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I. INTRODUCTION AND FURPOSE

Bacteriophages, regarded today as viruses parasitic on
bacteria, are characterized by & number of well-defined properties,
one of these being the specificity exhibited by seme varieties of
phages, mot only for e single species of bacteria, but also for certain
atraini or types of that single species, A4 rractical epplication of this
property has beer the use of bacteriophage for the idemtification or
phage typing of certaia strains of & given species.

Fisk (1942) introdmced a metkod of phage typing of staphyl-
ceocei whieh has been su?ceaatully used for tracimg sources of irfection
in epidemic outbreeaks of staphyloeoescal enterotéxin food-poisoning and
of staphylocoecal infeetions of the skin in babies in maternity hospitals.
Although this method is relatively simple sad rapid, many strains of staph-
ylecoceci are resigtant to the aetion of the available phages and the
absolute specifieity of the phage types ia guestionable,

The purpose of this work is to investigate the gr;lth arnd
maltiplication requirements and the stability of the staphylococeus bacte-
riephages now available, and te use anti-bacteriephage seras (propa:od by
ismunizing rebbits with selected phage strains) as a meamns for recognitioa
of specifieity,

If the phages could be divided into a few representative groups,
it 12 hoped thet by a earérul selection of théese phages, a simpler method

of phege typing applicable in every laboratory may bé developed.



II. REVIEW OF THE LITERATURE

A. EISTORICAL OUTLINE:

The original observations en transmissible bacterial autolysis
were mede by Iwort in 1915, While engaged in a sesrch for vaecine virus,
he observed that seme cultures of a staphyleocccous from vaceine lymph
developed "glassy-lookinmg®, tremsparent areas im the midst ef the normal
opaque growth and that a mll amourt of this vitreous material whem
transferred to sucecessive cultures of the uhﬁloeoocu weuld induce the
same ehange. Beoteria-free filtrates fram the affected cultures, sven
wher highly diluted, were also active in ecausing this effeet in fresh
growtk of the orgenism., Iwort was undecided es to the mature ef the
filterable agent but he supposed, without expresaing any cemnclusive
opinion, it might be some kind of a parasitic organiam which destroyed
$he bacteria, or probably a swbstance derived from the bacteria them-
selves, sins=e it occasionally reappeared in glassy cultures months after
" subeulture.
| Two years later, d'Herells (1917) observed that the filtrate of
the fecal discharges of & petient recovering from becillary dyseatery
rapidly lysed a young breth culture of the causative erganism asd thet
this type of lysis was tranamissible in series. Througheut his extensive
studies on the subject, (d'Herelle 1921, 1926, 1930) he comsidered the
agent responsible for the lytiec effect to be a submicroscopic living
organiam to which he gave the name "bacteriephage", which implied that

the submicrescopic organism was a pﬁruito upen b&ctoria.




There can be no doubt thet the fimdings of ﬁoﬂ and of
4d'Herelle are examples ‘fof the same process though d'Herelle has
strenuously oppoéod this view; hence the lytie action has eeme to be
known as -tho b¥wort-di'Herelle phenomenon®™, and fho name bseteriophage,
originally apﬁliod to the lytic agamt hy‘d'Herello, i3 now generslly
used, usuwally in the abbreviated ferm "phaée".

Following its discovery the ﬁaeteriopha;o aroused great
interest and the hope of mueticd spplication im the treatment of
bacterial infections sustained investigation for a periocd. When the

hopes in this direction did not materialize, interest in the agent

subsided, until areund 1930 it was revived by the recognition of the
similerity of the bacteriophages with the viruses which grow in the

cells of plants and amimels, The size of dffferent phages was estimated
by filtration (Elford and Andrewes 1932), and confirmed more recently by
the electron mieroscope (Luria, Delbruck, and dndersem 194%3); the
neutrelization of phage by specific antiserum was utmivoiy studied by
Adrdrewes and Elford (1933, b), Burnet, Keogh, end Lush (1937), Eslmanson,
Hershey, .and Breunfenbreaner (1942), Dalbruck (1945), amnd othérs; the
host speeificity of a large gmup'ot phages was atﬁdiod, and the resepter
spots on the bacterial ee].l,‘ to whieh the phage is specifically absarbed,
were found to be identical with a bacterial antigen {Burnet 1934, Levine
and Friseh 1034, Burnet and Lush 1935, Boumatree 1947b)., Extensive
1nn§t_1¢at19na were ecarried out on'certun groups of jphalgu, in particular
on the staphylococecus phages by Northrop (1939), Fisk (1942, 194¢),
Wilson and Atkinsen (1945), Williams Smith (1948a, b), salmonella and



vali-dysertery phages by Burnet (1934), Delbruek (1942, 194%), Delbruck
and Lurfa (1942), and others, cholera phages by Asheshov et al (1933),
and typheid phages by Creigie and Yem (1938), Craigie (1946),
In recemt years thére has been u' inereasing rnlintion of
the vquo of bacteriophages as materials for basie¢ studias, .Be’eauio
of their men-pathogemieity, the ease and economy of their production,
the availabdbility ef a rapid, simple, aceurate mothed af assay, their
capgeity for grewth on hetoria eultured im a symthetic medium, they
are being selected as medels in the study of the nature of virus re-
produetion, in the study of the pheromenom of virus interference, and
as test agents in the search for pessible chemetherapeutic substances
 against virus diseases. They are alse being used in the study of the
process ol sequired resistanece whick bearz a relation to the unsolved
problem of virus nmmity, ag an aid in the classification of closely
related greups or species of bacteria, er for differentiation of
strains of a giveam species, in the study of bacterial metabolimm, amd
in the study of viral eud bacterial genetics which may laad to the
selution of geuetic preblems whickh other studies have mot yet resolved.
These agents may thus be regarded as ultmamicroscopie
technicians whose study may prove the key to several uansolved proeblems
of biology. .. |
B. GENERAL PROPERTIES OF BACTERIOPEAGES:

i) Hature:
Ever since the discovery of the baeteriophage by Twort and

d'Herelle, speculation has arisen regerding the exeet origin and nature
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or'the agent responsible for the ljsis of growing bacteria., The claim
by d'Herelle that the baocteriophsge is em ultramicroscopie filterable
organism, & sort of parasite living on bacteria, although greatly
wpheld bj him and his supporters, has beean contested by many aunthors
and a number of ilternative theeriia have beea put rérward. |

Kabeshima (1920) interpreted the bacteriolytic phemcmenon as
being due to rozmnif action, He asuggested that the phage was a catal-
ytic agent originatiag in the mmoous membrames of the inteastimal eanal
(or in the leucocytes), which activated a pro-ferment normally preseat
in the bdacteria. Once liberated in an aotiio form, the ferment induced
snzyme digestion of the orgenisms,

Bordet (see Bordet and Cuica 1930, Bordet 1923, 1985) regarded
.the lytic agent as & bacterial enzyme produced as "the result 6r an
inherited vitiation of bacterisl metabolism", Aocording to his theery,
the phencmenon is a true autolysis roaulting from a disturbansee of the
normal equilibrium between the assimilative and metabolie aetivities of
the bacterial cell. This autolysis liberates substances (bacterial
enzyme) which cammnicate to suseeptible but umaffected cells am exag-
gorated tendemcy to produce descendamnts which are liable to similar
autolysis, the process, once started, being tranamissible in series.

Other ﬁ&pothesos related the phenomenon to the genetics of
the basterial cell, Thus Wollman's "gene theory™ (1985, 1927) regarded
the bacteriophages as the substantial bearers of hereditary qualities,
while Bail's "splitter® doetrine (1925) idemtified them with "splitter®

fragments of the esaen#ial hereditary determinants (chromosomes or
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genes?) of the baeterium. These fragments when liberated were suppesed
to be adsorbed only to baecteria having similar wnits in their hereditary
determinauts and so affect these wnits that their mormal b;lanoo of
anzbolie-catabolic sontreol 'aﬁ displaced toward an entirely disruptive
action on the organisam,

Hadley (1927) postulated that the phage was a genelike sub-
stance representing a *filterable stage in the cyclogeny of the bacteria“,
& view which closely cénnected phage with the variation and mutation of »
bacteria,

The concept of phage as enzymes hés been strengly advoeated by

a number of investigators. Horthrep (1939) demonsgtrated the similarity
in the'produetion of an extra-sellular gelatinase and of phage from &
. lysogenie strain of Bacillus ;sgathoriul and concluded that a fermal
analoegy exists botweoﬁ the produetion of phage and the formation of
enzymes. Similar views were adopted by Kalmanson and Broafenbrenner
(19%9) and Krueger and Seribner (1941).

A great deal is now known of the physical and constitutional '
properties of the phages, the study of which has breught consiéerablo
evidence that thoz‘ymasoss most of the preperties eqnmoily ascribed to
the animsl]l and plsnt viruses. The electron miereoscope has heen of the
greatest use in determining their sizes and rather ecomplicated slmpes.

The morpholegy of certain phages active against Escherichia coli bas

been fully described by various workers (Luria and Anderson 1948, Lwries,
Delbruck, amd Anderson 1943, Delbruck 1946); they have been shown ta be
oither sperm-ghaped bodies or sphérical structures without tails, Luria

et al (1943) have shown that 5 out of 4 Escherichia coli phages they
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studied had an opaque *head" consisting of a patiern of granules about

80 nillimiérons in diameter and a less opaque “tail® abeut 120 milli-
microns loag. Scme beautifully clear nicrograbhs_o; bnrifiod coliphage
T have shown it to be esséntially spherieal with a diemeter of 51 milli-

mierons, with a bilobar arrangement of interasl structure (Kerby et al

1949). A phage attacking Streptococcus lactis has beem found t0 have a
head 70 millimicrons in dismeter and & tail about 150 millimicrens loag
and 30 millimieromns in diameter (Parmalee, Carr and Nelson 1949).

Either round partiglea or tadpole-shaped structures with varying degreess
of interaal dirrérontiatien have been dsseribed for staphylocooceus (Luria
ot sl 1943), and pyoeyaneus phages (Sehultz et al 1948),

In comstitution phages are also similer %o plant and animal
viruses, being complexss eensisting of protein, nucleic acid and lipid
(Taylor 1946, Cohen and Anderson 1946, Hook et al 1946, Kerby ot &l 1949).

Like ether viruses they are resistant and sensitive to the same
physical and chemical agents. Fhage inastivation by shakins (Campbell-.
Renten 1942), drying amrd freezing (Campbell-Renton 1941), ultraviolet
light (Baker and Hamavatty 192¢, Campbell-Renton 1937, amd ethers),
methylene blue (Schultz and Krueger 1928), lecithin (Levia end Lomimski
1936), cholesterol, cephalin, bacterial amd nen-bacterial phospholipins
(Williams, Sandholzer, and Berry 1940) has been reparted, although differ-

.ont strains of ﬁhago, like different époeiea or'bactiria, differ from one
another in their resistance to various physieal snd chemiocal agents,

Phages are also similar to other viruses in that they are specif-

ically adapted to certain host‘cells which they may destrmey or in whiech they



may eontinue to exist in a lateat state.

In view of the numerous similarities between bacteriophasel'
and other viruses, the present-day concept 1is thnt pheges are to be
slassified with the animal and plant.virusos as "bacterial viruses”,
fhoy are to be rogardod.aa "s group of rilterablé infectious agenté of
complex merpholegical and gemetiec structure which are capable of re-
preduetion only in specifie bacterial hosts".

i1) Distribution ia Nature:

Bacteriophages ars widely distributed in nature. 4s shan by
Twort and by d'Herslle, they may b§ obtained frem filtrates of faeces,
from sewage, or fram praetically any material that has been subjected %o
faecal pollution, sueh as soil samples, surfece waters, ete, They have
also been isolated from exudates, diseased tissues, and filtrates of
ground-up flies or roasches. These bacteria-free filtrates may be teﬁnd
fo be active against dysentery, colifarm, typhoid, or other bacteria, and
may contain several strains ef phage which ean be separated and propagated
indefinitely im sultures of susceptible organisms. |

Bacteriophages are obligate parasites and, as such, are dependent
ﬁpon bacterial host cells for their existence. Consequently wherever par-
tieular species of baeteria occur in nature, there are likely to be réund
phages to which these baecteria are sehsitivo.. Therefore to obtain & bacte-
riophage acfivo sgeinst a given strain of bacteria, one has %o go to the
natureal habitat of the basecterial strain., For imstance phage active agaimst
an intestinal pathogen such as the dysentery bacillus will be mostve‘sily

isoclated freom horse and fowl faeces, or from the steol of patients who have




recovered from such an infection; phage active against any strain of

Eseherichia coli will fairly regularly be found im filtreates of stool

or sewage; Dphage active against sireptecocei or staphylococel will
often be isolated from the infected tissues,

1ii) Bacteriophage Astivity:
a) Clearing of Bacterial Cultures:

If a fow drops of bacterioclogieally sterile filtrate containing
bacteriophage are added to a jonng, actively growing broth culture of a
snﬁcoptiblo organism, the culture will be found after a few hours incuba~
tion, to have become nearly or entirely clear and the live susceptible
organigms in it are either reduced in number or entirely absent. This
eleafing may be partial or appareatly cemplete, but usually oa prolonged
incubation, renewed bacterial grewth occura, This secondary bacterial
growth, leading to a secondary cloudimg ef the medium, 1s.dno to the
oceurrence in a population of sensitive baeteria, of mutent or‘variant
bacteria which are resistant to the action of the particular phage conserned,
theugh they may be suseceptible to the action of other phages (Demereec and
Fano 1945). According to Delbruek (194) only a few hundred such resistamt
bacteria are ﬁrobably present in a culture containing a billion sensitive
organisms,

