -
2 59 ) 188 64
10 ()":f}‘; "fi b 144
125 128 38 256 128
15 256 H " 4
4 ,;,._;g; "W ‘ H % te
'930 52 :?.?38 14 141
88{” E:}QQ 113 1 Hj
2{) £t & W L
637 dj}_ lp Q00 HH 1 H
S0 u eBO ¥ ©2H6
55 5] §r 590 i
45 8, 000 i " 2
60 4., 000 500 500 500

Table L zegords bthe wabte of progvess of lysls of
rabbit RBC at 25°C caused by a preparation from a smooth and
a rough variani.

The Tigures show the reciprocal of the titres causing

BO% lysis and LO0% lysis.
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TDENDIFIGATEON OF HARMOLYSING

Identitication of haemolysive using a nolyvalent sntlsgrum

Proliminary examination off gmooth and rough haemolysine
was undertaken using the refined serum RA 634, which like
other gera prepared against alpha lysin contalns not only
alpha antibody bub also gamma antlbody (Smith and Price,
1988 Harks, 1951). 48 in the plate bests the undilubed
gserun neubralised the 1lytlc action of both gmooth and rough
haemolysin prepavations in tube bests; however, 1t was
noviced that at hipher dilutlons, while still inhlblbiog
the pmooth haemolysine, it Lfalled to neutralise those of the
pough varianuvs. In tewme of HED, the serum neutralised elght
times more smooth than pough haemolysing the bwo
haemolyesing thus appeared antilgenlcally distinet,

Smooth haemolysin preporabions. Bobh bthe appearance (hazy

haemolysis) on the plate and the high tltre In the tube
titrations suggesised thab the haomolyslin from the gmooth
variants was alpha lysin. The identlty of the gmooth
haemolysin with alpha lysin waps shown when it was found thatb
the scerum neubtralised the haemolysing of SA: and FAB3S o the
same exbtent ag that of Wood 406 which ls generally regarded
as the standard alpha lysin.

It was subsequently shown, however, bthat Wood 46,
conbrary to the finding of Marks (1981), also produses

ganna lysin, if only to a titre sixbeen times less than that
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off alpbha iysine. Since DAS and FABS preparsbtions also
conbvaln gamma lysin in the same proporbion to alpha as those
off Wood 46 and since the serun used contained enough gamme
antibody to uneutralise Lbt, vhe conclusion that the two

smooth variaants produce mainly alpha lysin remaing valid.

Roueh Heoemolysin Preparvablonss It was aspumed at this stage

that the haemolysin of the prgugh variants, not neutralised
bo the same exbtent as the gnooih haemolysins by serum RA
5084, and therefore anbtigenically digbinet, was gamms lysine.
Again, neubtralisatlion tests showed that, et least predominantly,
the lysis of rabbld RBC by variants BR and FR was lndeed
due to gomma lysin. For a standard of comparison gamme lysin
was propaved from strain Y8, (used for this purposs, Tirst
by Smith and Perice (19568b) and subsequently by iarvks (1951).
AL the same dilution serum RA S068A neutralised the same
number of MHD of the haemolysins from the véagh varianots of
gtrains 5 and P, and of the gsbtandard goamma lysin from strain
Y2

As in Lhe case of the gmooth variants, it was later found,
and. evidence will be presented, that the yeugh vavianis
produaa both alpha and gamwna lyaiuéo

Identification of haemolysinsg usine monovalent anbisera

Anbilsera. Glenny and Stevens {19385) showed that, of two
haemolysins (alpha ond beta) present in a mixburve, the titre

of elther of them can be determised alter neubtralisation
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of the other component with the appropiriate anblserun,

With & modified technique, Harks (1951) found gamma lysin

in 80 of 8% stralns although they produced more alpha than
gamma lyein. He used a serum adjusted so that in one
reacting dose there was, in additlon to excess of alpha
antibody, 1 unlt of pgamwa antibody. The amount of gamna
lysin in a preparation was expressed in berms of the smallest
voluna not neubralised by L mit of antlserum.

In the present experiments two monovalent antlsera
were used, one gontaining alpha the other gamma antibody
(for debtails see Materials and Methods page 65), These
sera may be refeorred to again at thils points HMonovalent
alpha antiserum was obtalned from serum EX 1644 by removing
from 1t gamma antibody by flocculabtion with gamma lysins
from the rough variants HR and FR., BSuch serum lost its
capagiby ho neubralise the standard gamma Lysin Lrom ¥2.
Similarly, flocceulation with the kunown gamma lysin of etrain
Y2 removed from bthe pame serum the antibodies Loy the
haemolysing of BR and FR., These experiments provided a
monovalent alpha anbtiserum, although in practice it was
Tound that after {flocculation there still remained a small
amount of gamma antibody, but alpha antibody was in greatd
egxeess. The experviments also demonstrated the antigenic

identlty of gamma lysin with the dominant component of 5R and
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FR haoemolysine

Honovalent gamma antiserum was obitained by immunleing a
rabblt against haemolysin from the pough variant of strain
5, The serum neubtrallsed gamma lysin of strain Y2, but not
alpha lysin of Wood 46, The abpence of alpha antlibody in
the gerum prepared against bthis haemolysin is rather suvprising,
as BR produces mome alpha lysin (see page )e A possible
oxplanation is the small yield of alpha lysin by thils variant
in vitro:; the alpha titre is usually 1/64 which is about
128 times less than that of a similarly prepared heaamolysin
Trom Wood 46. It is probable that more prolonged and
effleient lmaunisatlon would have led to the appearance of
alpha antibodles.

Ldentification. of aloha and sampa. dysing. by nlate method

In the plate tesd for staphylococcal haemolysing
{Gillespie and Simpson, 1948; Klek and Levy, 1950) it is
customary to use antlsera which conitaln both alpha and
gamma antibody. In the present experiments monovalent alpha
and. goamna anbisera were used instead.

As already mentioned the two smooth variaonbs cause two
gones of lysis on rabblit REC agayr plates; an outer hazy
and an inner clear zone; monovalent gamna antiserum
neutralised the inner clear zoneé but not the oubter hazy zone.
A polyvalent seruin, such as RA 36ZA of high alpha and gamna

antibody content, caused & marked neubralisatlon of both
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zones, Occaslonally with these two variants and some others

which were testedy bhere remained a narprow zone of uninhibited
lysis, almost cerbainly due bto delba lysin (Williams and
Harper, 1947; lek and Levy, 1950).

The two ggEQE'Va?ian%B caused a single clear oy alightly
hazy zone inhibibted by gamma bul not by alpha anbiserums.
As will be shown by the tube method, alpha 1yéin wag algo
produced, but ites presence would nolt readlily be detected
since the amownt produced was very small. Other rough
variants caused two zones of lysls which could be separvately
lnhibited by the two antisersa, suggesting that they pﬁoduced
appreciablﬁ‘amoumﬁs of both lysins, (see figs., 15, 14 and 15),

The findings of these plates were confirmed and

extended by tube btitrations which will now be described.

Tlitrations of hasmolysing in pregence oi monovalent antigpers

B ] AP

were examnined for alpha and gamma lyein using monovalent
antisera, The princlple applied W&&\ﬁ@ neutralise the
dominant lysin by the corresponding monovalent serum and to
identify bthe reslduwal lysin with the other serum. When lysis
was not reduced by either of the monovalent sera slngly bub

nevtralisatlon was complete with both sera used together,

it was taken thot alpho and gamma lysins were present 4o

the same titre.
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Plate teste for alpha and gai-xma lysine on nutrient agar
plates containing washed rabbit RBC» using polyvalent and
monovalent antisera.

Pig. 13. Polyvalent euitiserum containing alpha and
gamma antibodies neutralises the hazy zone of the alpha gamma
strain and the single zone of the garnna producing strain.

The small amount of uninhibited lysis caused by the alpha
gamma strain is presumed to be due to delta 1lysin.

Y

Pig.14. Alpha antiserum neutralises the outer zone
of lysis caused by the alpha gamma producing strain, but not
the inner clear zone nor the lysin caused by the gamma
lysin producing strain.