If a lysed culture, of the type naﬁtioned above, is filtered
’ while it is fairly clear through & Seits, Berkefeld, or eollodiorn filter
of auitnbie porasity, and a drop ef the bacteria-free filtrate obtained is
.gdiod to gnother young breth culture of the susceptible organism, a similar

clearing will be induced and filtrates frem it will also induce the c¢learing




phenomenon im ether cultures of the same organism. With dissolution

-of baeteria the lytie poteney of the filtrate increases with each tramsfer
as shews by the faet that the clearinmg eceurs much more rapidly and
ecompletely after a few transfers then at first., The above precedure is &
rough outline of the methed eoxmonly wused ;n the laberatory for the prepa-
gation of phage whem high titer phago‘stoeka are needed.

b) PFPlaque Formation:

The activity of baeteriophage can alse be shown when the sus-
ceptible organisms are grown om an agar surface, If the surface of a dry
agar plate is inoculated with a few drops'or a suscedPtible organism so as
te give t.eonfluent growth, and & fairly eetive phage-eontaining filtrate
is ineculated at one point omn the surface, the activity of the baeterio-
phage will be imdicated, after imcubation at 37°C for 6 te 24 hours, by
& elear area'free frem baeterial growth at the point en the plate where
the phage was 1ﬁoculated. Higher dilutioma of the filtrate will show ir-
regular “worm-eaten" areas ef normal grewth im the cleared area, and at a
certain dilution (nﬁ t0 108 or 1079 in some instances), depending enm
various conditiems, the ng;forn layer of nermal grewth will be seen to be
interrupted by discrete, well-separated clear areas, each of them circulai,
or roughly cireular, where no growth will be evident, These clear areas
were described as ftaehea vierges” or "plages™ by d'Herelle, while im most
English descriptioﬁs they are calied 'ﬁlaqnes;, in German “locher”. The
number of plaques gives a rough 1n¢1e‘tion of the number of phage-bearing
partieles in the erigimal filtrate, a linear relation existing betwsen

the degree of dilutiom and the number of plaques. Isolated baeterial
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colonies may show irregularities in their margins, as though pieces had
been eaten out of the edges. These have been deseribed as "moth-eaten™
celonies,

The plagues produced by phage in the bacterial layer may be
regarded as its 'eolonies' consisting of billions of partieles of
bacteriophage which has destreyed the baeteria aroumd it. The appear-
anee of isclated plagues varies to some extent with the euliural.condi-
tions,. When these are kept comstant the size of the plaques, the nature
of the edge and the appearance of the zone of baeterial growth immediste-
ly around the plague tends to be fairly constant for any one phage growing
on the same bacterial cnlture.. According to Asheahov (1924, 1983) bacte-
riephage pleque morphology must be gtudied in the lams-way as tho.mmrphol-
ogy of baeterial colonies is studled, and juat as the aize snd morphology
of colonies on agar may aid in the identifieation of bacterial speciess,
the size and character of plagques are of value iﬁ the identification end
classification of bacteriophages,

It has been shown by Elford and Andrewes (1932) that, previded
the eultural senditions are kept ecnstent amd the seme bacterisl host is
used, the size of the plagque varies inversely with the particle 3123 of
the phage producing it, the large plmques resulting from the greater
diffueibility of the smsller phage pa:tiolés liberated from the lysed

baeterial host,
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iv) The Mechaniam of Phage Growth:

The rigorous experiments of Delbruck and his céllqbor&tors,
swmarized in various reviews (Ellis and Delbruck 1989, Delbruck and
Luria 1942, Delbruck 1945, 1946) have demonstrated the existence of
three well-defined phasea, nemely, adsorpticn, latemt peried of intra-
cellular reproduction, and finally, release of mewly-formed phage.

a) Adsorption:

It is geﬁorally accepted that the first steap in the interaction
of a bacteriophage ind e sensitive hoat cell is the adsorption of the

phage t0 the host eell. The rate of adsorptiomn depends or a number of

fasctors such as concentratioms of phage and ¢ell, the physiological atate

of the host, the temperaturo, ané the concemtration of electrolytes.
Delbruck (19402, b) foumd that, in & mixture of phages and bacte-

ria, the fraetion of phages remaining free decreases exponentially with

~ time ard mogt rapid adsérption iz atteined ento meteria duaring their

legarithmie phase of growik in a favourable medium,

Barry and Goebel (1951) observed that the ability ef FPhase 1l

Shigella sonnei to adsor® coliphages TS, T4, aﬁd ™ could be altered by
treating the bacteria with physieal and chemical asgents.,
Fong and EKrueger (1949) reported that eleetrolytes in proper -
proportions expedite adsorptien, but that excessive amounts may hRinder
the preeess, the inhibitory effeet being zreafer at higher temperstures.
3alt concemtrations ef about one per cent seem to be optimel. The im-
portance of eleetrolytes, at certain eritical comcentrations, in pro-~ !

moting the attachment of phege to heat cell, has recently beer moted by



Puek and his associates (1951). They reparted that, by the proper

addition of salts, the rate of attachment of T1L to Escheriohia eoli

(strain B) can be adjusted to any desired value up to the maximum limit
sot by the diffusion rate of the phage, Their experinontal resulks led
them to believe that the uwnion of phage teo its host eéll consists, for
the first step at least, of an electrostatic attaehment betweez poinis
of epposite polarity distributed in ecomplementary fashion over the two
surfaees, The role of inorganie ions is visuelized as simple addition
to speelfic sites on the two bodies, thereby furmnishing the oharge
distributior mecessary fer phage-cell attachment,

It has often been assumed that adsorption is highly spesifie
and oceurs only with bacteria snseeptiblo to the lytic action of the
phege (d'Herelle 1928, Burnet 1929a, b, Kmoger 1931, Belbrnek 1942).
However numerous inveatigators have reperted adsorption of phage upom
strains of bacteria thet were inetpabio of supporting their mumltipli-
catior, 4Applemens (1922) recorded adsorption‘by both susceptible and
resistant bacteria of the seme strain. Rakieten ard ce-workers (1936~
7-8) foumd that a nunbér of lnrelafcd orgenisms such as enterocoeci amd
cortain members of the Bacillus greup would adsord stephylocoecus phages.
Henry snd H?nry (1946) obtained resistant variants of a strain eof
Staﬁgxlocooena pyogenes which adscrbed phage ﬁs readily as the sensitive
perent strain, and Craigie. (1946) pointed eut that various mutants of
type 11 Vi phage were as rcadilyvadaerbod by phage-resistant Vi ;traina

of Salmonella typhosa as by the sensitive strain,
In a series of papers (Burmet 1927, 1929a, b, Burmnet and MeKie
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1939, 1930), the thesis has been put forward that suseeptibility to
lysis by phage was noro'or lelafdiroetly related to the antigenie
sirueture 6: the bacteria eoﬁeornod. Phage specifieity like antibedy
speeitieity was primarily determined by the ability of phage particles
to be specifically adaorbed to certain antigenie constituents on the
bacterial surface. The relationship between antigenie atrtetur; and
Phage sensitiveness has been recorded in a number of bacterial specﬂss;‘
salnonﬂlla, dysentery, cholera, an§ staphyloeoecal phages, have beem
shown to reaet specifiecally with a speecifiec surface polysaccharide
(Burnet, Keogh, and Lush 1937, Delbruck 194¢, Freeman 1957, White 1936);
with eertain phages such as typhoid Vi phages, adsorption is specifi-
cally related to the presence of Vi antigea..

The pessibility that a specifiec polysaccharide amtigen of the
bacterial surface is econcerned in the specifie adsorption of phage is
further suggested by the cbservation of Levine and Friseh (1934) that
certain bacterial o&iraets;_proparod frem bacteria of the salmenella and
shigelle groups, could specifically inkhibit the lysis of the homologous
organisms by phage. Similar ebzservations wers reecorded by Gough nnd.
Burnet (1934) who feund that the phage-inmectivating agent (P.I.d.),
present in bacterial extracts, consists mainly of the speecific poly-
saceharide somatic antigesns.

_ Fhages are sctive antigens, and it has been shown that the
specific antibodies unife dirgetly with ¥lo phage surfece (Andrewss and
Klferd 1933, b, Burnet 1953e, 4). '!o explain thcl experimeatal facts of

insetivation of phage by both antiserun and phege-inactivating ageant, it



was postulated by Andrewes and Elford (1933b) and Burnet (1934) that

the phage surface consists of & mosaic of two kinds of aetive groups

or receptors - A and B ~ the A—reeeptor; determining the antigenieity
and serologioel speeificity of the phaze and capable of bdeing imactivated
by specifie antiserum, the B-receptors serving as the specific point of
attechment to susceptible bacteria and capable of being inactivated by
extracts of susceptible bacteria which eontain phage-ineetivating agents
in a suitably active form. :he phage~inactivating agent combines with
the phage and bloéks the B-receptors whick have sn affinity to the bacte-
rium,

On the basis of the above ihoory,.adaorption may be regarded
a8 an interaction of complementary chemieal groupings on the surface of
the phage perticle and the surface of the bacteria, in a manner similar
to the combination of amtigen and antibedy.

Recent observations hewever suggest that the mechanism of phage
adsoyption byvita host c¢ell may require loro>than the direct interactioen
of complementary groupings on phage ard host cell, dnderson (1945b)
observed that eoliphages T4 and T8 were met adsorbed en the hoat eeils
in a synthetie aumonium lectate (F) medium, but that the activity of
these phages was greatly eahanced by the addition of L-tryptophane at
concentrations as low as 14 micrograms per ml. The dPacteriophages Tl
and 17 were found similarly te reqﬁire ecertain amino-acids such as
iseleueine, morleucine, and methienine for adserption (;nderson 1948) .

These substances, whiech have the power of promoting adserption

of phages on their host éella, were called "adscrption cofactors®, The
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inactivity of D-tryptephano and many derivatives of L-tryptophane ia
whieh the L-amine-aeid grouping has been tampered with, suggests a
speeifieitf in cofaetor phenomena ccmpareble te that observed ia enzyme
systems,

It has beer suggested by Delbruck (1948) that adserption of
phage on ita host eell may aetuall} occur in twoe steps, invelving first
a physical eadsorption thet is staties in nature, seeomdly the “invasi on®
of the host cell, meaning & chemical reaetion, presumebly an ;nzynati-‘
cally controlled process, by which the physieaily adsorbed partiele
effects an entry into the host cell., Cofactors may be involved in the
segond stage of the remetion end ect, either as a cement substance in
the speeific combination between phage and host receptive spots, or as
a sort of coenzyme 1r whose presemnce the phage partiecles, during their .
chence encounters with the host ecells, are able to beeeme attached to
them and begin their parasitic aetivity.

») Latent Period of Imtracellular Bacteriophage Multiplication:

Following adsorption of the baetoriophage‘to the bacterial hest
cell, there is a latemt period during which phage multiplicatiom oeeurs
ingide the bacterizl cell before disselutiem or lysis oceccurs. During this
period, multipliecation proceeds hehind the cleak of the ¢ell wall, and the
result is not revealed until the cell lyses.

The number of phage partiecles formed by each bacterial cell
during the latent peried has been determined by the use of two methods.
The first method, devised by Burnet (1929), comsists essentielly im di-

luting a saspension ef infeeted bactiria to the point that small ssmples



of the dilution contain no more than one infected bacterium. These
aligquot samples are incubated until lysis occurs, them each sample is
plated to determine the pheage yield of the single infeeted bacterium.,
In this way it is possible to follew accurately the first stage of
phage multiplication and to calculate the yield of phage formed by &
single bacterium. |

The other method, eriginally used by Ellis and Delbruck (1939),
is regarded as one of the most impertant econtribution to phage resoéreh
in reeent years. It involves the mixing of bacteria and phage in nutrient
medium at high concentration for a short period to ensure rapid adsorption
of the phage on the hoat eéll, and them dilution of the mixture several
thousand-fold, so that any phage released will not be further adsorbed.
Periodieal titretions are ther carried out on the diluted mixture. It is
found that for each phage, under eonstant econditions, there is a definite,
aecurately reproducible period, the “constant period", during whieh no
change in plaqﬁe count occurs, folloﬁed by a "rise périod' during which
the.plaque eount inereases sharply due to libérltion of pﬁage from bacte-
ria infeeted during the initiel adsorpiior perliod, After this the plague
eount levels off and becomes constant., By this method, one step in the
growth of phage is isolated, namely the step of the liberation of phage
from the baeteria infeeted during a short initial adsorption peried.

By means of “one-step" growth experiments, Delbruck and Luria
(1942) fere eble to determine qﬁantitativcly the two important elements
whieh echaracterize the life-cyecle of phage in susceptible host, nemely

latent period ard burst size. By knowing how many bacteria were origimally



added but not adsorbed, the average yield of phage per bacterium, i.e.
the burst size, was computed. In all cases this number was found to vary
enormously from a& few to around 1000.(Delbruck 1945b).

Following adsorption of phags to the host éell, certain reaetions
are set iIn metion reéulting in experimentally determinable changes within
the phage-infected host cells, Thuas the respiratory rate of the infected
e¢ell is not impaired but it also deoes mot increass, as it wouid in the
uninfected bactofium (Cohen and &nderson 1946). The ability on the part
of the bacterium to form‘adaptive enzymes has 8lso been lost (Monod and
Wollmen 1947). The infected cell no longer undergoes cellular division
and cannot be made to do so by eny known means (Cohen and Anderson 1946,
Luria and Delbruck 1942).

T™e feilure of the infected cell to divide however does not
appear to interfere with the process of phage multiplication. Krueger and
Fong (1937), Scribner and Krueger (1937) eouid, under well-defined experi-
mental conditions, inhibit bacterial growth and still get phage production
to continue at a rapid rate. Northrop (1839) reported a large increase in
phage around pH 5.5, although no inecrease in the host cells (Bacillus
megatherium) occurred. Price (1947) found that phage will increase a

thousand~fold in Staphylococcus muscae cultures whose multiplicatien had

been inhibited by peniciliin. Spizizen (1943) reported phage multiplication

in Escherichia coli in glycine anhydride, a medium which does not support

bacterial division. The question hasz besen answered more clearly by the

finding that Eacherichia coli rendered incapasble of multiplication by ultra-

violet, or X-irradiation, or mustard gas, still support phage multiplication

- (Anderson 1948, Rouyer and Latarjet 1946, Herriott and Price 1948).