Pig. 15. Gamma antiserum neutralises lysis of the gaima
lysin producing strain, but only the internal clear zone
of the gamma strain.
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Smooth haemolysin prepovatlon. The prepavatlons of the gmooth
variante were tltrated and thelr alpha and gamma titres arve
shovn in Table 10. ALl buth ane’were found to produce both
lyaines; the ratlo of alpha to gamma, as may be seon, wasp

between 82/1L and 8/1, except in the prepavetion AS whore
?

the retlo was 1/l. ©ne straln only, with a comparatively
low alpha titre produced no detectable gamma lysine

It may be noted that the v&giant BAB is of the type
deseribed by Burnet (19580), namely it is an alhbus and
gives high ylelds of‘élph& lygin in the absenco of additional

6020
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Table 10

Varlanb alpha lysin ramna lysin
bLvre titre

(Bupoth) (veciprocal) (reciprocal.)
PABS 8000 256

8A3 16000 6500
C185 8000 500
CL6S 8000 500
53863 4000 128
55468 4000 128
56085 128 - 16

AS 500 500
{Bough)

FR 8 1000

BR 64 500
CL3R H00 500
CL6R 1000 2506
8385R 128 &80
55406R 1828 866
BOOER Bid 188

AR B8 - BOO

Pable 10 records the production of alpha and gemma lysins by

smooth and rough varisnts.
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Rough haemolysin prepovations. The alpha and gamma lysin

titres of 8 roupgh preparations are listed in table 10, It
may be seen from bthe table that all rough verlants ave
strikingly similar in the amount of gamma lysin produced,
the maximum dlfference being as from 1L to 4, There are
marked diff'erences in alpha 1lysin productlion whilich ranges
Prom braces in variant PR Lo high tltres in CL3R and Cl6R.
The alpha bo gamma vatlo ranges Ffrom 471 to 1/128.

summing up bthese experiments, pough and gmooth variants
both produce alpha and gamuna lysing  in gmogoth varlanbts alpha
lysin lends o predominate, whereas in the pouegh variesnts
the major lysin 1g moryre ofben gamme lysine

COMPARTSON OF CROPEEVLIG OF GAMMA LYETH PROM KOUGH VARTANTS

WIHL PHAT SROM TIE STANDARD BURATN V&

W ATV 22

It was thouglt Interesting bto ascertain vhether pamna
lysin Lrom woggh variants, identical anbigenically wiith that
fyrom the Sﬁ&ﬂd&?d gtrain, corresponded in other proparties.
For this purpose a preparvation from BR wag usad.

Gamma lysin from BR was found heal labile, being

desbroyed in less than 80 minubcs when heated to 56°C at

pil 7eBs It was almoslt completely lost on filtraiion through
seltz or kKieselguhr ilters. Ibs haemolytlic acbivity was
desbroyad by GC.5 per cent formaldehyde in 24 houve In each

of these respacts 1t corresponds with the gamna lysin described
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by Smith and Price (19588Dh).

JEIRTLION OF GAMMA TGN LY BRCA LYSTIN

It is well knovn that bthe lytic aslticon of alpha lysin
on sheeg RBC is Inhibited by beba lysin (Christie and Grayvdon,
19413 Flek and Levy, 1954), 8Since gamna lysin closely
resembles alpha Llysin, except antigenlically, it was thoughd
interasting to find oul whether the gimilarlity extends o
inhibition by beta lysine It wag especlally btemnting on
account of an observabion mede while comparing gamna lysin
of BR with that of sbtrain Y2, As alveady described (see
page ?é ) the two variants show an antigenic similarity which
allowed the predmoninant lysin of 5B to be identified as
yamma Lysing  however, whereas gomma lysin of BR lyses sheep

e 3 B (‘1'\; L o l“ e 4oy = ., - )
RBC after 1 hour at 37 °C, the lysin of the siandard Y2 did not.

Of the two only Y@ produces bebe lysing it seemed tharelfore,
a likely exolapation that beta inhibited the action of geamma
lysio with repard to sheep REC. The experiments described
bhelow appémr to substantliate this hypothesis.

Inhibivion of gamma lysin by beta lysin was shown in two
ways: directly, by adding beta lysin bto gamna lysin and
observing inhibition, and indirvectly, by neutralilsing with
a monovalendt beta antiseruam, beba lysln in a mixbure off beta

and gamae Lysing and observing the actlion of ganms lysin.
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Iffect of beta lysin on the lysis of sheep RIC by gamma lysin

y ¢ . .
Plate begbse Grown ab &7 C varlants producing only gamma

lysln cause a narrow zone of lysis of sheep RBC neubralised
by gamma monovalent seerun, ariants which produce both

gamma and beta lysin cause not lysis, bubt a broad zone of

discoloratlon characteristic of the action of beta lysin on
sheep cells in plates at_ﬁ?uﬂ (Naidu, 19843 DBryce and
Rountree, 1L89486; Christie and Graydon, 1941l:; Blek and

Levy, 19860); lysis due to beba lysin ceccurs only on cooling.
The techonigque used bo domonstrate the iﬂhibiﬂion of gammna
lysin 1s the same as that used by Zlek and Levy (1954)

to demonstrate the inhibition of alpha by bebta lysin., 4
pure garoams vavriesunt was stroked oul on a plate at xight angles
o a beta gamma variand; phﬁ wone ol gamuns lysis was
inhibited where it passed thwough the zone of discoloration
of the beta lysin {see figure 16).

Tube titrationg. Two gamma lysin preparations (variants BR

and Boy R) titrabted against sheep cells at 57°C causoed lysis
at a dilubtion of 1 in $2; Ilysis wan abollshed by gamma
andiserum. These two preparations were agaln titrated,

but o each dilutlon was added 0,20 mle. of beta lysin,
prepared by heatlng to 56”C for 25 minutes a preparation of

Y2 bo remove the gawmma Lysin (8mlth and Price, 1938a). In
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Pig. 16. Ganna lyals of sheep RiX; Inhibited by beta lysin.
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the presence of beta lysin gawmma lysin did not lyse sheep
REC

Demensgbration of samma Lysin actbiviby. by neubrallsatlon of

o

cba lyvein with monovalent anbiserun

Plate tegls, A8 Just described poush variants producing both

gamna and beta Llysin cause only a zone heba discoloration at

O

37 °Ce.  Five such variants were sitroked oult at right anpgles

o a Lilbey sbrip contalining nonovalent hebta antiserun. Where
the effect of the beta lysin was neutvalised, a zone lysis
appeareds

Tube flivation. A preparvatlon containing both beba and

garmma lysin (variant TR) was tlbtrated against sheep RBC; theve

. . 0 ] J
was no lyveis afber 1 hour at &7 Cs In a parallel Litration
each tube contalned 025 ml. of monovalent beta antiserum,

preparad by Floceulating oul gamma antibody Lrom serum BX.

1644 which containg a moderately high content of beta anbibody:

lysis occurred to é tltre off 1 in &2, but theve wasg no lysis

in a bitration o which had been added bhoth gamma and beba

antibody. The monovelent beta serum alone caused no lysis.
This last experiment has alwveady beon performed by

Smith and Price (1928b) with the sbrain ¥2, a beba-gomma

strain. They Tound thet 1t lysed sheep RBC when beta

iysin woo neubralised by a monovalent beta antiserume. On the

obther hand Marks (19561), who d4id not neubralise bela lysin,
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veported strain Y8 preparations as having no actlon on sheep

RBG at 87°C.
The present experiments not only confiym the Lindings

of Smith and Prilce and Marks, but also account for the
diserepancy of thelr resulise The direct experiment in which
gamma lysin failed to atback sheep REC when beta lysin was

also present gives a clear explanation of the phenomenone
The explanation ls that, like alpha lysin, geamma lysin is

inhibited by beta Lysine.

STABTILITY OF VARTANTS

All the varlants remalined stable in haemolysin production
over a period of two yemrsg vhen subeunliured from plate to
plate. The stabillity was tested In two ways. Firvstly by
plating on nutrient agar euntgining vabblt or sheep RBC
and noting the extent of the zone of lysis vound the individual.
colonies. Numerous such examigation dld not wreveal differvences
within the cultures with regard elither to the btype of cells
lysed or the extent of the zones. The second mathod was
to measure the alpha and gamna lysin productlion of the variants
by bltrating preparations obltained at intervols over two
years. UNo varistion in either alpha or gamme lysin production
wag observed. Beba lysin vroduction was not so often tested
but here agaln no instabllity was obgerved.

As will be described below (page88) broth cultures of the
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vapriants were not stable and gave rise to variants whpse

haamolytic actlvities dlffered from the parent.

HAEBMOLYSIN PATTERN

Pable 1l shows the haemolysin production of smoobth
and pough variantsy alpha, bebta, and ganma lysing have
been meagurved quantitatively, delba lysin qualltatively.
In addition to sbtrains slready included in table L0 ave
a nmuaber which are represented by only one variant (g@gggg
or pough)s. Table 11 also conbaing variants of strain 5 and
P which have not been mentioned hitherto. They will be

discussed in some detall in the next chapters
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Table 11

Heemolysing (xeociprocals of titres)

(plate tests)

delta

1 3+ 4 + + + QOO+ + OO0+

+ +

I

QOO+

alpha gamma beta

BABS 8000 256 8000
33 128 32 128
R 8 1000 LO00
TRY 0 0 16
BAS 16000 500 0
5488 16000 256 8000
S5AR 500 500 0
5R 6. 500 0
SRS 0 9} 32
013 3 8000 500 0
C13 R 500 500 0
C16 8 8000 500 0
016 R 4000 500 0
5385 8 4000 128 0
5385 R an 256 0
5546 @ 5000 128 0
K546 R 128 256 0
5602 8 128 16 0
5602 R 32 128 0
A8 500 500 0
AR 32 500 0
S variants from which no R varient was obtained
CN 56 8000 500 0
G 4000 128 0
491 2000 I 0
R variants for which no haemolytic S vardant was available
3917 8 256 2000
¥a 8 256 2000
Boy R 16 500 0
HR 16 1000 2000
Newmon, 500 500 0

Teble 3 recordes the alpha beta and pempa titres of preparations from 15
Delta lysin, ag shown by the lytic effect of

4 o n .1 FalaY ﬂ"\t\‘\‘i’m

smooth and 44 xoupgh varients.

et el CATTVRERTE AT Sern At rvAvdadtmc] 7t e eraces et oo DT

+
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The conclusion reached from the comparison off the palrs
off pmpoth and yoush variants from the same atrain is that
‘pmooth to yough variation wesults in a total or pardisl loss
of alpha lysin. The examinatlion of strains wepresenbed by
either a pmooth or youszh variant on the whole shows the some
brenda

Information ig too scanty o draw any conclusions
regarding the effect of gnooth to rough veriaitloan on beta
or delta lysin production. Both gmooth and pouph varianis
may produce beta lysin 4o a high titre.

It is ivteresting to nobe thal the classical alpha lysin
producing strain, Wood 46, is smooth; like other gmooth.
variants glving high yields of alpha lysin, 1t also produces
panma lysine In conformity with the findings of the present
work it is also of interest that the classlcal gama lysin
producer, straln Y2, is yoush.

Another strain which should be comnented on is strain
Newman. Although usually gmoobth In morphology it is
ocecasionally rough on solid media containing Dispersol LU
(ICI) and shares with many of the prough varvianits the
property ol giving high yields of coagulase in vibro. As

in morphology s0 in haemolysin production it does not fall
Into an extreme group, and produces both alpha and gamna

lysin to the same titre.
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DIFPERERCES TN HARMOLYSTN FPRODUCTION BETWEEN MORFHOLOGICALLY

TDENPICAL VARIANTS OF THE SAME STRAIN

Ag may be seen frow bable 11 more than two variants,

that is, a gmooth and a roush weve obtained from the two

o2

n 3

gtraing 5 and ¥, The Lollowing is o short account of the

+

isolation of these vaviants. Diagram 1 shows the origln of

the vaviantse

Swam § - Sweami F
5R SAS FAgs

5RS 5AR  5ABS RS

SARS FR



Strain & ls an old laboratory straln; 11 seve rise o
g roush variant, 8R, characterlised by very high yields of
coagulase (see Sectlon I)s A short time later an plbug
smoqlh verient, BAS, was lsolatoed which not only glves
low ylelds of coagulase, bul produces an anzyme which
actunlly destroys coagulase {(Lominskl, Movelson and. Smith,

1958)s At the time these veriants were isolabed, inberest

centrad on coagulase production and colonial morphology,

and no examination was made of the haemolybic properiics

off the parent strain which is no longer available. Whon,

as has bean descrlbed, marked differences were found in the
haemolysin production of BRE and H5AS, these variants bthemn-
gelves were examined Lfopr further variation. In broth culibures
of BR gmoobth vaviants, termed BRS appeared within a Lfew
hours; these differed from DAS in belng non-haemolytic.
From broth cultures of BAS two varisnbts have been isolabed.
Variant BABS resembles its pavent in moyphology and in high
alpha and gamna Lysin production, but ia additlion gives high
ylelds of beta lysin. The obther variant is BAR, which
differs from the original 5R in producing alpha lysin to
about the same titre as gamma lyein (although it produces
more coagulase than BAS, 1t yields much less then 5R).

Bbrain I was originally isolated by Dr. Foggle Lrom a
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lamb dying of sepbicaemla, and had been pespaged Lrequently
through mice, for which it is very virulent, by Dr. Paul
Brovming. When this sbrain was received in this laborabory

it contalned two variants. One was aureus smooth.

not-haanolytle on horse, rabiit and sheep BBC and none

pathogenic for mlee; the other was an glbus smeooth vawriant,
FABS wvery acbtive in haemolysin productlion and highly virulent
Tor mice., In young broth cultures there appeared the vaviant,
FBS, relatively poor in haemolytle activity:; from broth
cultures 2 to & weeks 0ld; not only FB3, bubt also the

vough variant FR, was lsolateds FR was isolgted from broth
cultures of B3 which were only 4 doys old. 8ince old

broth culiures of FABS contain both PBS and PR, and since

4 day old culbtures of ¥FBS contain FR but no PABS, it has
heen apsumed that the rough variant avises from the poorly
haemolytic TB3. As in the case of HBR, 'R readily gives rise
to non-~haamolytic gmooth vaviants FRS.

The variants just described confirm the conclusion
alyeady reached, namely, that giooith - poush variation is
accompanied by a loss ol alpha lysing the loss in the case
of BAS = BAR is partial, In I'BS -~ FR almost complebe. It
also appears that smooth - rouch variation maoy be accompanied
by an increase in gamma lysin production as FB3 -~ FR (see

also H56085 - BOOSKR in table 11)s v
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The converse variation rough - gsmoobh regquires some
comment. The two varlants veferred to BRS and FRS, and
another 5 smooth varlants (not listed) from other prough
varlants ave almost completely non-haemolybtic. Only
praeliminary studies have been made of guch varilants bubt it
peems that the variatlon rough - gmooth is accompanied not

by a gain but by a Luvbther loss ia haemolybic activity.
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DISCUSSION

Ilek and Levy (1964) found considerable differences in
alpha lysin productlon between strains, due, they sugpest, to
the numbers of alpha lysin producing varlants present in the
strainsg. In dthelr experiments an alpha posivive varisnt
from a weak strain produced the same amount of alpha lysin
ag an alpha posltive veriant from a ‘strong® strain, so that
the major facbor determining differvences in alpha lysin
production appeared o be the proportion of alpha lysin
Produeerse

The present experiments reveal the existence of another
mechanism whereby cultures may differ in alpha lysin
produetion, l.e. variants intrinelcally differing in alpha
lysin yield. The experiments nave shown thal variantes may
differ by ag much as 4000 times in this respect, that they
are stable and that when toested for alpha lysin their
cultures are entirely composed of members producing the
game amownt of alpha lysine. Thus, while not denying thatp
cultures of two strainsg differing in alpha lysin produgtion
may do so by differing in the number of variants producing

this lysin, therve is 1libtle doubt that differences between

two culbures may depend eqgually well on the-degree to which
each individual of the whole populoitlon produces alpha
lysine

The present findings resemble rather those of Rogers
X &
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(1258) with regard to hysluronidase production. Reogers found
that cultures of newly lsolated strains contalined a numnber of
variants differing in the anount of hyaluronidese hroduced,
Thage vavriants bred true, each gilving rise o cultures
containing indivi&uala all of which produced the same amound
of hyaluronidase as the variant Lfrom which it derived.

The presence of gammeo antibody in sera prepared against

the alpha lysin of strain Wood 46 preguires comment; 1t led
Marks to suspect that gamma lysin was produced by this
atrain in additlion to alpha lysln, but he Ffualled to detect
ite Thav Marks did not find gamma lysin may vossaibly be
abbrlibuted bo the fact that, as showm ln bthe present
experimonts, 1lts btitre in propovilon to alpha lysin is small
about 1 to 16 It may be that gamna lysin was present

in an even lower propovition, because during bthe present

work o definite lmpression was gained That gamna lysin is

less sbtable than alphs lysine ﬁbesyite the discrevancy between
the resultes of Marks and the present worl with regard to
this straln, the finding sitrengtheng his contention that
ga.amna iﬁmin is widespread among alpha boxigenle sitralng.

Tor the detection of alpha lysin production in freshly
isolated strains plate tests have been used by several

vorkevrs, (Willlams and Havper, 1947; Gillespie and Silupson,

1948; Blek and Levy, 19850, 1954; Howawrd, 1954); +the
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sarum cmployed for speclfic neutralisatlon of alpha lysin
conbained in fact, not only alpha bulb gamma antlbody. It is
possible, but unlikely, that gamua lysin could have been
migtaken for alpyha lysin in theese tests for the following
reasons. freghly isolated straing are almost cerbain to be
Baooth and, if the conclusions of the present work arve
valid generally, would produce alpha lysin 4o at least the
game tltre as gamna lysin. Only rough variants isolabed
from old broth culbures have been Tound to yield gamma
lysin in excess of alpha lysin and only these could have
led to confuslon,

It is generally been asswned hitherto, that alpha lysin
acting on vabblt RBC in plates, cauvsed a wide zone of
haemolysis with a hazy margln (Gillespie and Simpson, 19483
Elek and Lovy, 19603 Marks and Vaugban, 1$50). The present
work hes shown bthat sbrains producing alpha lysln also
produce gamna lysing since neutralisction of the inmer hany
zone by gamma monovalent serumn resulits In a wide hazgy zone
with no cleay immer zZone 1t is no longer possible to abbtribute
more than the hezy lysis to alpha lysine. The clear inner
gone is caused by gamma and also by delta lysin. Since
gamma is anbigenic, and delta is not, specitic neutrallsation

allows the lysins to e distinguished.
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Lt was discovered that the rabbit RBC haemolysin produced

by the spmooth and poush varianis of two strains were

\

antigenically dlstinet; +the gmooth varisnts produced, at leasi

oo

predominantly, alpha Llysin and the rough gamma lysine
Since both alpha and gamma Llysins are esbtimobted by

their lybtic action on rabbit REC, the titre of a mixbure of

these two lyslng is debermined by the one in excess. Two
monovalent antisera were prepured, one neutralising alpha
but not gamma, the other gamma but not alpha. By plate

tests using these two nmonovalent antbisera 1t wag possible

to distinguish alpha and gamma lysin producitlon by sbraing.
By tube titrations the alpha and gamma titres of preparations
from 15 gmooth and 14 yough varlents were assessed.