Krueger and Baldwin (1937), Horthrop (1939), and others, have
claimed 'éhat phage synthesis was th§ autocat&lyﬂc cénvers[on of prerom
cellular protein (phage precurser or ﬁrephago) into phage., If this were
the case, fho number of steps in the precess 61‘ synthuizing‘ntivo phage
from ingctive precursor would be expeeted to bs very small., On the econ-
trary, numerous investigators have shown that a grest many steps are
essential in the synthesis of phage from simple eompounds in the external
environment of the host cell. _

Coben (1948) and Kozloff and Putnam (1950) have shown by isesope
methods that the greater part of the phesphate in tiu deroxybonucleie acid
of the T series of phages ccmes frem the modiun and pot from kmecterial
nucleic acid. Using the same method, Kezloff et al (1950) have found that
the medium i{s also the soures of the mejor part of phage nitrogen, only a
2mall portion of the baoterial nitrogen being utilized in the synthesis or.
phage protein and nucleic acid.

Spizizen (1943) attempted %o connect phage growth with specific
aatrient sources by traasferring inroétod cells 1nt§ solution containiia
single metabolites., The results showed that compounds such &s 4C-dicar-
bexylic acids, various coemzymes and phesphorylated cpmpounds, play def-
inite roles in the matabolic reactions of the cell whieh make phage mmi-
tiplication possible. |

Another approach to the préblen of intracellular phage multi-
plication ks involved the use of antimetabolites and reapiratory inhib-
iters. Spizizen (1943) reported the imhibitien of phage mmltiplieation
by very low concentrations of cyamide, iodoacetate, arsenite, 2,4-dinitro-

phenol, and p-aminophenocl. The sulfenamides alse imhibited phege multi-



plication but the inhibition was relieved by the addition of p-amino-
benzeic acid (PABL), Fitzgerald and Les (1946) observed that inhibition
of the multiplication of a eeliphege by 2-amimo-9-(p-eminophenyl)-
aeridinium chloride could be relieved by ribonueleic aeid, suggeiting

that seme eellular mechanism invelving mucleie ae.id or a related sabstance
is essential te phage riprodnotion. Cohen and Fowler (1947) have reported
a deteiled study of the inhibitory astion ef S-methyl tryptopheme on T8
synthesis. S-methyl tryptophane (5MT) has been shown to be a spescifie
compesitor of tryptophane in protein symthesis,

Frem these studies it is evidemt that phege multiplication is
dependent or certain specific cellular reactions and dees mot occur if
the respiration of the infected eells is blocked in ome er anether manmer,

e) Lysis and Phage Liberatien:

As d'Herelle (19268) had eariy suggested, and as quanditative
‘atnd:les hzve since shown (Delbruek 1942), f.ho infeetion of & btmeterium,
after & latent period characteristie at‘each phage, is followed by lysis
of the bacterium with liberation ef & large mumber 6: new phage particles,
Under conditions of ome-3tep grewth, the release is manifested by a rapid
rise in the plague eount until all the originally infeeted bacterie have
liberated their share of newly-formed phage pariicles., Massive lysis ef
a bacterial eulture with subsequent liberation of phage seems to 6ceur
whexr the number of phage particles is greatly in exeess of the number of
bacteria. nio threshold value differs im different phage-bacterium systems.

¥ithin eertain limits the munt of phage particles liberated by
one bacterium (burst size) is independent of the number ef phage particles

originally ‘adserbed. It appears that if mere than one particle is adserbed,
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orly ome of them actively 1vndueos the productien of more phage. When _

& large number of phage particles are adsorbed to eme bacterium, the
cell will be attacked from without, and will be lysed in a few minutes,
In sueh an instence there may ‘io,ne, inerease in the amount of phage and
2ll the adsorbed phage may be loat. The cell begins $¢ swell up at one
erd, gradeally all parts sweil and the cell assumes an irregular shape
and slowly redo.s out (Delbruck 1940b, 1942). Delbruek (1940b) refers

t0 lysis under fhese conditions as “lysis trom without" :1n§6'lysil
o¢ceurs without phage grewth, as oppéscd_;to the ususl pr;coss when lysis
follows the maltiplication of phage within the cell - "lysis from
within®, Lysis frem within occeurs after the adsorption of oio or & fow
partieiu, but not @til the phage has multiplied to the threshold value.
Delbruck (194%) postulates that when phage and bacteria are mixed so that
there is an excess of phage over bacieria, only ene parficlo enteras the
dell and that the cell membrane then becomes impermeable to other parti-
cles of the same phgo. This "exclusion® is aiao seen when excess of tfo
imnmunelegically unrelated phag;a is aédoi to a bacterial cultiure suseep-
tible to both. The phage liberated from sach bacterial cell is of ome
kind eniy, the first phage to enter exerting an exclusior effect on the
others, The effect appears to be aimilar to the interference phenomenon
observed with aniwmal amnd plant viruses, the first exsmple of whieh was
described by MeKinney in 1929.

The occurrence of phage lysis cen be observed in mass eultures

by the ¢learing of th_o turbidity or it ean be obasrved with individwal

cells under the mieroseops. Direet microscopic observation usually shows
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swelling of the bacterial cells in the early stegea of the prosess
(Hetler and Bronfemdrennmer 1932, Delbruck 1940b). The swellen cell

.-ny disintogéato explosively giving rise to a cieud of granular debris,
or the outline of the cell may fade out Quickly and the cell may dis-
appear without the liberatien ef the grtn;ltr eloud. Photomicrographic
moving pletures.ef lysing cells, tsken by Bromfembremner, Muckenfuss, .
end Hetler (1927) and Bayne-Jomes and Sardholxzer (1933), hxve shown that
the eell semetimes aiolls up and sometimes fades out withont any change
ef shaps., It appears that phage lysis oceurs in several different ways,
according te the nature of the phage and bacterium involved.

Electron micrographie studies of Escheriehia coll wndergoing

phage lysis (Luria, Pelbruck, and Amndersen 1943) have shown the adsorption
of the phage partiecles on thé host and after the predicted time, the lysis
of the hest with liberation or_a large number of nev phage pgrtieles.
Quantitatively, there wvas agresment between the number of pc;tieles visible
or the micrographs and the number predicted om the basis eof grovtﬁ experi-
‘'ments for whieh plaque count assays had booh made, The micrographs revealed
that the phage particles were liberated from the interior of the basterial
cell, for they were not visible on its surface up to the moment of lysis.
There was no 1ndic:tieﬁ h§wevor in whieh peﬁt of the tecterium the phages
were produced, Ihethor in the deep interior of the cell or close to thei
inner surface of the cell wall, In cases of multiple infection, the
infecting particles of phage, of at least the majority of them, seem not

to enter the cell but to rqnain‘attaehed tonthe ocutside of the bacterial
coll wall, Along with the phage particles, the lysing cells also shed

protoplaémie material ef uniform granular strucsture., These particleas were
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liberated from the cell in great abundance and seemed to constitute

the bulk of its protoplasm, In a later stage of lysis, “ghost cells"”,
that 1s, empty cell walls from which all eomtent had beem liberated,
were seen surrocunded by phage particles and protoplaamie granules.

Hblos of various sizes were visible in these bacterial cell walls.

_ The maehnniam of the actual lysis of infecied bacteria is not
uﬁdorstobd and very little is yet kuown ef the nature of the materials
present iﬁ the-lysate. A number of workers have recarded observations
whieh seem t0 indicate that, im the process of lysis by ﬁhage, ene or
aovcrai lytiec enzymes secreted either by phage or by bacteria undergoing
lysis, are imvolved., a&'Herelle (1926) was the firat to postulate the
liberation of a lytic emsyme by phege at the time of lysis. He reported

that & resistant strain of Escherichia eqLi would underge eemplste or

aimbat ecomplete lysis in an envirooment comtaining phage and & suseceptible
strﬁin of Escherichia coli, He atated that the cause of the dissolution
of the resistant strain, under these conditions, was the elaborationm of
an enszyme - a lysin - by,ﬁhe bacteriophage, Thiz lysin, he claimed, was
produced.during the mnitiplioation ef the phage at the expense of the
suseeptible strain of bacteria. Similar observations were roportéd by
Bakieten (1933), by Evens (1940), and by Wahl and Jes.se-Biochot (1949)
with resigtant strains of staphjloeoeci and streptecocci,

The observations of Sertie (1929) amd Sertie and Beulgekev
(1939) also presemt evidence in faver of tﬁo view that & lytie enzyme is

secreted by phage. Investigating Eseherichia eoll phage, Sertic deseribed

a sort of "hale", that is, a lysed zoms free of the transmissible lytic

prineiple, aurrénnding the plagues clarified by phage. The non-transmisg-
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sible active agent in this zone was eonsidered to be a lysin., It sould
be odtained by glycerol extraction as well as by ultrafiltration of the
phage.

The Wollmans (1932, 1933) observed that in the pressnce of a | |
growiag sensitifo strain, phage mai lyse not only dead bacteria of the ‘
sensitive strain, but alsc reszistent livimg bacteria. They regarded
lysis under these eonditions as being due indireetly to the bacterio-
phage which releases specifiec enzymes from the bacteria undergoing lysis.

Pirie (1939) separated an enzyme frem normsl Eseherichia eoli eells whieh

attacked baétorial ecellular polysaesharides from homologous heat-killed
¢ells, She was unable to demonstrate such an enzyme in concentrated phage
preparations, Her resultis révor the view of the Wollmans,

Delbruck (1943) !xprossodlthp opinion that the phenomena described
above ars probably naniréatationl of the autelytic enzymes of the bacterial
ecells, whieh are liberated when the host cell i3 lysed by the bacteriophage.
At any rete the mechanism by whieh resistant strains of bacteria are lysed,
in mixed cultures with sensitive strains and their baetoriophages, is still
obseure, Farthermore the presecnae of an enzyme which decapsulates both
living and killed cells ot_xlobsiélla poewmoniae has been réported to be
present in a phage lysate (Hnmphrios 1948) .

v) Antigenieity of Bacteriophage: A
The fact that a baecteriephage could funciion as a specifie

antigen was first established by Bordet and Cuiea (1921)., They showed

that following repeated injections of lysed culture, the serum of the

rebbit eould insetivate the homologous phege. They also found that this
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inactivating power was not preseat 1n entibaecterial sera produced by
immunizatior with the susesptible bacterial culture.

The reaction between phages ané specifie sntibody has beea
‘demonstrated in seversl weys: a) by inhibitiom of phage lysis, i.e.
neutralization; b) by agglatin#tion ér phege partiecles; and e¢) by
the agglubimation of phage-coated baeteria by entiphage sera. There
is evidenee that the phage-sntibody reactions are esseatially similar_té
other antigen-antibody systemﬁ. When & suspension of phage is mixed wikh
specifie antiserum, the phago partiecles are rapidly "inactivated®, that
is, they lese the power to attaek basteria ard to nnitiply. !hié in-
activation is due to the union of the phage partieles with the antibody
(Delbruek 1945). The presence of satiphage serum strongly imhibits
adserption of the phage en the bacterisl eell., According to Burnet et
sl (1937) residusl phsge partiecles not inactivated eemplétoly'hy;tho
serum are adﬁorhod onto the bacteria at the usual rate qnd-nhltiply as
if the sofun were not present. Already adsorbed or intracellular phages
appear %o be eompletely insuseeptible to tha action ef evem strunmng
specifie antiphege serum, a protestive effect of the ¢ell which is seen .
with other viruses. Every infected cell treated with anfiphage aerum
during the latert period of phage growth iz lysed at the expected time
and liberates its Rormal yield of phage (Delbrusk 1945),

The union between phage and antiserwm is not roveraibio
(Hershey 1943), but the phage is mot demaged. Ealmenson and Bronfen-
brekner (1945} have recovered active phage by digestiorn of the phage-~
antibedy eomplex with papaimn. Andrewes and Elford (1933a) have demon-

strated that meutralization of phage by antiserwm fellows a “percentage



lew"; +they showed, with three coliphages and ecerresponding antisera,
that a givea concentration of ant;sorum &cting for a given period of
time will neutralize a constant percentage of phage irrespective of the
concentration of phage over a wide range. This behaviour has beem com-
firmed by Burnet, Esogh, and Lush (1957), and by Kalmanson and BEronfen-
bremaer (1942) and is generally boliovoé to indicate that the particles
are inmetivated irdividually and not by eggregation., The results suggest
also the heterogeneous nature of a phage population, a.cortain percentage
of the particles being less readily noutralizoé by antiserum thsa ethers,

Experiments by Burnet (1933e) have shown that smell plague
large particle phages ecan be spoeirienily ageregated by homologeus high
titre antiphage serum if the conceqtratio; of phage exceeds 10 billions
perticles per ml, In amother experiment (Burmet, Keogh, and Lush 1937)
it was shown that formalin-killed bacteria heavily coated witi phags are
agglutinated by the hemolegous antiphage serum bnt:not by the heterelegous
serum. This indicates that the phage is still able.to reset with anti-
serum when &dsorbed to & killed dacterium.

Serological specificity is a highly constant charaeter of a
 given straim of a baeteriephage (Andrewes and Elford 1953) and is ia-
dependent of the host oa whieh it is growa. The sorologieil classifiea~-
tion of phages has proved to be the eonly signirieant one (Burnet et al
1937, Delbruck 1946). Cross-reactions ocecur with rolafed,phﬁgca and their
antisera, and by stﬁdying theso, it is possible to arrange a large number
of phages in serolegieal groups. ﬁurnet (193%a) has recognized 11 differ-

ent serologiecal groups of phages acting en Eachﬁriehia coli alone. 3Sero-

logical studies by Delbruck (1946) and Hershey (1946a) on the members of
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the T systiem or phages of Escherighia coli, strain B (Dmereé and Feno
1945), have shown the seven types called TL, T2, ----- 77 %o fall imte
4 unrelated serological groups as follows: T1; T2, M, 'TS; ™, 7;
75. 4ntiserum against a phage belonging to any one of these groups has
Ro detectable action on phages in any of the other greups. The relatien-
ships within groups are exemplified by the cress-reactions among tho even-
aumbered phages. Fhages which belong to the seme serological group are
closely related as far as size, shape, and other merphologieal eharaeters
are concerned. Thus, m, T4, and 76 are tadpole-shaped and nérpholegi-
ecally identical; T3 and T7 are spherical, about 45 millimierens ia diame-
ter and they de not have tails; T1 end TS have tails but the heads are
spherical anrd greatly differ in size (DeXlbrueck 1946).,

The nature of the phage imactivation by immune serum has been
discussed by Amndrewes and Elford (1935h) en the basis ef the hypothesis
that the phage surface is & mosaiec of two entities, one A.C. (antigemic
eomponent), responsible for the serological specificity and the other
B.C. (haeforial component), serviang as a specifis poiant ef attaoﬁnsnt to
suseeptible bacteria and ﬁnt.mining the "resistance group" of the phage.
With the union of antisody to the former ér the two entities a progres-
sive blockiﬁg ef the second aét occurs, eveatually remdering it impossi-~ ‘
ble for the phage to meke specifiec contaet with and to lyse the suscop-
tible bacteria. Buraet (1934) h;s made wse of this hypothesis to explain
phage imastivation by P.I.d. of bacterial extreets, in which ease it is
the mosaiec ecmponent directed toward the bacterial surface (B.C.) wkieh

is affected.
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C) THE STAPHYLOCOCCUS BACTERIOPEHAGES:

i) Distridution in Nature and Methods of Isolatien:

As mentioned previeounsly, a baeteriephago should be looked for
in the natural habitat of its host. Therefore, a bacteriophage specific
for one or more strains of staphylosocous can be igolated from nasal
passages, the skin, or from acute staphylococsus infeetions such as
carbuncles, furuncles, and various iblceasoa of man and animal.

d'Herelle (1921) repeorted the isoclation of a staphylocoesus
bacteriophage from the pus of am infected finger. Eight drops of the
pus were put into 20 ml., of broth, incubated 24 hours, and filtered.

The filtrate was active oa albus but not oh aureus strains of staphyl-
ococel although both strains were present in the pus,

Callow (1928) demomsirated the presence of a phage active on
Staphylogoccus nxoggggi in the pus of a series of 16 staphylocoeecus in-
fections, Sterile swabs containing pus from the boils were streaked
(1roet1y.on plain and bleod-sgar plates. Growths were examined om the
ngxt day and the indiviaiai colonies migutely searched for irregularities
suggesting lytie ehangeaf Only in two cases direet streaks frem pus
yielded irrdéul&r colenies, in_all others tﬁo lytie prireiple was obtained
after the following mamipwlations: Pus swabs were plased eack in 10 ml.
of broth (pH 8.0), and incubated at 37°C for 4 heurs, The tubes were thea
placed in the icebox overnight, centrifuged and filtered through a Berke-
feld filter. Each filtrafo was tested against the autegenous strain, i,e.
against a strain derived from a nermsl colony of the same boil. 0,1 ml,

of an 18 hour broth eulture of a Staphyloooecus pyogenes straia which had

been recently igelated from a boil was added to 2 ml. of broth to whieh
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0.5 ml. ef the suspected lytiec filtrate had heen added. The mixture
was incubated at 37°C for 4 hours. - Streaks of the mirture were made
t0 plain agar plates at 2-hr. and at 4-hr. intervals. Lytiec aetion was
recognized by characteristic moth-eaten areas in the streaks, by irreg-
ular ecolonies with edge showing evidence of lytie changes, amnd by colenies
with mottled surfaces, In the absence of any evidenee of lytic actien in
the first generation, the experiment was carried through a second or a
third generation, and so forth, By this technique, Callow demonstrated
that in two of the 16 staphylocoseus infections the lybie prinoiple was
aetive against the autogenous strain as well as against other staphyl-
oeogous strains; in 6 others it proved lytic for one or more heterelegous
strains, bui.not Tor the homologous strainm, in spite ¢f repsated tests,

Other sources of staphylecocous bacteriophages are the so-called
"lysogenic® strains of ataphyloeoeéi. Such strains are contaminated with
iatont phaées which can be deatected by Figk's oress~testing technique
(1948) ., The method consists in streaking om egar plates ever a small
area,-a loepful of a broth eulture of the staphyleecoecus strain to be
examined fer the mesence of latent phage, and in spotting the same in-
oculum or other strains at points along this streak, In this way a heavily
inoculated apet superimposed on a less heavily inoeulated streak is ebtain-
ed, ifter am incubation period of 6-8 houra at 37°C and at room tempera-
ture overnight, phage action is revesled next moruing by the formation of
Plagues whiéh vary in size ard mumber, From these plagues a phage ca3n be
isolated and propagated on suscseptible strains.

By follewing the aforementioned procedure, Rountree (1947a)

igolated 5 different lysegeniec straina and the appropriate suséeptiblo
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propegating strains from & series of 40 cultures of Staphylococeus

pyogenss whieh had been isclated from various pathelogieal conditionms,
Basal mucosa and scrapimgs of seurf.

Staphylococecus bacteriophages have alse been found in sourees
other than infected tissues. Nerthrop (1938) stmdied a staphylocoeccus
baeteriophage which had been isolated frem house flies by Glaser (1924)
and by Shepe (;927); | -

The 1sol§tion of phages for members of the coll-dysentery
group of organisms by conventional phage technique has been shown to be
a relatively simple matter. However, application of these methods te
denonstrate staphyloceccus phages has led to less frequent swceess,
Ageording to Fisk (1942) the common inactivation of staphylecoccus
phages, possibly by adsorption, by tissue eells and various mieroergan-
isms ineluding sﬁscoptiblo and resistant gtaphylococel, probably pliy a

part in the difficulties enecountered in their isolation.

i1) Physieal and Chemieal Propertiss
" a) Morphology and Size:

ﬁo little research that has been done on the morphelogy of
staphyleecoccus bmeteriophages has shown it to be somewhat similar to
that of the better known coli-dysentery phages. Elford and Andrewes
(1932) estimated the particle size of a staphylocoseus phago'lng by
means of graded eollodion membranes and feund it $to be of the same size
as the ltrgoét particle of coli-dysentery phages, namely $0-75 milli-
niereas. Judginé from the plagque size Burnet and Lush (1935) reasoned
that all the ‘aureus' phagea under study should be of aﬁprexinately this

particle size.



Horth?op (1938) has made extensive studies with purified
preperations ef staphyloéocens phage. Fram the rate of sedimentation
in the ultracentrifuge, a value of 80-90 millimicrens (molegcular weight
5x108) was obtaimed, im fair agreement with that obtained by Luria,
DBslbruck, and Andersen (1943) by means of the electron microscope (100
millimicrons). |

Smiles and co-workers (1948) have also used the electron

mieroscepe to examine concontrntéd pr;parations of phages frem filtrates

of lysed eultures of the Oxford "H" straim of Staphylococeus pyogenes.
This bacteriophage was found te ﬁa;e & round head opagque at 50 kV.
electrons and a relatively long slender tail. Measurements of the head
indicated & diameter 50-60 millimierons, and a tail leagth of 200-350
millimjcrons., The presence of eonsiderable execeas of 'free tails' and
the asséciutien,or phdge with massesz eof 'tibrillar!_;aforial, parficular
in the early stages of pﬁririeation, led them in doubt as to whether the
tail vas an easential pert of the phage's morpholegy.

») Chemical Composition:

!ho chemical compesition of & staphylosoceus phage haa been
reported by Northrop (19%8). Following the ehemieal procedures previous-
ly employed for the purification of enzymes, he isclated from staphyl-
ecoceal lysates a mnércéolécular nucleoprotein bhaving the activity of
bacteriophage and possessing i.ehemieal compoaition grite sinilqr to that
ripqrtod for the coli phages., Detailed studies of the isolated nucleo-
pretein shewed that it was homogeneous in the ultracentrifuge and md a
sedimentation censtant correspomrding te a noiocular weight of about

300,000,000, It was very unstable and was denatured by aeidity greater
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than pH 5,0, by temperatures over 50°C for 5 minutes, arnd by glycerine,
alcohol, and acetone. The loss ir aetivity by heat, acid, ard ehyqo-
trypsin digestieon was found to be roughly propoftional to the amount of
denatured protein formed under these conditions, dn analysis of the
phage preparations diselosed 14,1, 5.0, and 1.5 per ecent of nitrogen,
phoapherus, ard carbohydrate respectively.

e) Growth Requirsments:

It is well known that medis which are adequate for baeterial
nnltiplicafion de not mecessarily suppert phage mmltipliecation, Price
(1e47) found that in staphyloeoceal aystems, nicotimamide had to be added
" to the medium to support phage multiplication. Rountree (1949®) reparted
that for seme phages belonging to serological greup A, although a rise in
phage ceunt occurred after 100-110 minutes incubation, no elear-sut
evidence of burst could be obtalned unless 0.002 milligram per ml., tryp-
torhane was added to Todd-Hewitt broth (1932). Work im progress with
phages belonging to serolegiecal group B and group ¢ indicated that thes;
phages require the additiem to the broth of factors present in the vita-
min B eomplex and of unknown factors that were removed from the breth
during its sterilization by heat,

4 number of investigators have found that many staphylecoccus
phages are diffieult to grow in broth (Burnet and Lush 1935, Fisk 1943,
Bountree 1949b), Burnet and Lusk (1935), in their study of staphyle-

eoccus phage, ieparted that the aureuﬁ ﬁhages which they investigated
.rell,1n$o three groups, which they ecalled "strong", "weak®™, and “inter-

mediate®, The strong phages multiplied well in broth (pH‘B.o) at 37°C
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giving complete lysis of susceptible strains and providing filtrates
(Seitz) with & titre of around 10° particles per ml. The intermedizte
phage could be grown in broth at 87°¢ provided care was taken te use
only a slight bacterial inoculum., The weak phages, on the e¢ther hand,
failed to show any appfeciable multiplication in broth wnder any eondie
tions of pH or teﬁperatura-triod. They produced good lysis on ome per
cent mutrient agar at 289C and stoek filitrates could be obtained frem
cellophane agar.platos.

Fiek (1942) found thmt his phages resembled Burnet and Lush's
'woak_phages in fheir.inability to producs iysis regularly in broth eui-
Yares. The phages examined by Rountree (1947a) did mot fall imto any of
the categories defined by Burnet and Lush but fesemblod the intermndinte
phage in their growth tempersture requirements, | ‘

éamplete eleafing of broth cultures iﬁroeted with staphyloeosceus
phages is more difficult to ebtain than with the coli-dyseatery phmges.-
This is probably due to the longer latent period eand smaller burst size
obtained with staphylococcus bacteriophages. For instance, Rountree (1949%b)
found that the liberation of same phages of serologicel group & :rom in-

fected staphylococei oceurred after & latemt period of 55-70 minutes, a

generation time which is long compared with that of Escherichia coli phages
or of other staphylocoecus phages with & gexneration time of 35 minutes. |
The average burast size determined for one phago proved to be 35, Merling-
Eisenberg (1941), using th§~nltrtmieraseepie method, found that the number
of phsge bodiea originating frem one iysed staphylococcus was usually 2 and

never more than 4. Therefore it is obvious why complete clearing of breth
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cultures infected with these phages is rarely seem; the greﬁth of the
staphyloceccus qniekl& outstrips that of the phage unlass the dose of
added phage is a large one,

The lower number of phage bodies obtained frem & staphyl-
ecoccus 8lso seems to suggeat an explaration for the lower tiire of

-staphylecoceus phage as cémpared with Escherichia ¢oli phege. The

average titres attained with staphylecoccus phages appear to.bo in the
neighberhood of 10> to 107% (MeIatosh and Selbie 1940). Merling-
Eisenberg (1938) reported that under identical conditions, the titre of

Escherichia coli phage seemed to be about 16~® to 10™Y and that the

number of phage partieles liberated traﬁ one Eseherichia coli varied from

150 to 350.
d) Resistance to Fhysieal amd Chemical Agents:

It has been shexn by Burnet (193%5b) that useful differemtiatien
amongst dysextery phages cen bo effected by certain biochemical tests,
for instanee, susceptibility to methyleme blue, ability te effect lysis
on eitrate agar, and susceptibility te inactivation by strong wrea selu-
tien., Using the same technique, Burnet and Lush (1935) applied these.
tests to the ataphylococcus basteriophages. Proliminafy tesfs with
1:50,000 methylene blue showed that 2ll the strong aureus phages were
cempletely inectivated after 2 mimute's exposure on the bemneh to bright
diffuse sunlight, Similar observatioﬁa with methylene blue had beean
recorded by Schultz and Krueger (leB)Iwith one staphyloceccus phage.
When the phages were expoﬁod te strong urea solution (27 per cemt) for

one hour at 37°C, all the aureus pheges were cxmpletely inactivated.
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The results obtained with eitrate ager showed that the strong phages
were not inhibited by 1.5 per ecemt sodium citrate while the intermedimte
and week phages were imhibited by 1 per eent and 0.25 per cemt sodium
eitrate respectively. |

Similar resulis were obtained by Bouﬁtreo (1947a). She found
that S out of 5 phages isolated from lysegemie eultures of staphyloeocei
were inhibited by 0,20 per cent sodium citrate whereas the other 2 phmges
were not inhibited by a concentration of 1,5 per cent sodium citrate.
ihus. by eitrate semsitivity tests, she could divide her phages into
¢itrate sensitive and eitrate reaistant phages and, on this basis, eould
elassify them as weak and strong.