Roush and gmeoth variants both produced alpha and gamme

LW

Ilysins: in npreparevions Urom gneooth varlants, alpha lysin

tends to predominate, wheveas wilth pough vaprlants the major
lysin is more often gamma Llysin.

Assoclated with the colonlal variation gmooth - roush
there is a loss of alpha lysin producbion: in the rough
variancg of £ of 8 strains theve was also an increasc in gamma
lysin production. The reverse morphologlcal variation, ViZe,
roush ~ smooth is assoclated with an almost comolete loss In

haemolytic activity.
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Gamma lysiﬁ vegembles alpha Lysin in being lytic for
rabbit RBC, dermonecrotic and lethal. It has been
demnonstrated that bhe gamma lysin also resenbles alpha
Lysin in that ibts lytic action for sheep RBC is inhibited

by beta lysilne
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BECTION IV

COAGULABE AND TOXIN PRODUCTION OF STARHYLOCOCCUS AUREUS

IN RELATION MO MOUBE PATHOGENICITY
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INTRODUCT LON

Injection of micro-organisms pathogenic for one animal
gpecles into amwbher animal naturally resistant may or may not
cause Infection. Should infection result, the chances are
that the natural and experimental infections will resemble
one another partially. Even where the natural and experiment al

diseases ave of & pattern essentially the same, as in human

and guinea~plg tuberculosis, such considerable differences
exist thal cautlon in Interprebtation of the Lindings dervived
from the experiments le necessalry. Nevertheless there is
often no alternative to the use of laboratory animals in
gtudlegs of the mechanlsm of pathogenicity.

Our wnderstanding of the process whereby corganisms be-
come egtablished in a host, nultiply, and produce lesions is
far from comploetea. In the case of some pathogens, such as

the toxin producers, C.diphtherise, Cl.btetani, the ovepy-

riding factor l.e. +the toxin has been found. FProof of the
role of these substances ls derived from the fact that it is
often possible to interrupt bthe course of disease wlith the

appropriate antlserum. With regard to dtaph.aureus there is

abundant information regarding substances which, by their
activity both in vive and in vitro play a role in the diseace.

S0 far, however, none of the known staphylococeal products
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has: been shown Lo be predominant. The two most lmporbtant
would appear to be coagulase whiach, it has been suggested,

is essential for the staphylococcus to become established
in the host (Smith, Hale and Smith, 1947), and the alpha
toxin, which is produced by almost all pathogenic strains

and exerts a severe toxic effect on many animals.

As a natural pathogen Staph.aursus alfects only a few

gspecies: bovines, horses, huwilan belngs, and ovines. In

addition to the usual difficulty of interpreting results of
experimental infection the staphylococcus presents the com~

plication that the natural disease differs from specles to
gpecles. In hanan beings it may be a trivial superficial
gepsls or less commonly a severe sepbicaemia; horses guffer
from botriomycoslis, cows from mastlitis, and young lambs Lrom
geptlcaemia. In the search for an experimental infection

it must clearly be kept in mind that staphylococecal infections
take many forms and it is by no means clear which type of
infection one should expect in the experimental animal.
Admittedly both serological tests and phage typing, may in
the future, satislactorily separate strains responsible for
characteristic infections in different animals. On the
obher hand, anticipating the results recorded in this section,

variants of one and the same gbrain differ not only in degree

of pathogenicity but also in the type of infection and the
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character of the lesions. There is a good reagon, however,

to hope that with more results available the puzsle of

staphylococeal infection, both matural and experimental,
will resolve into a pattern. The differences bhetween the
various types of infectlon may well depend not so much on
the organisms themselves as on the hosts.

Experimental shudles in the natural hoste have, of course,
been limited for ethical or economical reasons so that for
the moet part the in vivo investigmtioné of staphylbcoccal
infections have been confined to laboratory animals. The
cholge of the mouse in the present work, rather than of the

more susceptible rabbit, was governed by the conglderation

off the ease wilth which large numbers of animals could be

obtained; the difficulty of obtaining serological information
from the smaller animal was accephed. Objection to the use
of mlce on the grounds that very large nunbers of organisms
are required bo establish infecfion is & criticism which may
levelled at experimental sbaphylococcal infection in any host
including mane Thus Blek (1956) found that as many as

v X 106 ovgonisma were requlred to cauvse a purulent skin
lesion in man -~ & naturally suscepbible host.  On the other
hand two Ffacts suggested that mlce would be sultable; in

the firet place, coagulase, which is thought to contribute

to the pathogenic effect by 1lts clobtting action, does clot
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mouse plasma (Gorrill, 19513 Selbie and Simon, 1952),
and secondly mice are suscaptible to the lethal action of
alpha toxin (Parish and Clarke, 19329; Dolmen, 1982),

The mouse has been used by a numbey of workers in bhe
last fifteen years, and a considerable knowledge has
acounulated regarding the course of the disease and type
of lesion produced. Unfortunately it ie often difficul
to compare the rasulits which have been obitained for a
munber of veasons. Plrst off all the roube of inoculation
used by different workers was not the same; orvganisms were
inbroduced into the peritoneunm, intramiscularly, intravenously,
or intradermally. Secondly, ithe nature of the inoculum
differed: in some insbances, whole broth culbures were
used, In others the ovganismg were washed and suspended
elther in saline oy broth, The criterion of pathogenicity
also varied conglderablyy +the presence of oprganisms in the
héar% bleood, the Lormation ol localised absecesses, the
exbent of the leslionsg and death of the animal,; all were
weds. NWotwithgtandling the variety of procedures, oritaria
and intevprebations, several workers have gome to the
conclusion that mouse pothogenleity of a strain is linked
with the amount of alpha lysin produced Iln vitro (Christie,
North and Parkin, 1946; Selble and Simon, 195883 Howawrd,

1954 )

The present ilnvestigation is an attempt to correlate
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mouse pathogenicity with alpha, beta and gamna lysins and
with coagulase by comparing the in vive effect of variants

differing in thelr jin vibro production of these subsbances,

MATERIALS AND METHODS

Mlce. Two strains of albino mice vere used, W=-Swiss and

Popton, welghing between 80 and 84 g.
Staphylococei, The organisms used were all old laboratovy
gtrains and includeds

Strain F Originally isolated Lrom a lamb dying of
sepblcaemia by Dr. Angus Foggie, and subsequently passaged
many btilmes through mice by Dr. Pavl Browning.

Strain B Human in origin, it was isolated in this
laboratory aboult 10 yeavs sgo from & breaslt abocess.

gtyain 491 A human etrain highly pathogenic foy mice,
pupplied by Dr. E.8. Duthie.

Strain Newman - This strain, also from Dr. Duthie is
noted for its high coagulase production.

Strain G Orviginally isolated post-morbem Lfrom a fabal

cage of staphylococcal septicaemia in a child. It was
gupplied by Dre Browning.

Wood 486 This is the well known alpha lysin producing
gshrain. It was suppled by Dre Al Frances farmsply of
Welleome Laboratories, DBeckenham. This strain is labellied

CN B6 in the BW collection,.
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Of these sbtrains, two, 5 and F, each produced fouw
variants, nsmely, OB, 5k3, DAY, BABS, PFARS, FBG, FRS and
PR3 the remaining fouyr sbralns each provided one variant.
Afber selecting and platling slugle colonles from at least
ailxn successlve 84 hour old cultuves Lt was Tound thatb
cultures of each variant contalned a homogensous populatlon
of individuals alike in morphology, haemolysin and coagulase
production; +the variants ranmained stable when cultured
on solld media, bub not in £luid media (see page 84 ),

Proparation of ovganisis Loy injectlon. Organisms Drom

84 hour old nubpilent-agar culbtures were washed thyvee times
in, and suspended in meat extract broth. The pumber of
organisms in suspenglon was ogbimated by comparison wilth

standard Prown's opaclty btubes (Burroughs Wellcome), Serial

doubling dilutions were made in broth and 0.5 ml. volumes
used as Ilnoculum..

Depgree of pathomenicitye. This was measured by esbimating the

smallest intravenous dose of organisms to kill 50 per cent of
the animals with 10 days (Lnﬁﬁ). The B0 per cent end-point was
caleulated aeccording to procedure. of Reed and Muench (1958).

Preliminaery estimations of the LD.. were made on W-SBwisp

BO
mice, using abt least 50 animels for each variant. Very
gimilar vesults were obtalned using Porbon mice and since

larger nunbers of these were available this straln was used
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in the final experiments %q assegs the LDSO. In each
experiment 4 oy b decveasing doses wore tegted using
10 animals for each dose. The bime Limit of 10 days
wag chosen because interest was mainly in scuie diseass and,
as reported by Gorrill (198L), most deaths occur within

this perlied when staphylococcl are injected inbravenously.