Erueger and Baldwin (19035) recerded she irmsaetivation of a
-staphylecpecu phage by‘safranino, tho inaetivation effect Being partly
phetoaynghie. Levin end Lomingki (19%6) found that various lecithins
slightly imhibited a phage aetive minﬂ cexrtain str&ins of staphylocosei.
Iafer, in the same year, they reported thnt. chelesterol had a simiiar
action. |

'!I:he staphylesoccus bacteriophages ars much more inactivated by
heat than the great msjority of the eoli-dysentery phages. Certairn of
Burnet and Lush's phages, when firat iseclated were inactivated even at
37°C vut woi'o rdund to be strongly pret@eted againgt heat iﬁactivat[oﬁ
by serum, by dead bacteria, and by certain bacterial extracts (Burnet
end Lush 1935), Rountree (1849b) studied the effeet of temperature on
a series of ataphylo‘ooccual baetefiophagea by exposing them at 49°C for

1 hour. With two exceptions, in which the survival rate was 90-100 per
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¢ens, inactivation of the phages oceurred. Most of the phages delonging
to serological group 4 were deveid of activity after heating at this
temperature, but 20-30 per cemt of I phages in this group were viable
at the end of one hour. It was suggested that heat treatment of lysates
or of ecultures of ataphyléeocei is of no value in freeing such material
- from staphylecoecl since the phages are insetivated at lower temperajures
than are the bacteria. | |

4 aumber of workers have carried out experiments to determine
what action, if amy, penieillir lms on staphyloceccus bxeteriophages.
Neter and Clark (1944) reperted that penieillia in a concemiration ef
2000 units per ml, did not affect the lytie act;vity of a staphylesocous

phage for a susceptible strain of Staphyleecoceus pyogenes when the phage

was expesed to its action for 18 hours at 379¢., Similarly Jones (1945)
st&fod that a filtrate ef a staphylococsus phage was unafreétod by an expo-
sure of 1000 units of penieiilin per ml, for 24 heurs aﬁ 37°¢., Elferd
(1948) showed that penicillin in concentrations up te 100 wnits per ml, in
broth'or synthetiec medium, and in anﬁ test up to 400 units per ml. in broth,
was without sigﬁiricalt effect on staphyloeoccus K baeteriophage after 30
hours ineubation at 37°C. Rountree (1947&) also reported that pemiecillia

and penieillinase had »no demonstrableloftoet on filtrates of 5 staphyl-i

. ococeus pﬁdgos derived from ljsosenie streins of staphylocoeci. Lysis »y
penieillin of the strainms earrying phaso failed to release the phage inte
the surrounding mediwm. |

Various strains of staphylococeus phages vary in their stabil-

it&. Rountree (1949b) reported that eertain of the phages she used for
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typing ceuld be maintesined in the refrigerator for loné periods of
time without any loss in activity, while others showed a marked fall
-in titre er testing a few weeks after preparation. The unstablilphases
proved to be those which had been found more semsitive to a variety of
agents, Thus she found that ome of the unsteble phages (42D) l;s; ']
per cent sctivity after 90 minutes at 37°C in ono-quartof sffongth
Riﬁgor'a solution. The instebility of certain staphylecoceus phages

makes it necessary constantly to check the titre of the phages used fer
typing.

~e) Plagque Size:
The staphylococcus mmeteriopheges preduee relatively small

plaqnos,'and on reasorably firm agar, there isAottan great diffieunlty
1n ceuntiag tﬁqn. For any givea phage it is found that there is a Tairly
wide range of plague size, Burmet dnd Lush (1955) in their study of the
staphylococcus phages, found that all aﬁieua phagés produce small aﬁarp-
edged plzques ramnging 0.1-1,.0 millimeter 1n‘dialeter OR 1 per cent agar
at 229%. According to Rowntree (1949%) the plaque size varies inversely
with the concemtration of agar in the mediwm. It alse varies with the
brand of agar used., In her investigation a medium eontaining 1,25 per
cent of shredded agar was used, with added peptome, Yesstrel, and
Fildea's peptic digest of bleod, and the ﬁlaqnos grown overnight at
370C, This medium provided satisfactory eemnditions for the maximum de-
velopuent of plagque size, Among serologiecal group 4 phages, the mean
plague size varied from 0,33 te 0.7 millimeter, tho>ranso of individual
diameters being 0.1 e.l.e.millimater. dmeng the group B phages there

were seme whieh produced plaques up to 1.7 millimeter in diemeter. One
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phage (Xz) produced characteristie large plagques, whiqh were overgrown
by secandary'bactorial growth, giving a hazy appearance after overnight
ineubation,

111) Bacteriophage ddsorption by Staphylocoeei:

Staphylococous phages are adsorbed on all strains of Staphyl-
| ogocous pyogenes, irrespective of whether they lyse these strains or not.
Thus, Burnet amd Lush (1935) found that the phages which they desigrated
as “atrong” were readily adiofbod by all aureua strains imcluding those
which failéd to allow mnltiplicatién in broth. 7The "intermediate™ phage
Wehaved like the strong»phaéo, being adsorbed alnost‘oqnally wollkby all
sureus straina irrespective of whether th@y'wcro susceptible or insus-
ceptible to its astion.

Rakieten and his co-workers (1956, 1937, 1838) in a series of
studies on the adsorption of staphylosoceus phages conrirmnd this non-
specifieity and also found that a number or‘unrolutﬁd orgenismp such as
enterococel and certain members of the Baeillus group would adsorb staph-
ylecdocns phages; It was suggested that some portion of the antigeniec
censtitution of these organisms resembles that of susceptible stephyl-
ococel, and that it is this factor whieh is respgnsible for their
staphylocececus-phage-adsorbing quality. The adsorption ef stephylococcus
phages by organiams other than ataphylococei therefore reveals evidenes
of heterogenetie ;nticenic relations between staphylocoseci and otherwise
totally ‘u_nreluted organimus (Rakieten et al 1936).

The adsorbability of the staphyloceccus phages studied by
Baﬁntroe (1947b) seems to be eerrelatgd with the coagulase production of

the hoat colls.' Phage adsorption teasts using heat-killed cultures of
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staphylococei were made with 3 groups of phages: (a) those which lysed
coagulase-positive staphylececsi of humam erigin, (B) those which

lyssd coagulase-positive Staphyloeocci of animsl origin, and (e) those
whigh lysed ecoagulase-negative staphylesocei of humsn origin.” ihe plrges
of class (e) gnd (b) were inmectivated and presumably adsorbed on heat-
killed eoagﬁlnse-positive cultures whether they were able to lyse the
intaet cells rrag sach eultures or not. On the other hand, there were no
observable reactions between scoagulase-positive and ceagulnso-n;gativo
phages and c¢ultures, The prescnoe'or 0.5 per cent sodimm ecitrate inhibited
multiplication of phage in liviig susceptible cultures but did not imhibit
adso;ption._ Vigeid mutants of siaphylocooei were resistant fo lysia oy
phages lysi#g the pareant strains, but still adaors;d them,

s mentioned previously, the studies of Burnet (1929 - 1954) have
dshonatratod that adsorption of phages which attaek baeteéiu of the oﬁteric
group is largely determined b} the mature of the surface antigens of the
bacterial eell. This comcept has been sirengthened by the discovery by
Levine and Frisech (1933, 1934) that extracts prepered from suseeptible
bacteria have the power of 1n;ativat1ng phage. Staphylococeus phages xve
been found by a mumber of investigators to behave in a similar manner toward
extraots derived fram the bacterial cells, Rakieten st al (1938), working
with sfaphylococei and staphylecoceus phages, could prepare watoiy axtracts
of bacteria whisch inhibited the aetien of phage. Thess extracts were heat-
stablo; being asetive after gutoclavins, but were deprived of phage-inactiv-
atins ability by filtration through Chamberland L3 ard L5 eandles, and
Barkefeld and Seitz filters. The phage-inactivating property of the ex-

tracts was lost on precipitation with homolegeous anti-bacterial serum, It
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was found that the ability of a given extract to inactivate a bacterio-
phagq was largely dependent on the susceptibility of the culture furnish-
ing the extract, the most potent extracts being derived froa highly ;ua-
ceptible bacteria, They were unable te demonatrato‘phgge inaetivatien
by extracts from resistant staphyleeéoci.

Rountree (1947b) preparod lysates from a number or'eoasulaso-
positive human straina and examined their phage inaectivating pemer, The
results showed that lysates frem strains of coagulase-positive heman
staphyleecocci 1naetivtteq all the phages of this group, but that therse
was 20 inactivation by these lysates of the phage lysing the coagulase-
negative human staphylocoecus.

Various methods of chamical fractiomation of the lysates have
been carried out in an attempt to separase the eomponemt responsible fer
phage inactivation. Bnrnot and Lush (1935) reperted that staphylocoecus
phage is lpoéifically bound to an antigenic complex frem whieh the pely-
saceharide haptene can be derived. Working with ome of iheir phages,
Freeman (1937) found thaf precipitation of mucleoproteia from extracts
prepared by giindigg staphylococci in a ball mill removed the phage-
1nactivit1n5 ‘ctivity of the extraet. By tryptie digestion of this
nuclecprotein eompLex, polysaceharide material was obtained which pos-
sessed phage-inactivating power, ‘

On the other hand, Rakieten and Tiffany (1938) found that
protein fractions from whole cultures of staphylocoeei possessed phage
inactivating activity. Phage adsorption tests with intact cells, with

lysates, and with fractions ef the lysates, performed by Rountree (1947b),
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suggested that nmucleoprotein msy be invelved in the adaorptibn ef phege
by staphylecocci. By the ehemical fraetionatien of & number of lysstes,
& protein fraction was isolated which, when tested for phage-inactivating
getivily, was da active &8 the original lysate. It was found that coag-
ulase-positive staphylecocel of human erigin, whether phage susceptible
or not, all possess & common Ausleoprotein component situated at the
surface of the cells on ihiéh phage adserption may take place. Ho work
was dome en the n@tn:e of the phage-inactivating aéent of the coagulase-
negative strains, buf since no eress adseorption occurred with these
afrains ahd the c;agula?e-ﬁbsitive phages, it would appear that the spe-
ecifie nucleepretein of the coagulaao-pcéitive btaphyleeocci is absent from
the eqagulase-negative strains,

Rountres (1947a) studied the mdsorption of phage By penicillin-
treated staphylococci. She found that staphylocecei after 3 houra' contact
with penieillin, but noet lyased by it; adsorbed phage as readily as~normal
staphyleooéci. On the other hand, staphylococci completely lysed by
penicillin railqd to adsord phage. It appears that the disruption of the
staphyloceccal ¢ell, as & result or ﬁen1c1l11n ag¢tion, destroys the surface
moleeular configuration which is concerned in the phage adsorption.

iv) The Phenomenon of Lysogenicity im Staphyloeoeei:

Destruction of the basterial host cell is not an essential char-
scteristie of bacteriophage. is mentioned previously, seme baéterial eul~
tures are knewn to e¢arry phages with them which fail to lyse an appreciable
proportion of the cells in the eulture, Such “carrier" strains are resist-

ant to the'phage earried; +they harbor the phage and.s;crete it, but show
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no pathological symptoms. These strains have been called “lysogenie®,
aince filtretes of c¢ultures of them will contain the phago*whieh can‘be
demenstrated by its eapacity to produce lysis and plagues when allowed
to aet on other sensitive or "indicator" strains, The 1ndi§afor strains
usually belong to the same apéeiea of b;ctoria as the cerrier strair,
They are often useful in the detection of lysogenic strains.

This stable association ef a bacteriophage with & bacterial
strain, knowa as "lysogenesis™, was first reported by Lisbonne and

Carrere (1922) from a strain of Escherichia coli. Simce then, the phe-

Bnomenon has been commonly enceuntered among laboratory cultures of bac-
teria, and possibly more so in staphylococei. Fisk (1942) investigated
the lysogenicity of strains of Staphylococeus pzogonés recovered frem
various human lesions, DBy cross-testing the strains on ager, 19 eut of
43 ceagulsse~poaitive strains were found to be phage carriers; none of
thess phages was lytie for any of the 40 coagulase-negative strains
tested. lNone of the coagulase-aegative strains yielded a phage lytie
for any of the coagulase-positive strains. Using Fisk's method, Wilsen
and &tkinsen (194%) found 25 lysogenic cultures among 46 staphylococeus
strains examined., Seven different pheges were obta;ned frem these 2%

eultures, Rountree (1947a) exemined a series of 40 strains of Staphyl-

ococcus pyogenes obtained from & variety of pathogenie conditiens and
found 6 of them to be lyaogénie. Similarly, Williams Smith (1948a, b)
examined 22 strains used by Wilsen and Atkinson as propagating strainé
for their typimg phages and found 17 of them to be lysogenio, |

Rountree (1949a) has recently made an extensive study of the
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phenemenen of lysogenicity ir the staphylecocei. The phencmenon is of
wide eccurrence im these organisms for she found that 27 out of 30
coagulase-positive strains studied were lysogenie. Lysogenicity appears
t0 be a permanent featurs of these siraias for overyAbacterial ¢cell was
“apperenily carrying phage, and treatment with heat, with spcoif{p’anti-
phage serwm, or cultivation im broth eontaining sodium eitirate, to which

eertain of the phages are sensitive, did not make the cells mon-lysogenic.
Rountree (1949) postula£cs an intraeellular methed ef passage of the phage
in lysogeniec atrains, each daughter cell receiving at least ene phage par-
ticle at sach division. |

There are contradictory reports in the literature on the pres-
ence of free phage in filtrates ef broth eultures of staphyloeocei. |
Callow (1922, 1927) reported that she coeuld ebtain phage by the filtra-
tion of staphyloceceus eultures. Burnet and Lush (1936) described a
lysegenie mutant of a white staphylosoceus which liberafed baeteriophage"
in young and 0ld culturez. These observations were not confirmed by Fisk
(1942) mor by Williams Smith (1948b) who failed to demonstrate the pres-
ence of phage in filtrates of stiphyloeoecns caltures kmewr to be lyso-
genie.