Pogt-morten examinations. ILach anlmal which died on or before

the 10th day was examined posbt-morbteuwn.s Inmgs, heart,

kidneys, liver and spleen were all examined macroscopicall
2 y

for lesions.

Histologleal sxamination was carried out on the organs
off 85 animalsa
Bacteriolopiesd examination. Numerous cultures were made
From the heart, spleen and kidneyg of the animals.
BSraphylocoocl which were found in these culbures were
examined foy haemelyﬁinvand coagulase production.
Coagulase production. This was tested by the mebhod of
Fisk (1940); O«l mils of an 18«hour meat-exbtract broth
culture was added to approximately 0.5 mia of human plasmea
diluted 1 in 10 in saline containing 80 per cent broth.
Readings were made after & hours' incubation at 57°C and
afber o farther 15 hours ot room temperature. A modificabion
of this method, in which mouse plasma is subsbitubed for

hunan plasma, was also used (Gorrill, 195L1). Mouse plasms
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was obbainad by the wethod of Himnelweld qguoted by Gorrill
(1951 ).

8lidetest for clumping of staphylococel by plasma. In this

vest both human (Cadnoss-Graves, Willlams, Harpaer and Miles,
19453) and mouse plasma weve used (Gorrill, 1951; Selbie

and Simon, 1968). Staphylococcl from R4-hour agar culbures

on solld media were suapénéed in a dyop of salilne on g slide,
To this suspension was added a looplful of undilubed plasma.
The glide was Tthen vocked, and 1T any clumpling cccurved within
1 mianute a posibive resullt wss recorded.

Hoemolysin production. Burnet's method (L960) was used to

nrepare alpha; beta, and gamna Lysing which were esbimated
as described in Section IIT. Delta lysin was esbimated only
qualitatively oon horse blood agar platese

Antitoxin. EBefined staphylococcal antiserum (BW) Bateh Numbew
RA 662 A waes used in the mouse probecilon experiments and

in the demonstration of diffusible antigens in agar (Howard,
1954 ).

libinkicatilon. of sitaphylocoecd dn vive. The technique

uaaed was almost exactly bhe seme as that used by Smith and
Dubos (1956). OFf L0 mice injected with a known number

of organisms intravenously, half were kRilled within 10
minutes, and the remainder 80 hours aflter inogulation., The

animals were killed with ether and the heavrt, lungs, spleen,

kidneys and liver removed & sepbically. The ovgans were
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put in to 100 ml. of saline and broken down In an MSE tlasue
homogeniser for aboul 45 seconds. One standard loopful
(delivering about 0.005 ml.) of the homogenate was then
plated on a nubrient agar plate and the colonies counbed
after 94 hours! incubabtion at 37°C. The number of organisms
Trom one animal was estimated by mulbtiplying the aumber

of colonies by the Ailution factor which was 2 x 10%,

RESULIS

Table 13 shows the varianis arranged in order of

o

pathogenicity as determined by the Lngc which is shown in
colum 1; production of alpha, beta, gamma, and delta
lysins are also shown) cesgulase producbion refers 0 tests
uglng mousce insbtead of humen plasma; mouse plasma has also
been used to show clumping of sbtaphylococcl in the slide
tost (Corrill, 1951; Selbie and Simon, 1958)« Bach of
these ln vitro charvacters willl be consldered separately

in vrelation to the lethal affect of staphylococcecl in mice.
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COAGULASE

Human plasma was clobtted by all 18 variants tested by
Fisk's method; 10 of the variants gave good Tibrin clots
wilthin & hours at 3?QGg the remaining two, BRS and #RS,
gave only weak clots after a further 15 hours' inoubation
at QOOC. With mouse plasma the only varlants which gave
really good clotls wiﬁhin 9 hours were 491 and ¥R, the
rest were positive only after incubating at 20°C overnight,
and of these, 6 caused only a very small granular deposit
of Pibrin, just recognisable as a clot (see table 12).

The work of Wilson Smith and his colleagues (1947) and
of Boake (1956) suggests that efficient clotting is essential
to the establishment of iInfection in mice as well ag in
guinea~pigas. Although the highly pathogenic strain 491 clots
mouse plasma rapidly with a good fibrin clot, there is no
difference between FABS and Wood 406 in either the quality of
the clobt or the speed with which it is produced, yet one
variant is highly lethal and the other is not.

Since the qualitative test Lfor coagulase did not
daifferentiate between pathogenic and non-pathogenlce variants
it was decided to examine the relationship of the amount of

coagulase produced to the degree of pathogenicity.. Coagulase

was estimated roughly by measuring the clotting-tim@s of
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the supernatants of & day breth cultures on mouse plasma in

the presence of merthiolate (Duthie, 1954b; Lominski,

- Morrison and Smith, 1955)s. Variants FR and 5R each had

clotbing times of only 15 minutes bubt their pathogenicity difered

creatly while the most pathogenic variant FABS, had a cIdtting'

time of between 12 and 18 hours. The degree df pathogenicityf

ls therefore not related to the amount of coagulase formed.
Duthie (19854a) has demonstrated that the factor which

causes clumping of staphylococel in the slide test is distinct

from coagulase, The last coluwm in table 18 shows that a positive

reactlon may be obtalned from mon-~pathogenic vaviants FTRS

and BRS, and a negative fasult from péthogenio varianbs HAS

and BABS. There is no correlabtion between slide tests on

mouse plasma and mouse pabthogenicity. (ALl the variants

ware slide test positive using human plasma)e.

ALPHA 1LYB TN

From table 18 it can be seen that the amount of alpha

lysin produced by a variant ip vibtro indicates neither
that & sityain is pathogenlic nor, if it is pathogenic, the
severity of the infection which it causes.

Production of alpha lysin iun vivo. It could be that, although

a varlant produces alpha lysin in vitro, it does not necessarily

do so in vivo and vice versa. Rogers (1956) has suggested
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that the production of some toxine jp vivo may be blocked

by macro~lons such as chondroitin sulphate, nucleoprotainsg
and hyaluronic acid,s In the present work the results of
two groups of experiments appear to show that sbrong alpha
producers in vitro also produce alpha toxin in vivo; weak
alpha toxin producers in vitro do not give high yields

in vivo.

Bxperiment 1. Imounitby to alpha toxin following infection

Seventeen apparently healthy mice which had survived
an. LDSO dose of varlants producing in vitro elther high
or low yields of alpha toxin ware challenged intraperitoneally,
6-8 weeks later with a small smount of alpha toxin (125 MHD)
prapured from variant HAS.

Among these, all of 11l mice previously infected with a
high or medlun alpha lysin producing variant withstood the
challenge, whereag 6 of 6 previously ilnfected with varviants

producing little alpha lysin died (see table 15).

~



Varisnt

Neawmaa

Table 1d.

w11l

Table 13

Titre of alpha lysin
produced in vitro

Reciprocal
500
1600
1800

1k8

a

Effect of intraperitoneal
injeection of alpha teoxin
on mice previously infected

Deaths/group infected
/6
0/
Q/5

5/5
1/1

Active immunity to alpbha toxin in mice

previously infected with variants producing hilgher yields

of this toxin in vitro is inferved from the results recorded

in this btables

The amount of toxin injected into each

mouse was equivalent Lo 125 minlmum haemolytic doses measured

agailnst rabblt RBEC.
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The results of these experiments may reasonably be
interpreted as indicating that animals which withstood the
intraperitoneal injection of hoxin were immmnised actively
against alpha lysin produced by the infecting organisms

in Tivo.

Bxperiment 2. Pagsive imnunisatlon agelinst alvha toxin

produced. in vivo

Mice were injected intraperitoneally with about 400 units
of refined staphylococcal antlserum 18 hours before being
challenged with organisms intravencusly. 'The results of

these experiments are sunmmarised in table 14.



Variant

<
=
[#M

5AB

PABS

Production of
alpha lysin
in vitro
(reciprocal)

16000
16000
4000

* o
7
e L L Gns

Table 14

Dose of

organlsms

LD50x1
Lnsoxl

LD5 X4

0

Deaths/group of mice

injected
Protected Unprotaected
6/10 10/11
4/10 1.0/10
3/5 6/6

Table 14, shows the protective elfect of sbaphylococeal

antitoxin against

Boxln in vibro.

L)

varlants producing high ylelds of alpha
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Bince the serum affords some degree of protectlion against
pathogenic variants producilng alpha lysin but not against
¥ES, a poowr alpha lysin producer, the results agsin suggest
that alpha lysin is produced by some variaocts ipn vivo and
plays & part in the disease caused by them. The results
corraespond with the findings of Burnet (1929), who found
that protection of rabblits by antitoxin was only partial,
from which he concluded that it was unlikely that ascute
killing of vabblits was wholly due to the exobtoxin, l.e. alpha
toxin. Similar resulte were obbained by Downie (1956).
However tempting it wmay appear to attribulte pathogenicity
to alpha lysia production a glance at table 12 shows that in
mice at least no such relationship exivts. Strain Wood 46
noted for its high ylelds of alpha lysin, is non-pathogenic,
and vaplants BAD and HBABS produce meore bhan 491 and are
less pathogenic. On the other hand PBS, producing lLittle
alpha lysin, and FR, only btraces, ave both moderately
pathogenice.