That & small proportion of the e¢ells in lysogemie eultures ef
staph&lococci do release free phage inte the surrounding mediwum was demon-
strated by Rountiree (1949a). She obtained free phage in filtrates of young

broth cultures of 25 of the sirains studied. Of seven cultures chosen for

more extensive studies, ome produced 3 different but sereologieally related

phages, while another produced § different phages belonging to 3 different



>sorologiea1 groups.

The failure of the previous torkefs to demonstrate free phage
in filtrates of lysogenic cultures may be ascribed to such factors as re-
adsorption of the free phages to other bacterial cells in the cultures,
or to the state of the phage~bacterium relationship at the time of filtra-
tion; any disturbamce in this relationship, though not suffieient to
produce visible changes in the bacterial culture, might result in a fil-
trate that.cdanins phage (Williams Smith 1948b).

The hntnro of the host-phage reletionship in lysogenssis is not
well understood dut it appeera that the associmtion of phage and lysogenic
e¢ell iz very intimate. The host cen support its own growth whilg har-
boring meny strains of phage. Attempts by meny workers te liberate phage
by srtificiel disruption of lysogemic bacteria by means of lysozyme, pen-
icillin, infection with an unrelated phage, or by mechanicel grinding,
have been unsuccessful until recently Lwoff and co-workers (1950, 1951)
claim te have obtained positive results by irradiation of the lysogenie
cells iith & amell dose of uliraviolet light, or by exposure to certain
eompounds containing sulfhydryl groups. '

It has been found by' Rountree (1949a) that only a small propor-
tion of eells in eaeh lysogeniec strain 11berat§s phege. The usual pro-
portion appears to be of tho order of 1 cell in every 1000, No examples
kave been found in which every cell in a strain releases phage. The mech-
anism of the release is at present unkmown but liberation by lysis is the
moat proﬁable method of release of phage from lysogenic cells (Roumtres
1949a).. Bortani (1951) suggested that phage is carried by lysogenie bae-

teria in a 'prophage' staté., He believes that liberation may be caunsed
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by maturatioa ef all or #evoral of the prophages, 20 that each prophage
gives origia to eme mature infeective phage particle; or it may be the
consequence of a 'change' in the state of one of the prophages whieh
multiplies and giisa origin t0 & clone of mature and infective phage
partiecles.,

The aveilable evidence suggests that the lysogenic baeteria,
or more accurately, the phages they harber, are the origin and cerntin-
uing source of all pheges in nature, Rountree (194%a) is of the opinion
that the phencmena of lysogenieity as exhibited by the staphyloecocei may
throw some light on the preblems assocoiated with the mode of reprodustiea

of latent viruses gemerally, whether im becteriel or animal cells.

v) Serolegy of Staphylecoccus Baoteriophages:

" As shown by Burnet (1933a), Asheshov (1933), and Creigle (1940),
unfi-baetariophnge sera have beenr a‘valuablo tool foi the definition of
the relationships of various races of bacteriopkages.

The only serolegieal investigations of stapbylosocous phages are
those of Burnet and Lush (1935) and Rountree (1949b). Burnet and Lush
(1935) exgmined a series of 13 staphylococcus phages and by serologicel
and other methods distinguished ¢ groups emong them, d4s with eoli-dysen-
tery phages, it was fournd that all the staphyloecoceus phages of a given
serological type reacted uniformly with regard te photodynamic inacti-
vation, power to grow en citrated media, and insetivatior by strong wurea
solution., 4 number of experiments wers made to determine whether phage-
antiphage reactions comld be demonstrated by macroscopic aggregation tests

such g8 were used for one group of dysemtery phages (Burnet 1933¢, e), It
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was rdnnd that no agglutinetion of phage particles could be detected in
the presenece of antiphage serum, probably beeause they were unable to
obtain sufficiently high-titre phage filtrates., However, with serelo-
gical group 1 and 2 it was readily demonstrated that phage-coated staphyl-
ococei could be agglutinated by antiphsge serum from whiech all antibacte-
rial agglutinins had been removed. |

By the use of anti-bacteriophage sera prepared in rabbits,
Rountree (1949b) divided 39 staphyloceccus phagoi into & serelogical greups
whieh, ref purpésoa of oonvenioﬁeo, were loaiénated 4, B, C, D, E, and ¥,
The serological charaecteristies of the phages were a:soeiateﬂ-with other
prépertiqs such as stablility and the range of organiaﬁl lysed. 'Thus, the
first group (4) ecomprised phages lysing eeagulasc-pesitivo.stgphylecoeoi
of human. arigii. They were stable at 209C but inactivated at 49°C. 'méy
multiplied in broth eultures containing sufficieat tryptophame but rar#ly

produsced clearimg of sueh eultures. The secerd growp (B) lysed both bevine
and haman coagulase-positive staphy1o00001; !hey_wero nhrksdly sensitive
to heat and roquiroi growth faetors present in the vitamia B gemplex., The
third group (C) comprised phages oftévine origin which were antigenieally
related to group B phages and also resembled them 1; their growth roqnirc?
ments, The differences, however, were great enocugh teo justify their sepa-
ration es a distinet serelogieal group., 6roup D comprised phage K, whiech
lysed both eomagulase-positive and negative staphylocecei and was antigen-
ieally rolafod only to phage W which belonged to group E and lysed only
somo cosgulase-negative staphylococei, Group ¥ was related in its general

characters with the phages of group 4,
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Many strains of staphylococel are lysogbnié, and comsequeantly,
lytiec filtrates may contain contaminating phages which manifest themselves
during sdaptation of phage frem one st;a;n of staphyloceceus to another,
dccording to.Bonntroe,'cdoquato aorologieci charasterization of the phages,
whether they are to be used for phage typing of staphyleeocei or for ebser-
vatiens on the fundamental problqms of phage-bacterium relatienships, is.
therefore necessary. |

vi) The Use of Staphyleecoccus Basteriophages in Epidemiologieal
Investigations:

Many investigators have noted that phages often demensirate a
- . 8elective action for certain strains of organism within a speecies, Craigie
and Yen (1938) noted the spesifieity of V form typhoid phages for eultures
possessing Vi antigen. When one such phage was grewn on typheid strains
of differeat origin, strains of phage were ebtained whiek were found te have
developed a high degres of specifieity for the ﬁarticular strain on whieh
they had been prepagated. By means of & series of phages prepared ian this
- way, they were able to divide cultures of Salmonella typhosa into 18 types
according to their reaction to a eritical dilution of the adapted phage.
The evidence obt;inpd from a study ef the erigin of the strains revealed a
higzh degrsee of eorrelation between the phage type and the epidemie seurce.
4 method of jhago typing has also beea appiiod to the differen-
tiation of strains of stapgxlocoeeus.nggongc and hes shown its usefulness

in epidemiological studies. Fisk (1942) described a technigque by whieh

the latent carrier state could be revealed im Shaphylococeus pyegenes, and
different strains of this ergeriam distinguished frem ome another. By cross-

testing cultures of staphyleecoccus on ngar, 44 per ecnt of 43 stralas were
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found te be latenmt phege carriers, and frem these lysogenie strainsg, 24
different phages were isclated., B; testing the susceptibility or'ﬁﬁ
strains of St&pgzlocoeeus pyegenes to 27 different phages he was able to
distribute 44 of the 95 cultures among 37 different greups.

In a further paper Fisk and Mordvin (1944) studied a series of
78 eulture strains of Stcggxlécoecua pYOgenes isolaied from 30 patiogts
$0 compare eortain eultﬁro eharacteristicé end alpha hemotéexin productien
with phage susceptibility. It was feund that strains ef the same phage
type semetimes differed im héiolytic.propcrtios and chromegenesis and met
infrequently varied 1ﬁ toxegenic%ty. lost of the cultures iselated frem
related soureces were found to be of the stls_éhage_;ypo but exemples were
given in 'hieh.sfraina of dissimilsar phage type were isclated from the
same patient.

Wilsen and Atkimsen (1945) extemded Fisk's work and ebtained 7
different phages frem 25 lysegenic &ulturel anb;g 46.staphyloeo¢eal strains

qxanined._ Eloven more phage strains were obtained by grewing ome of these

in the presence of later atrains of Staphyloeoceus pyegenes, & variaant of
the phage being developed in a mamner similer to that wsed by Craigie and
Yen (1938) for the phage typimg of typheid baeilli. Of 1340 straius of

Staphyloeoecus pyogenes, the last 460 were tested with the 18 phages. Of

these 60.4 per cent were successfully typed, 22.68 per cent were acted on
by phage but not typed, and 17 per cemt proved insensitive to the 18 phages.

The obssrvations of Willisms Smith (1948a, b) suggest that some strains of

staphylosooci are resiatent to typing beceumse they carry phage.

The method of phage typirg has been suscessfully used for trasing
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sources of ianfectioen in ogtbreaks of staphylocoscal enterotoxin food-
pc;isoninc, utaphylo.coccal infections of skin in babies and breast
abecesses in mothers in maternity hospitals, and in stephylococeal -
il.toctiém of woﬁndp and burns, In outbreaks of staphylococcal enter-
otoxin food-poisening, whﬁn the iitoetive arganism has been isolated
rrdn the foodstaff, the typing of staphyloeeeci by ,'tho baecteriephage
‘method has been invaluable im tracing the infeotive orgenism to the

nese end hands of a particulﬁr food-handler.
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III. MATERIALS AND METHODS

TIONS:

When this werk was started the following 'crude' phage suspen-

sions and corresponding propsgating strains ef Staphyloscocsus pyogenes
'or; aﬁilnble:
 (a) Wilson and Atkinson series: Fhage 34/284, 3B/211, 51/145, 6/5,
47/%6, 47A/761, 47C/1163, 3C/1339, 7/4, 42B/11683, 43C/1307, 43E/1670,
44A/873, 47B/987, 58/144, _

Of thia series the laat 8 phgea mentioned were mot used in the
work here reported. |
- (b) TFiak's series: phage 47/44, 74/76, 534/533, 534/535, 543/533,
4/16, 48/62, 538/535, 544/542.

' Of this series, the last 4 phages mentiened were net wsed in
the work here reparted.

(¢) 4 series of 'adapted phages' which had beem developed in this
laboratory prior to the beginning of this work: phage 34/44, 34/62,
%A/144, 3A/148, 34/533, u/sés, 34/842, 36/3, 47/3, 145/62, 145/838,
145/542, 542/76, 543/63, 543/144, 545/535, 543/543.

i‘nu mumbers by which these phages are designated eorrespond to

the number of tho» lysogenic strain of. ataphy_leooc'eu from which the phege

was derived followed by the nwumber or. the strain upon whieh it was prop-

agated, i.e. phage 545/543 was derived from lytogenic strain 545 and was
propagated upon astraia 542,

(d) One phage W isolated at Winnipeg from a strain of Staphyloecosccus
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gzéggggg,roforred to as atrain W,

(e) A series of 32 phages obtained ﬁhrongh the courtesy of Dr. Igor
- M, Asheshev, New York Botanical Gardens, Their nomenclature is as fellows:
phage 1, 3, 3, 4, 5, 6, 8, 9, 10, 11, 12, 1%, 16, 17, 18, 19, 20, 21, 32,
23, 234, 28, 26, 27, 28, 29, 30, A, B, ¢, D, 83K, The original scurees of
this group of phages are varied dut none havq beer used in practical phmge
typing qr Staphylecocens gxggaA;!. All these phages lyse and have been
propagated on a strain of staphylecoccus designated strain 1l.

48 most of these phage prapuiations wofo in an impure state, and
of low titre, their purification amnd propagation were desirable before any
further work could be earried out,

PURLFICATION OF 'CRUDE' PHAGE SUSPENSIONS:

'1he 'erude' phage snspengions were purified by the technigue
deseribed by Wilson and Atkimson (1945) with a few slight modifioations.
a4 1oeptn1 of the c¢rude filtrates and 4’dropa of a 3 hour broth culture
of the anscepfible strain were plated out over the surfase of a pepione
agar plate which yad been frecd of excess moisture by storage in the
inenbﬁfor at 37°C for 2-3 hours with the 1id partly removed. This plate
was inoubated for 6-8 hours at 37°C amd them kept at rocm temperature
overnight. A single pleque, iith the underlying agar emd a little of the
surrounding intact eulture, was picked off next morning with a sterile
ﬁeodlo and plated on peptone agar with 4 drops of the suseeptible sirain.
This plate was again incubated for 6-8 hours at 37°C and at room temper-
ature overnight, A fresh plague was picked off next morning and the

process repeated three times. Fiio mi, of broth were poured over the sur-
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face of the agar plete coataining thé last plating, left for 20 minutes,
eollested and centrifuged. The phage in the superamatent fluid was then
propagated. a
PROPAGATION OF PHAGE:

The strains of staphylososcci used for propagatioﬁ were mai;-

tained on peptone agar slants at roem taﬁperaturo, transfers being made
every two weeks.

Six drops of the puriried phage prepsration and 4 drops of a
3 kour broth eulture of the propegating strain were sdded to 10 ml, of
tryptoss phesphate broth. The mixture was incwbated at 37°C until com-
plete lyeis of the basteria had taken place (usually 4-8 hours). More
eulture was then added and imcubation eontinued until lysis ggﬁin oc~
eurred. This process was repeated several times. Hﬁually cultures were
left overnight at room temperature but if it was not prﬁetieablo %o con-
tinue serial passage on the following éay they were tfanstorrod to the
refrigerater. Next mornimng, if secondary growth appeared, the material
was filtered through & Zsigmondy membrens (Zsigmondy and Bachmanr 1918)
and & more drops eof th; original purified phage preparation were addei’
to the filtrate, after which propagstien was eontinued. Lysis would
sometimes take plase three times in 8 hours and & potent filtrate could
be obtained 1# a short time, The number of passages required te obtain
a suffieciently high dogrée of lytiec ability varied ususlly from 4 to 12,
The final phage enltgros were filtefed_through a Zsigmondy membrane and
the filtrates atored in the refrigerator in sterile serew-capped tubes

without preservative.