BELA-TYS TN

Referring to table 1B again it may be seen that beta
lysin does not play an lmportant part in pathogenicibty.
Variant FR produces much more beta lysin than FBS yet the

lethal effect is the same in each case. Variants BAS and

5ABS provide even better evidence of the insignifilcance

of beta lysin in relabtion to fatal infections in mice. These
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two . variants compared morphologically, blochemically, as well

ag Tor coagulase and haemolysins show as the only difference

that HABS produces high yilelds of beta lysin and HAS
none; despite the high yield of bheta lysin of one of then,
both have virtually the sane L‘ﬁo'

In view of these vesulis and the fact that beta lysin
has been Ffound nen-toxic for mice (Bryce and Rountree, 19456;
Smith and Price, 1938b), 11 appears unlikely that beta
lysin plays any major pavt In sbaphylococcal infections of
mice, None of this evidence, however, oxcludes the possibility

that beta lysin aecbs as an suxillary pathogenic factor.

CGAMMA TLYSTIN

Ag with coagulasge and alpha and beta lysins there 1s

abundant evidence that nelther gualitatively nor quaatitatively
does gamma lysin play an overriding part in determining mouse
pathogenicity of the variants. However; since evidence

has been obtained that gamma lysin is doxic not only fox
rabbite (Smith and Price, 1988bL) bub also to some extent for
mice it 1s possible that gamma lysin, as well as alpha lysin,
although not as an overwvlding factor, contyibubtes bo
pathogenicitye

Toxiclty of samma lygin for mice. Preparatlons from &

variante FR, AR, and HBR were tested Ior toxiclty by injecting

intravenously 0.5 to 0,75 mle. of each into mice; the gamma
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haemolytic titre of these preparations was bebtween 1
in 500 and 1 in 1000; salpha lysin was at most 1L in 64, and
only FR contained bety lysin (non-tozic Cor mice)s. Following
the injection death occurred in less than 80 minutes, the
animals apparently dying o asphyxia. Although SBmith
and Price (1988b) reported thabt gamma lysin 1s non=toxic
for mice it showld be noted that in the present experiments
the amount of gamma lysin was aboub 8 bo 4 tlmes greater.
A Tew experiments were carried oub which indicabe that
staphylococcal antisera containing gamma antibody { and also
alpha antibody) passively pretect mice agains gamma boxine.
Bo far the protective effect of a monovalent gamna antiserum

has not heen tried.

DELLA LXSIN

The production of this lysin has only been measured
qualltatively, but since it is produced both by the non-~
pathogenic strain Wood 46 and the most pathogenic variant
PABS, and since two strains of moderate pathogenicity, i1.e.
FR and BB, do not produce 1t, it cannot be an essential
factor of fatal staphylococeal infectlions in mlcee Deltba
lysin may, however, contribubte to mouse pathogenicity by
acting as a leucocidin (Gladstone and Van Heyningen, 1957),
ecapable of vupturing the polymorphs of mice (as well as of

other animals).
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LEUCOCTIDIN OF THE PANTON-VALENTINE (PV) TYPR

Since PV leucocldia ig known to have no action on
MOV E 1eu§ocytes in vitro, 1t wight be surmisaed that this
substance isg irrelevant to mouse Infections. Nevertheloess
there is evidence that it is produced to high titres by
variants causing severe human infections (Panton and
Valentineg, 19568; Valentine, 1936; Valentine and Bublerp,
1939) and 1t seemed interesting to determine its produciion
by some of the varlants used In the present work.

Eatimations of PV leucocidin were kindly carvied oub
by Dr. Gladstone who used an antigen-antlbody combilning
technigue with an antitoxic serum of Llxed arbitrary wnitage.
Ag may be peen from the table 16 it was not possible to

relate the amount of PV leucocldin to mouse pathogenlicity.
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Table 1.5

Variant Degree of Pabthogenicily Panton-Valentine
LDBO Lencocidin
(millaona) (Tt/mile )
FADS Qs b Quiz
493 2 Oul
8o 18 Qe L.
Newman a7 CaB
5485 75 Q.1
5A8 75 sl
G 150 Cul
5R 600 0.1

Table 186, Verisnts arvenged in order ol pathogenicity
ghowing LDLQ and P=V leucocldin production expressed as
the largest volume not neutralilsed by 1 arbitrary unit in

1 mle of serun (Gladstone and Van Heyningen, 1957).
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ANTIGENTIC PATTERIY

Judged by the LD@Q thepre is no single patbtern of
haemolysin and coagulase production assoclated wilth a high
degree of pathogenlcity Tor mice, nor does it appear thal
any of the substances is an overevldlag factors Howsrd
(1954) suggestbed that strains producing the largest number
of antigen-antibody flocculation lines (double diffusion
technigue in agarﬁ arae mosht pathogenic., Some of the vaviants
in the present work were examined in thig way; they were
abroked out on nutrient ager at right angles 1o strips of
filber paper soaked in staphylococcal sntibtoxin RA 5624 (BW).
™he plates were examined after 48 hours ab #7°C in a mixture
of alr and 30 per cent COB, and aiter « further 5 or 6 days at
22°C in aiv. Prom table 16 it may be:seen that there is

no relationship bebween the number of lines sind the severit
¥

Of the diseanes.
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Table 16
Variants Degree of Poathogenicity Number of floceulation
Lb. Lines
50
(miilionsg) Afber After
48 6
hours days
BABS Qeb 4; '
O 2 4 7
R 18 1 5
By 18 1 3
BAS 75 4 6
5ABS 7 4 7
NG a7 4 7
G 150 4 4
5R 600 1 B
Wood 448 1200 8 8

Table 16, Variants arvangegd in order of pathogenlcity,
ghowing the &D%O and the number of anfigen~antibody flocculatbn
(¥

Llines produced by each of them.
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An was Lo be expected the variant which gave »ise to the
largest nunber of floeculation 1inés wap Wood 46 since 1t was
a galonst products of thils orgaanism that the lmmune sepum
was prepared. This strain however, is non-pathogenie for
mices The number of diffusible sntigens as debermined
by thig serum glves no indigatlon of pathogeulcily.

MULTERPLICARION OF STAPHYTLOCOCCT IN VIVO

Several workers have recently emphagised thalt an
epsential charagter of a pathogenic ovganism fo its ebiliby
to grow in a host. Smith and Dubos (1956) have shown that
ln the kidneys of mice pathogenic ataphylococci multiply
more rapldly than avieulent cosgulase negative staphylococcel.
Ekstedt (1956) attempting bo relate pathogenicity to
maltiplication jin vitro has shown thal coagulase negative
gtrains do 1ot grow in human serun. Tt was therefore
thought interesting to compare the rate of multiplication
in mice of a highly and a poorly pathogenic variant. The
technique used was substantially that of Smith and Dubos,
with the difference that in the present work counts of
bacteria in each organ separately were not made, bubt a
tobal count of bacteria present ln the heawt, lungs, kidneys,
spleen and liver taken together.

The invivo multlplication of the variants FADBS and 5BR

18 shown in table 1l7.
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Table 17

Varisnt Nos of organisms Wumber of organisms isolated
injected from the organs of mice
(Viable count) Afbor 10 mine  Afber 80 hrs.
. BN '
WABS 210 4 140
4 5]
130
9 HO
11 65
= ' L O
bl 1,10 1 14
& 0

Lo
ey,

Tabla‘l? showing the wultiplication jn vive of FABS, a
highly pathogenic variant and 5K, which is poorly pathogenice
+  dach Tigure ig the number of celonies growlng
Trom the organs of one mouse. The totel number of orgsnisms
from each anlmal may by calceculated by multlplying this

4
figure by 2,10 , the dilutlon factor.



Degpite the small number of animals used for thils
experiment the result obbained sbrongly suggests bhat the
highly pathogenic variant does mulbiply move rapidly
in_vivo. DBefore any genoeval oconcluslon of bthis nature could
be drawn many more strains will bhave to be examined and the
number of mlce cougliderably increased.

LESTONS CAUSED BY VARIANTS WITH DIFFERENT IN VITRO PROPERTIES

LS

No maeroscoplc lesions were geen in animals dying within
24 hourg of inoculation, but in nesrly all animals which
dled between the 8nd and 10bth days macroscopic leslons were
found. The organs affected were tne heart or kidneyas, or

both; leslons were not found ln the lungs, spleen, or liver,

but occaslonally abscesses were found scattered over the
abdominal and thoraclic walls.

So far, it has been shown that variants dlffer in
pathogenicity as debermined by the IDgne but Trom the type
of lesion Fouwad post mortem, 1t is apparent that qualitative
pathogenlc differences also axlsts The variants fall into
three groups according bo the type of lesion produced.

Group 1 (FABS, FBS, G, 491, HAS and 5ABS). Animals
dying of infectlon ceused by these variants showed pale infarcts
of vayrious sizes up to 4 mne. In diameter, leslons affecting
o bhird of the ventricle wall or the whole pole of a kidney.

Not infrequently abscesses were lTormed bul there was litile
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pus Tormatlon in leslons foand in animals dying within 5
dayte

Group 2 (BR and #R). Although differing considerably
in LDSO’ these two variants geve rise to a lesions which were
mecroscopically identical and consisted of tiny white
patechesns less than G.0 in diasmaelber, ﬁqatﬁered shroughoulb
the myocardiun and kidneys.

Group 8 (Newnan)e This variant chused well deiined
purulent lesions of between 1 and 2 mue in diameter in the
heart and kidneys.

Uistolosy, The orgéns off 88 animals were examined. In group

1 the lesions consilsted of massesg of gram-positive coccil

surrounded by large aress of necrosis of the myocardium or
renal parenchyma. In group & the smell lesions were
abgeesses with numerous polymorphs and gram-positive coccl.
No histological leslonsg were Tound in lungs, liver, spleen,
pancreas or suprarvensnls. The organs from animale in group 3
were not examined bhistologleslly and information thalt the
lesions were frankly purulent 1s based on smears.

Comparison of the type of lesion with the in vitro
rropertles shows that in group 1 the colonial morphology of

the varlants 1s gmooth, snd although they differ in the amount s
of haemolysineg produced, the alpha titre is higher than the

ganma in each of themy the maln feature of the lesions is



necrogls, presumably the result of doxic acbion. In group 2,
ﬁhé colonial morphology is rough; cosgulase and gamma lysin
production is high; alpba lysin production is low. A
poasible explanation for the numerouvs smwall abscesses ls
that the pough organisms readily establish themselves in the
tisgues on account of thelr high coagulase production, bukb
the lesions remaln small because toxin productlon is not
highe

Pogt mortem cultures. Many of the ovgang of animals dying
of infechion were culbured. The organisms isolated from the
heart or kidneys had invariably properties identical with
those injecbeds No instance of varlabion lun vivo was

ancountbered.

CUHANGES. IN PATHOGENTICITY ASSOCIATED WITH SR VARIATION

>ecse.

Colonial varisticon from gmoobh to pough would at firs£
aight appear to be assoclated with a decyrease of pathogenicity
(see Levlield)s However, in strain P the variant FR is known
so be depived from varisnt PBES (see section III); there is
no difference between the two in degree of pathogenicity as
measgured by the Lbﬁo, though the disease caused by these
twe variants differs gqualitatively. The gmooth variant causes

diffuse someblmes purnlent lesicons which may be large; the

rough vayiant numerous tiny leslons.e Wibth strain § there is

no strict information regarding the origin of variant SR
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(see section III). It may have been derived from a varviant

not now in existence and of unknown pathogenlclity; conclusiona

are imoossible.

The reverse colonial variation from rough to smooth is

represented by 8RR -~ HRS and FR -~ IPRS. In each case the
gmooth variant is less active in vibro producing little

coagulase and practically no haemolysing in vive is

non=~pathogenic.

PATHOGENICITY FOR RABBITS

A Tew prelimlnary experiments were carried out in an
abtempt o assess roughly the comparative pathogencity of five
of the variants for rabbits, Doses of 300 x 10° ana 50 x 10°
were injected Ilatravenously into chinchilla rabblts of
approximately 4 kg. Two animals were used fLor each dosme.

AL the larger dose, vvariants FABS, B8, and FR were
kllled B of 2 in 48 hours, H5AS B of 2 in ¢ days; none of
the animals recelving the smaller dose died within 28 days.
Variant BR failed to kill at elther dose. Irom these

few experiments it would appaaﬁ that there is some degree

of parallelism between pathogenicity for mice and rabbiis.
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DRISCUSHS LON

rager and Hales (1947) were unable to relate the
gquantitative production of coagulose and alpha toxin to
the nature and severlity of human staphylococcal infections.
Panton and Valentine (Panton and Valentine, 193882; Valentine,
1956) found that all streins causing severe leslions in man,
guch a8 osteomyelitls, gave high yields of PV leucocidin,
whereas sbrains from superficlal leslons did not. Hadlison
(1955) found that the proportion of strains producing
fibrinelysin was higher in deep than in superficial Infections.
Agaln, most workers Lind that about 9% per cent of all
human pathogenic strain produce alpha haemolysin, bub in
osteomyelitis the inclidence of such sbrains is lower (Lack
and Wailling, 19584).

A priopil 1t is difficult to believe that quantitative
nroduction of potent toxins and aggressins should have no
influence on the nature of infection. Indeed in the present
work the demonstration of different types of lesions in the
mouse caused by variants with different 1In_vitro properties
gugzests that the nature of the infection may to a large
exbent reflect the properties of the lafecting organism.

By more detailed Iinvesbigation 1t may prove possible in the
future to assess the role of individual staphylococceal
products.

On the other hand the present investigation shows that



neither cosgalase nor any of the haémolysin& ig an overriding
factor in determining mouse pathogenicity, and it seems
unlikely that eany of the other sbaphyloccal ﬁroﬁncts nob
examined here, such as Librinolysin or hyalafonidaae, would
play such g dominant role., Many workerg have reached a
similar negetive conclusion with regard to human infections.
Also the present work does not suggest thet strainswith the
widest antigenic pattern are particularly pathogenic for

the mouse, bul these experiments were limited to one
anbiserum and only a few stralns.

It may be suggested that the Lfailure of a coagulase
positive varisnt, producing abundant toxin (Wood 48) to cause
infection eould be explained by its inability to multiply
in vive (Christie North and Parkin, 1946). The most likely
explanatlion of sueh a wide dAifference in pathogenlelty

bebween variants seemingly identiecal in lp vitro properties

is to assume the exisgtence of & toxin as yet uwnrecognised.
There is little evidence as to the possible nature of
such a substances Forssmen (L955-1958) was able to protect
rabbits by vaccinating them with formolised organisms, and
Farrell and Kitching (1940) protected mice by passive
lmmunisation with heorse sera also prepared against formolised
erganisms. Protective action of sera prepared by Farvell
and Kitehing could not be related to anti-alphs haemolysin

or antileucooldin titres. On the other hand a number of
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workers have failed to protect animals with vaccines of

a similar nature (Kitching and Parrell, 19563  Downle,
1937; Flaam, 1988). For the present, therefore, further
investigations ave reguired to aasess the lmporiance of
the protective actblon of cellulay antigens.

Previous workers (Christie, North and Parkin, 1946;
Selbie and Simon, 1988; Howard, 19543 Anderson, 1956)
have invesbigated straine whoae pathogenlcity for susceptlble
animals could to some extent be Inferred from the source from
which they were isolated; those from leslons belng pathogenie,
and those from healthy carviers either pathogenic or non-
pathogenics In the present work it is not possible to
relate dirvectly mouse pathogeniclity to pathogenicity Lor
suscaptible animals beecause the variants were chogen elther
for thelr ip vitro properbies or Tor thelr known pathogenicity
for mice, Humen and experimental Infections in mice are
similar in that none of the known toxins plays a determining

role.
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SUMMARY

1. Twelve vaviants of Staph.sureus repregsenting a wlde

range in the gquantitative production of coagulase, alpha, .
beta and gamma toxins, and leucocidin of the Panton~Valentine
typey, have been tested Lfor mouse pathogenicity; None of

these substances lg an overrvidiag Taetor in causing mouse

pathogeniclity.

Ze The degree of pathogeniclity 18 not determined by the
amount of cosgulase, alpha, hebn or gamma lysin oy PV

leucoeclidin produced in vitvo by s variant.
4. Hvidence is presented that pathogenic variants giving
high ylelds of alpha toxin in vibro also produce this

toxin in ViVo.

de Thare is no correlation between the nunber of diffusible
anbigens (as determined against a serum prepared against the

products of strain Wood 46) and mouse pathogenicity.

5. OFf two variants bested the more pathogenic multiplied more

rapidly in vivo.
G« Omooith colony varisnts, producing more alpha than gamna
lysin caused necrotic leslons; poush colony variants, giving

high yields of gamua lysin and coagulase with only traces of

alpha lysin, caused numerous biny abscesses infilitrated with



~1%1~

polymorphonuclear leucooyles.
Ve A gmooth variant and the prough variant derlved Lrom 1t

were equally pathogenle for mice, as measuvred by the LD%O'
X.

8« Resultg of preliminary experimenits sugpest a degree

of parvallelism in pathogenicity of shtrains for mlcoe and

rabbita.
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DISCUBLTON

The purpose of this sectlon is Lo sum up the more
important Tindings of the thesis and examine what Llight
they shed on the mechanism of pathogenicity of plaph.aureus.

Experiments are described in which intravenous
injection of coagulase loto rabblis regulbed in a fall
in blood Librinogen and ln the deposition of intravascular
fibrin. ¥From preyious work (8mith, PHale and omith, 1947
Lominski and Roberts, 19463 ILominskl, 1949) dhere was
only indilrvect evidence suggesting that coagulase by its
clotting actlon helps o establish infectlon. Against
this Menkin and Walstbon, (1955), Fisher, (19%6) and Lack
and Waillling, (1954) failed to demonsbrate clottlng in vivo.
The present expeviments show clearly that, 1f coagulase
does act as an agpressin the hypothesis of Wilson Swith
(that 1t does so by its clobting actilon) is valid.