DETERMINATION OF *CRITICAL TEST DILUTION®:

| Peptone agai' plates were dried at 37°C for 2-3 hours with
the lid pertly removed. The phage proptratiens were diluted 1/1@ te
1/1,000,000 with tryptese phosphate broth. .Four érops of a 3 hour
tryptess phesphate broth culture of the suseeptible strain were spread
evanly over the surfacs of & plate. When the ager hed adsorbed the fluid
which hed been epplied (optimum 5 te 10 minutes), & standard loopful of
eaqh dilution of the phage preparations was 'spotted' omr to the culture,
Precaution was teken to aveid actual econtact of the ioop wi th the imoe-
ulated area as much as possible. When the dreps had been adsorbed, the
plates were then 'iiénbatod at 379C for 6 hours, left at :oom' temperature

overnight, and read next morning. Tha.schcni of notation used was as

fellows:
Conflwent lysis with ne s;eondary growth e---w- CL
Confluent lysis with sescondary growth —--—e---- Isa
Numerous semi-conflwert plagues ------v--- ————— +++
Bigcrete Plaques -----ccecemmcccccccccncac—c—- ++
Less than 20 Dlaques -------=-=—ccomcccmamcaao +
Lesser degrees of lysis, or mo lysis ------=--- -

The higheat dilutien of phage preparation preducinmg cemfluent

lysis when plated on agar with the susceptible ztrainm was' regarded as the
Teritieal test dilutioa'. |

DETERMINATION OF PHAGE CONCENTRATIONS (plaque counts):

The number of active phage particles per milliliter of lytiec

filtrate was determined by two methods, nsamely the "loop*method, and the
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"agar-layer® methed. Both methods depend on the ebility of a given
bactoriophage to produce plaques when varying &ilutions of a lytie
filtrate are plated on agdr with the susceptible sirain of bacteria.

These two methods are deseribed below,

(1) 'LOOP' METHOD:-

a) Prineiple of the Method:

This method was first deseribed by Asheshov et al (1933).

- Standard wire léopl are used to transfer definite volumes ot>bact_or10-
phage suspemsion te two dilution tubes, one of which contains measured
amounts of sterile broth and the ether, measured amounts of a ecorrespond-
ing bacterial suspensions. A messured drop of fluid from the ﬁ.ﬁal dilu-
tion tube is spread on ome quadrant of & peptone agar plate by means ef
one of these loops. By plating a range of dilutions and them eounting

" the number of plagues that develop from the mest suitadle dilutioen, the
number of setive phage particles thal were preseant in the original phage
suspension ean be calculated.

b) Requirements:

i) A standard 'small loop' made of 0,3 mm thick platinum
wire, the inside dimetor.boing- 1.5 mm,
ii) 4 standard 'big leop' made of 0.5 mm thick platinum wire,
the inside diemeter being S mm,
iii) Two plugged Pyrex glass tubes 18 X 150 mm for dilating the
phage suspensionr that is being titrated. The first dilutiom tube cénfains
10 ml, of broth whereas the second eontains 10 ml, of an emulsion of eoi-

responding baeteria made by adding 1 ml. of & 3 hour broth culture te 9 ml,
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of broth.

iv) 10 X 100 mm peptone agar plates.

¢) Calibration of Wire Loops:

The average amount of finid taken by thQ two loops was ascer-
tained by the follewing proecedure: To calibrate the 'big loop', a tube
eontaining a few milliliters of ﬁroth was accurstely ioighod aﬁd then
the loop was used to remove & standard drop. The tube and eentents were
weighed again and the difference in weights gave the weight of broth ia
the drop. The procedure was repeated tem times and the average volume of
fluid per loopful waas ;alenlated. !hg loop was takcnjont of the liquid
flat, with a smooth jerk, so that an almost hqmisphﬁrical drop formed in
the loop. To calibrate the 'smmall loep' the same procedure was followed,
except that 10 small leopfuls were removed for each welghing., The 'small
loop' after immersion in the liquid was slowly taken cut of it, not flat
but sidewise, so that only a thin film was formed in the epening of the
loop. ‘

The 'big loop' aﬁd 'small loop' were found to remove 0,018 ml,

-4 mi, of broth per loopful respeetively;

d) ZProcedure for Routine Countimg:

The following scale of dilutions was used:

and 8,5 £ 10

l. 'Small of the small loop' dilution - ‘'ssl': - One small loop of the
filtrate was introduced in tﬁe first dilntion tube containing‘lo ml. of
broth., After thorough shaking, a small loop from this tube was trans-
ferred into the second dilution tube eontaining 10 ml. of bacterisl emul-

sion and a big loop of that was plated on a quadrant of en agar pleate.



2. 'Smmll of the big loop' dilution - 'sbl': -IOne big loop of the
filtrate was introduced inﬁo the first fube; & small loop from it

into the second, and agein a big loop fram the last plated.

3. 'Big of the big leop' dilution - 'bbl?: - 4 big loop of the fil-
trate into the first tubé, a big loop fram it into the second and & big
‘loop of the last was plated. - | |

4. 'Small leép' dilution - 'sl': -~ A amall loop into the second tube,
and a big loop was plated direct from it.

$. 'Big loop' dilution - 'hl': - A big loop of the filtrate into the
first tube, and the same amount plated from it.

6. If very few phage particles were believed to be rresent in.a filtrate,
two more dilutions were used: 'one e.e.':-. One ml., of the filtrate inte
10 ml. of bacterial enulsion‘an& a big 1bop plated from it; end 'direct! -
'd':~ When a big loop of the filtrate was spread direet on agar &nd then

éovered,vith one big loop of emmlsion,

e) Calculations:

ib calculaté the original eoncentrations, the plaque counts per
quadrant were multiplied by the appropriate dilntiog factors, Using the
small loop that holds 8.5 X 107% ml. end the big loop that holds 0.018 ml.,,
the counts were nultiplied by the following factors:

For 'aélf dilution, by 7.8 X 10°

For 'sbl' dilutiom, by 3,65 X 107

For 'sl' dilution, by 6.54 X 10°

For 'bbl' dilutiem, by 1,7 X 10°

For '»l' dilutien, by 3.1 X l0%

For '1 c.c.' dilutiom,by 5.6 X 10°

“For '4' dilutiom, by 5.6 X 10l
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f) Cesments:

Although this method is simple end logical, it was abendoned
early in this work for the following ressons:
l. 48 in most ecases the approximate titre of tho'phuge preparations was
unknown, t00 much guess-work was involved in judging the correct dilution
and t00o many dilutions had to be plated to obtain a suitable number of
well-iselated, diserete plaques.
2. The plagques whiech developed were not unirorniy distributed on the
surface of the plates, and consequently, were difficult to count.
S, In cases where replicate platings of a dilution were made, the plaque
counts were variable; this is probably due to the irregularity imn the
lvolumn of fluid removed by the loops.

(2) AGAR-IAYER METHOD:
a) Prineiple of the Method:

T™is method seems to have besn first described by Gratia (1936).
!ho Rost bacteria and phage perticles are mixed in a small volume of warm
0.7 per cent tryptose phosphate agar and the mixture is poured over the
surface of an ordinary 1.5 per cent peptone agar plate and allowed to
harden to form a thin layer. The baqtoria grow as tiny subsurface colenies
in this layer and are nourished by §h6 deep layer of 1,5 per ecent nutrient
ager which is used as foundation. The plagues appear as clear holes in the
opaﬁun layer of bacterial greowth.

- ») Procedure:

The soft.0.7 per cent iryptose phosphate agar was melted in a

boiling water bath and cooled in a 46°C ntgi bath, It was then trans-

forred with a warmed pipette in 2.5 ml. smounts to warmed test-tubes in a
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46°C water bath. One drop frem a Pasteur pipette of a 3 hour tripton
phosphate broth culture of the suseeptible bacteria was added to each
tube of soft agar. Then one ml, of the phage suspension, diluted to
give a readable mumber of piaquu (50 to 500), was pipetted into the
tubes of soﬁ 0.7 per cent tryptese phesphaté ager and the entire econtent
of the tube was poured erer the surface ef & sterile solidified 1.5 per
cent peptone ﬁgar plate. The plate was rocked gently-'to mix the bacteria
and phaga particles anéd set aside to hardem at room temperature, Both
the 1.5 per cent agar and the soft agar layer were allowed to harden with
the plates resting on a level surface, to insure wniform distribution eof
the phage plagues over the plate surfaecs,

Because in this method plagques form late durimg the life of the
culture, growth must betinduood to, continue as long as possible., There-
fore the plates were inecubated for 18-24 hours at 37°C and reed the
following morning.

e) Commenta:

ﬁy this method, the host bacteria and phage particles are uni-
formly distributed over the surface of the plate. Sinee fixation of the
phage by bacterial cells oceurs almost entirely after the plate is poured,
the low concentration (0.7 per cent) of agar in the seeded layer permits
more rapid diffusion of the phage pérticles. The plague count is striet-
ly proportioral to the dilution used.

CULTURE MEDIA:

For propagation of the phages and for experimental purposes

the rellewihg media have been uged:
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a) Beef heart imfusion broth (Difeo).

) Beef heart infusion broth (Difeo) withlo.z per ecent glucose added.

e) Bacto tryptose phosphate broth (Difco).

d) Peptone broth (MeGill).

e) DPeptone agar (MeGill). ‘

f) Bseto nutrieat broth (Difee). | '
These are standerd media which sre used routinely in the Depart-

meat of Bacteriolegy and Immwnolegy lt- MeGill University.

In addition Fildes' synthetic medium (Fildes et al 193¢, 1937)

has served in some u:porinenﬁ deseribed further, The exact composition

and preparation of the medium is as follews:

Nutrient tit Futrient Quantity

- KHgPO, 4.9 gm. l-exyproline ‘ 0.0é o,
Hater - 550 ml. s-aspartic acid 0.18 gm.
H/1 MH 26 ml, d-glutamie acid 0.09 gm.
slalanino 0.12 en. i-phenyialanino 0.08 em.
s-valine 0.1%5 gnm. l-tyroaine 0,05 gm.
s-leueine 0.17 gm. l-arginine HCl 0.05 gm.
a-glyecine 0.0 gm. l-histidine EC1 0.05 gm.
l-prolin'c 0.07 gm. s=lysine HCl : 0.09 gm.

The amino acids were dissolved, the pH breught to 7.4, and the
volume adjusted to 600 ml, with &istilled water, This basa.l mixture was
distributed into tubes in é ml, volumes and autoclaved for 20 minutes a%¥
120°¢, To each of ﬁhou tubea the following eompounds were added sepa-

rately: -
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Ferrous smmonium sulfate, M/500 inm

M/50 HOl (auteolaved) - - - = - - = c - = o 0o = = = - = = 0425 ml,
NMgS0,. VHzO, M/60 (autoelaved) = - - = == ~ - - = - = = = = 0.1 ml,
Fali0y, M/5 (autoelaved) = - - - === === 2= ===« 0.1 ml,
s-aneurin (Vit B,), /2000 in M/1000 HOL

(autoclgvod 10 wmin, at 100°C., diluted 1/100) = - = = - - = 0.2 ml,
s-nicotinamide, M/200 (autoelaved, diluted 1/10) - - - - - - 0.2 ml,
s-methionine, M/100 (filtered) = = - = = = = = = = = = - = = 0.2 ml,
1-tryptophane, M/1000 (autoclaved) =- - - - = = = = - - - - - 0. ml,
1-eystine, M/100 in M/10 HOL (filtered) = - = = = = = = = - = 0.2 ml,
KaOH, M/5 (eutoelaved) - - - - - - - cmemm - 0.1 ml.
Glucose, M/8 (filtered - - = = = = = = = = = = = 0 = = = - = .9._25' ml,
Water R R R R L N [ 2.3 ml,

# - derotes a subastance of syathetic erigin.
| The medium was tested for sterility by incubation at 379C for

48 hours ard stered in the refrigerator until used,

BECKMAN pH METER:

This instrument was employed for the determimation of the pH of
all agueous solutions. The instrument was standardized every time it was
used by the use of Beckman buffer solutiozn at »H 7.0.

BROWN'S TUEES:

These tubes containing suspensions of stendardized epacity as
deseribed by Browa and Kirwan (1919) were used for the estimation of the
aumber of crgeniams ia bactorial nuﬁpeuions.

PIPETTES:
. Wheaever ﬁossiblo, Kimble-Exax pipettes (T.D.) were used for

the preparatien of dilutionms and quantitative tramsfers of lytie filtrates.

4 new pipetté was used for each dilution.
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IV, EIPERIMENTAL WORK

The staphylocogous basteriophages used in this study havé
been purified and propagated en their hemologous cultures by the
methods deseribed under 'Materials amd Methods'.

HXFRRIMENT 1: tion of Differens Gultu‘LMia fer the -
Growth of Staphylecogons Bacteriophages.

This experiment was performed in an attempt to find a culture
medium, preferably a syathetie medium, which would provide censtant
cultural sonditiens for the growth of staphylecoecus phages imn all further
work, Phage 543/533 was grown in different eculture media, including
Fildes' synthetic medium (prepared as deseribed under 'Materials and
Methods'), in order to rimd the medium most suitable for phage multipli-
cation,

Method of Cenductien:

Six drops of a lytie filtrate of phage 545/553 were added to
10 ml. of each of the following nutrient media: beef heart infusion
b-roth, 0.2% glucose-beef heart infusion broth, and Fildes' synthetie
medium., Each of these suspemsions was then inoculated with four drops
of a 3 hour peptone broth eulture of the susceptible straim of staphyl-
osoceus, The mixtures were incubated at 379C for 6 hours and were then
filtered through a Zsigmondy membrane. Various dilutions of each fil-
trate woere prepared with th§ corresponding medium by Asheshov's loop
methed and a standard loopful of sach dilwtion was layered w§r & quadran}
of an agar plste .previously seeded with the suscopt'iblo eulture, The
plates were incubated at 37°C for 6 hours, left at room temperature over-;

night, and read the following mormimng. The yield of phage in each medium
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TABLE I.