An associatlon was shown o exist bebtween colonial
morphology and coagulase productlon reoush variants giving
higher yields then gmootbth variants of the corvesponding
sbraln. Rough variants should prove a uaeiful source of
coagulase; Indeed bthey have alveady been usaed by Darvber
and Wildy (1988) in studies relabting the antigenic type

3

of coagulase to the phage wy.e of the ovganlsm producing it.
g i
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Comparigon of the haemolytic activities of colonial
veriants revealed that although either type (smooth or
ggggg) produced both alpha and gemma toxins, ip,ﬁmggﬁg
variants the yield of both toxins tends to be hish (with alpha
in excess) whereas 4n pough variavbs garma is usvally the
major toxin with only traces of alpha present. HRough varlants
may be used for the production of gama toxin relatively
free of alpha boxine

In the course of the wovk the Irequent produchion of
gamna boxin by alpha ﬂoximﬁpréﬂuﬂing5vafianﬁs (Bmith and
Price, 19580 Marks, 1981) was confiymed. It was found
that even the clagsical alpha ﬁax&nwproﬁucing strain Wood 406,
yields some gawmma toxine From thils 1t may bhe Inferred that
axisting desceriptlons of the properties of alpba toxin are
provably based on examinabtlong of material conbaining an
unknown amouvnt of gamma boxin.

Gamme boxin, produced by rough variants, was examined
in vitro: a movel Cinding was thal 1be Lybtic actilon for
gheep RBC ab 5?00 s Iohibited by beta Lysin. 'The inhibition
is reminiscent of the inhibition of alpha by bheta lysin
alpeady described by Christie and Graydon (1941). Alpha
and ganma boxin are In many ways sglmilar:  bobth are best
demongtrated by Lhelr lytic agtlion on rvabblits REC and

dermonecrotic lethal for rabblis. The fact that both are



inhibited by beba lysin suggesiss that possibly the mechanism
by which they exert thely lytlc action is also the sanc.

W3

It is well known that wstrains of Shaphl.sureus readily

threow off variants (Biggar, Doland and O'leava, 1987;
Purned, 1950; Rountres, 19363 Llekh and Levy, 1954; Swmith,
Movpison and Lominski, 1988). In relating the pathogenic
effect of a stappiococcus Lo Lis ¢guantiiative production ol

toxins the use of a culture which ls gtable and homogeneous

18 essentinl, Rogers (1953) found thuot cultures of Staph.auveusn
ave composad of aeveral hﬁm@g@meeua populations each with a
different level of hyaluronldase péa@u@tion. Simllarly,
experiments described in Section IIT show that within

straings there way @xist & nunber of populations differing

in the quantative production of gampa and alpha toxine. This
finding has conceivably a beaving on experiments velated

0 animal pathogenicity. In previous vwork (Selbie and Siwmon,
1968;  lloward 198435 Anderson 1956) mouse pathogenicity

has been compared with toxin production, bub since no

evidence 1is glven as to the homogeneity of culiures in respect

of the toxins under consideration the informatlion may well
he misleading. In the present experiments vwhenever
pathogenicity was relabed Bo toxin sroduction the cultures
were, as far as posasible, ascertained to be homogeneous.

Bxperiments in mice have reveanled great differences in
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pabhogenicity betweon straing. Tablel2 of Section IV shows
the vaviants avranged in decreasing orvder of pathogenicity,
a8 measured by Lbﬁag ranging From 0.0 million 0 more

than 1200 million. This arvangement has proved useful iun
assessing the relative importance of alphay, gasme and beta
boxins, coagulase and the Panton-Valentine leucocidin. Bub
1t should be pointed out bthat the guantitative productlion of
none of the pubsiances uwader conslderatlon, elther singly

oy Jointly, could fully account for the diffTerences in

degree of pabthogenicity. It is possible bo have two organisns
with the same pabbtern of toxin production dlifering In
vatnogenliclilty and also two opganism of the same pathogenicliy
but differing in pabtern.

This flanding, at Lleast so far as alpha voxin is conceoined,
is not in agreement with the Diadings of previous workers.
Thus 1t has been stated that for full mouse pathopgenicltby
a sbrain mast produce alpha toxin (Christie, Novrth and

Parkin, 1946)s Other workers (Selble and Simon, 1268; Howard,

1954) also refer to the assoeciation between high alpha btoxin

productlion a nd virulence for wmice. It emerges clearly
from the present experiments thalt the amount of alvha Hoxin

produced in vitro gives no indicatlion of the degree of



pathogenicity, at least fow mice. Rough strains yielding
only trages of alpha toxin are pathopgenic, and alihough
the most virulent strains produce alpha toxin thoey produce
less than strain Wood 406 which does not kill BO per cent
of a batch of mice even when injected in doses of 1200
milLlion.

SBimilarly, 1t has been shown that the degree of
pathogeniclity of strains 18 not depgendent on thely guantitative
production of beta toxin, gauma toxin, cosgulase oy Lthe
Panton~Velentine leuvcocidin.

Although evidence hag been presented that none of the
known toxins plays an over-rlding part In staphylococeal
infecition there is no evidence to the effect thalb they do
notcontribute o pathogenicity., On the contyary, alpha toxin
is lethal Povr mice {Dolman, 1982) and it appears that both
in experimental {(Buvnet, 1989 Downile, 1956) and ia natuval

L}

infections (Blair, 1939) alpha toxin may Dlay a parte

The results of a few preliminary experiments (page 109) are

in agreement with thils vilew; alpha antitoxin gave some

degrea of probtection to mlce infected with strong alpha
toxlu-producing variants. It appsars that alpha toxin

production 1s oiten associated with pathogeniciby, but the
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present experiments indicalbe that the pathogeniclty of a

gbrain need not exclusively be detervmined by its capacity

42 [t PR e Sl

$o give high ylelds ol thls toxin jin vibro.
Agedn, with regard 1o congulase, Sorke (1966) has shown
that immunlsation against coagulase protechts against a

coagulase-~positive strain, bub not against one which is

coaxulase-nepgatbive. Ib 1s possible that the impowrtance ol
toxias and agsvessing may vary from straln o strain. It
may be gsupposed that some sbtralns may rveadlly become
spbablished in the host but do not produce sufficient toxin
to cause severe leslons, snd bthat others although strong

Hoxin

o

roducers in_vibtro lack the factors which would
allow 1t to invade.

Finally it should be borme in mind that gmoobth and
rouph variants produce hilgtologically different lesions

and it is therefore possible that the mechanism by which

thoy cause death is also difTervents ¥From the pattern of

soxing and coagulase 1t may be possible, within limits,

to Torecast the type of disease inducod rather than lts
severity. As far as bhe killing capacity of a shbraln is
concorned 1t seems, safe to speculabe that therve romaing

wnrecogniasaed a factor, or Factors, which deltermine the
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vethogenie action of staphylococel in mice, possibly their
vathogenic action in general. The demonstration and
identification of these wissing Factors, along with a
more Intimabe underatanding of the jin vivo actlon of the
nown toxins and aggvessine may wall provide the key to

Faa R

sbaplylocceeal pathogeniciby.
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SUMIARY,

An assoclatlon between colonilal morphology and coagulase
production in vitro is demonstrated; pough variants give
high yields and smoolbh varlianits glve low yields of
coagulane.

The éaughness of rough variants can be accentuated by

the addition of blood or ceribain complex naphitalenc
compounds to solid medla.

In their bilochemical properties rouph variants atitack the
same sugars as the smooth variants but generally are

much less acbive in the ligquelfaction of gelabine

Of 10 rough variants, 9 belonged to the same or a

similar phage type as the gmooth variant of the same
shrain.

It has been demongtrated that cosgulase may exert its
clotting action in vivo. 2 mam. doses of a purifled
coagulase Injected intravenously into rabblts causes death
wlth massive intravascular bthrombosls; 0.1285 mgme. of the
game coagulase was followed by a fall in blood fibrinogen
of more than 60 per cent.

The quantitative production of haemolysins, with special
reference to alpha and ganwma lysiuns, by smooth and

rough variants has been examined. Both types of variant

produce alpha @nd gamma lysin but in gmooth alpha tends
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to predominate, whereas In pough variants gamma 1s more
often the major lysin.

Smooth - Rough variation is associatvted with a loss of

alpha lysine Rough varianits give wrise to gmeoth colonial
variante characterised by an almost complete lack of
haemolytic activity.

Gamna lysin resembles alpba lysin in thut its lytice

[

action on sheep REC ab &% i inhibited by beta lysin.

Twelve variants of otaphe.aureus representing a wide

range in the quantitative productlion of coagulase, alpha,
bata and gawna toxins, and leucocidin of the Pantone
Valentlne type, have been tested Lor pathogeniclty.

None of these substances is an over-piding lactor in
mouse pathogeniclity.

A smooth variant and the rough devived from it were
equ~11ly pathogenic Tor mice as measuved by the LDﬁo.
However, lesions produced by the two variwnts dilfeved
qu&lilaﬁivelya

The velevance of this work o an understanding of the
mechanism of pathogenlelty of Phavhe.sureus ls discussed

briellye.
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