Beef hsart 0.2% glucose- Fildes!
infusion broth beef heart synthetic
infusion broth med ium
Dilution No. of | No. of No, of No. of No. of No. of
of plagues |particles | plaques |particles plaques | particles
filtrates per ml. per ml. per ml.
L
rgn CL _ CL -_ 0 -_—
Yone c.,c." LSG* -_— LsG -_— 0 _—
nh1n +4++ . -— P —_ 0 -—
" " 6 6
bbl 16 2.7 X 10 25 4.3 X 10 0 -—
ns1n 0 — 3 1.96 x 109 o -
"abl" 0 — 0 -— 0 -
"gal" 0 -_— 0 —_ 0 —_

¢ = gonfluent lysis; # = confluent lysis with secondary growth; ® = numerous
semi-confluent plaques.




vas determined by multiplyimg the plague counts by the appropriate

dilution factors. The results are summarized in Table I.

Results:

The results obtained were nmet very satisfaectory. Only with
& fow dilutions could a number of well-isolated, disorete pldquos be
obtained, and furthermore, the number of plaques that ievolopod was
not proportional to the dilution that was plated. Fer thess reasous,
Asheshov's loop methed for preparing dilutions and plating of bacte-
riophago‘wal abandoned.,

However 1t appeared from the results ebtained that Fildes'
synthetic medium is unsuitable for the growth at least of phage 545)555

sinee ne plague ddvolopad from the dilutions which were plated,

EXEERIMENT 2: The Multiplication ef Sggngzlogoccus
Bacteriopheges in Fildes' Syathetic Mediwm
ard in Peptene Broth,

Since Fildes' synthetic medium does not provide optimal
cultural eenditions for the grewth of phage 545/53% (as shown by the
preceding experiment), other pheges were tested and the yield of phage
in this medium was compared with that in peptone broth. Unaatiafastory
resulds were obtained imn the preceding experiment by tﬁe use of
Agheshov's loop method for determining phage eoncentration, Therefore,
in this expirinent, the phage concentration was estimated by deter-

mining the ‘eritiecal test dilution' of the phages, a method which gives

& reugh indicatien of the number of partieles in a phage sugpension,
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TABLE 1II.

Medium Dilutions of 3upernatant Phage
10-2 1079 10-4 10-5 10-6
to
Fop ope cL cL cL 1sG +ee
3A/264
1ldes’
iedisui CL LSG +++ + —
Peptone
broth CL CL CcL LsG e
47/36
/ Fildes!
medium cL, LSG ++ = -
Peptone
broth CL CcL CL LsG ++
3 >
s/ 03 Fildes!'
medium LSG e + — —
Peptone
broth cL cL cL LsG ++e
7C/1
#iGtlc Fildes!
med ium e ++ + — ——




Method of Conductioen:
Phage 34/284, 47/%6, 543/533, and 47C/116%5 were used in this

expuriment, 4 1/100 dilution of each phage was prepared in Fildes'
synthetie medium and in peptere dreth. 0.1 ml, of a 3 hour peptoni
broeth eulture of the hemologous strain was added to 10 ml, volumes ef
each of these phage suspensions. The mixtures were incubated at 57%C
for 4 hours and left at room temperature evernight., Next morning eash
mixture was centrifugzed and the ‘eritical test dilution' ef the phage
in the supernataant fluid was dot;rmined by the method d;scribcd uader
*Materials and Methods'.

Resulgs:

The results ars shown in Table II, where it may be seen that
the critical test dilution of each phage grown in Fildes' synthetie
medium iz about one hundredfold less than in peptone broﬁh. For instanece,
the eritical test dilution of phage 34/284 grown in peptene broth is 10~%
compared to 10™° when grown im Fildes' synthetie medium, Similarly, the
eritical test dilution of phage 545/535 grown in peptons broth is 10",
whereas in Fildes' symthetic medium, it is less them 10-8. This indi-
cates that Fildes' synthetic medium, although adequate for baeterial
multiplication, does not necsessarily suppert phage mmltiplieation.

EXPERIMENT 3: The Effect of pH on the Multiplieation of
Staphylecoceus Basteriephages.

In the preceding experiments, the phages were grown in Fildes'

synthetic medivum at pH 7.4,.which might not have been the optimmm pH
for the growth of these phages. This experiment was undertaken to ascer-

tain whether alteration in the pH of Fildes' synthetic medium would pro-

vide more favourable conditions for phage mﬁltiplication.
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Method of Conduetion:

Ten ml. of 1/10' dilutiens of phage 3d/284, 47/38, and 47¢/1163
were prepared im Fildes' synthetic medium and in Becto nutrient broth at
PH 7.4, 7.6, and 7.8, In addition., 10 ml, of a 1/10 dilution of each
phage was prepared in peptene broth at pH 7.2. IEach of these suspensions
- Was then inoculated with 0,5 ml, of a 3 hour peptone broth culiure of the
susceptible strein, The mixtures were incubated at 37°C for 6 hours and
then left at reom temperaturs évernight. The next morning the mixtures
were gsentrifuged and the eritieal test dilution ef the phage im the auper-
natant fluid was determined. Table III shews the l;fic reactions obteined,
Bonuité; | |

| Ia the preeeding experiment it was found that the phages used
gre' favourably in peptone broth at pH 7.2, Therefore, it might be of
interest to ecompare the eritical test 41lution of each phage grown in
Fildes' synthetie mediun and in Baeto nutrient broth at different pH
values with that ebtained when the phages were grown in peptons broth at
pH é.z.

It can be seen from Table III that the eritical test dilutions
of phage 38/284, 47/56, end 47C/1163 when grown in peptone broth are 1070,
1075, and 10~* respectively. In Bacto nutrient broth at jH 7.8, the erit-
ical test dilution of phage 3&/284 is 10'4,'thererore glightly lower than
in peptone broth. A% PH 7.4 and 7.6 in the same medium, the oritical test

dilution of ﬁhage‘zllza4 is still much lower, Therefore phage 34/284 grows

best in Baeto nutrient broth at pH 7.8.

Similarly phage 47/36 grows better in Baeto mutrient broth at
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TABLE III.
Effect of pH on phage multiplication

Phage No.| Medium pH Dilution of Supernatant Phage
10 1 g0 Wyt 111970 hag®
Pept. br® 7.2 CcL CL CL CL LsG

Fildes'¥ | 7.4 136 wob = e -

Fildes' 7.6 cL LSG o+ e -

3A/284 Fildes' 7.8 — — = — -
Bact..n.bz’.' 7.4 136G 1.5G et +4+ —
Bact.n.br., 7.6 cL CL LsG LSG ee
Bact.n.br.] 7.8 ) CL cL CL L3G LsG
Pept. br. | 7.2 (o5 cL CL eL L3G

Flldes' 7.4 L5G e + — —

Fildes' 7.6 LsG 4 + - P

47/36 Fildes' 7.8 L3G e+ + — —
Bact.n.b, 7.4 GL oL 1LSG e ++
Bact.n.b, 7.6 CL CL L3G LsG ah
Bact.n.b, 7.8 CcL cL cL cL e

Pept. br. 78 CcL CcL cL LsG ++

Fildes' 7.4 + -— - — o

Fildes' 7.6 o 2 — s —

47C/1163 Fildes' 7.8 - — — — —
Bact.n.b. 7.4 LSG L3G e + —
Bact.n.b, | 7.8 oL 1sG PO + ol

Bact.n.b. 7.8 cL Lsc +++ -+ .

% peptone broth; ¥ Fildes' synthetic medium; 4 Bacto
nutrient broth,
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PH 7.8 sinece itz eritieal test dilution wshen gro"wn in this medium at
pH 7.8 is the same &2 that in peptone broth. On the other hand, the
eritieal test dilution of phage 47C/1163 grown im Bacte nutrient broth
at all the pH values tested is considerably lower than'in peptone broth
at pH 7.2.
Within the range of pH tested," i‘il_dos' synthetic medium proved

unsui.tablo for the growth of these phages. Why this medium tested at

different pH values with various phages does not enhance phage multipli-
ecation has not been elucidated, and still awaits future investigation.
There is a possibility that there iz a substance abgent, or present im so
small an amount in this mediuvm, that phage formation stops when this compound
is depleted. Consequently, Fildsas' synti;ot:le medium was not used in further

work.

EXPERIMENT 4: The Rate of &dsorpiion of e Staphylecoccus
- Bacteriophage on 1ts Hemblogous Strain and
on_an_ Heterologous Strain.

This experiment was done as a preliminary to determine the periocd
of inecubation required for complete sdserption of a staphylocoecus phege on
its homologous strain and on an heterologous strain, to serve as basis for
further experiments of 'selective' adsorption.

a) The Bate of ddsorption of Phage 474/761 en Homologous Straim 761,

Method of Cenduction:

A young eulture of strain 761, grown et 379C for 3 hours in

- tryptese phosphate broth, was standardized by Brown's opeacity method te
sontaln approximately 6.0 X 10% bacteria per milliliter. 4 5.5 ml. aliguot
of this suspension was 1mmediat§ly added to an equal smount of a lytie |

filtrate of phage 474/761 containing 6.8 X 166 lytie particles per milliliter,
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The mixture was rapidly mixed and imcubated in & 37°C water bath,

Sapplos of the adsorption mixture were removed at kmown time intérvals
(Table IV) and each was divided into two portions., One portion was
filtered through a Zsigmondy membrane to rcmove'the baesteria and adsorbed
phage, the filtrate diiuted 1/10,000 with tryptose phosphate brgth, and an
aliguot of this dilution aceurately assayed for residun; free phage by the
esger-layer method (deseribed under 'Materials and Methods'), The other
portion was centrifuged at 4°C for 15 minutes to sediment the baeteria amd
adsorbed phage, the cell sediment washed twice in sterile saline and re-
suspended in a volume of broth equal to the original amount before cemtrif-
ugation, An aliquot of & 1/10,000 dilution of this suspension was then
accurately assayed for adsorbed phage by the agar-layer technigue.

The cell concentration in the adsorption mixture was approximately
a hundredfold greater tham that of the phage to give imfeetion of each bacte-
rial cell by mo more than one phago particle. This method gives directly at
tﬁo sae moment the mumber of ioth the free and the adsorbed phage particles
in the adsorption tude, the sum of which should equal at any time the total
phage input in the adsorptiem mixturs. |
Results:

Table IV summarizes the results obtained. It shows thet the great
>maJor1ty of the phages (83.%%) have been'adsorbod on to the bacterial cells
within 30 minutes. The large inerease in the smount of phage in the adserp-~
tion mixture at 2 hours is presumably due to the release of new phage frem
baeteria infected earliér. The titre before mixing tﬁo phage and culture
is twice the value in the adsorption miitnro, owing to dilutien ér the phage

with tke added enlfuro. This ia taker into account in the caleculatiorn ef fho



-70 =

TABLE IV.

Showing the progress of adsorption of phage 474/761 on

strain 761 at 37°C.

Initial no. of phage in

adsorption mixture, 3.1 X 108 1ytic

particles per ml.

Time after Plaque Titre of Plaque Titre of Sum of Percentage
addition count of unadsorbed (count of adsorbed |(a) and (b)|adsorption
of culture |unadsorbed phage adsorbed phage
phage (a) phage (b)
6
5 min, 245 2,45 X 10 118 1.18 X 10°%|3.63 x 108 20,9
10 * 143 1.43 x 108 | 172 1.72 x 10%|3.15 x 108 5.9
20 » o1 0.91 X 108 | 240 2.40 x 10%|3.31 x 108 70.7
6 6 g
3o " 52 0.52 X 10 304 3.04 X 10 |3.56 X 10 83.3
2 hours greater greater . =0 — -
than than
6000 60 X 106
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Fig. I showing the logarithmic adsorption of phage 47A/761
on its homologous strain 761 (curve A) and on
heterologous strain 44 (curve B).
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percentage adsorption,

As expected, the sum of the titre of unadsorbed phage and that
of adsorbed phage at any moment equels, within the limits of experimental
error, the toteal phage inpat in the adsorption mixture., This indicates
that no losa of phage oceurred whem the samples of the phage-bacterium
mixtures were filtered through the Zsigmondy membrane.

Fig. I shows the curve obtained (curve A) when the percentage
of unadsorbed phage is plotted against the time. The linear relation
indicates that adsorption of phage 47A/761 on its hemelogous culture at
37°C in tryptose phosphate broth proceeds at a logarithmie rate.

b) The Bate of Adsorption ef Phage 474/761 on Heterologous
Strain 44.

Method of Conduction:

The first step in this experiment was to determine whether
strain 44 was susceptible te lysis by phage 474/761, This was carried
out as follows: A few drops of a tryptose phosphate broth culturp of
strain 44 were spread evenly on the surface of a peptone agar plxte.
When these had dried, a few drops of an undiluted.lytie filirate of phage
474/761 were spotted on the surface of the culture, The plets was inmeu-
bated at 37°C fer 6 hours, left at room temperature overnight, and examined
the fellewing morrning fer amny evidence of phage metion in the form of plagues
or rings ef iphibition of growth, but with entirely negative resultas,

With the knowledge that straim 44 is completely insuseeptible to
the lytie action of phage 47A/761, the progress of adserption ef this rhage
on strain 44 was followed by this procedure: 4 3 hour tryptese phosphate

- broth eulture of strain 44 was standardized by Brown's opacity method to
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eontain 5.2 X lo7 bacterie per ml, and 4 ml. of the suspension were
imnediately.added to an egual amount of a lytie filtrate of phage 47‘/761
econtaining 7.16 X 105 lytie partieles per milliliter. The mixture was
incubated at 57°G, ard at kmown time intervals (Table V) samples were
removed and filtered through & Zasigmondy membrame to reieve the bacteria
and adserbed phage. The riltrafe of each sample was diluted 1/1000 with
tryptese phosphate broth amd gﬁ aliquot plated on eculture 761 by the agar-
layor.nethod. | |
Results:

Table V shows that only 24.6% of the phages have beer adsorbed
'ith;n an incubation peried ef 30 minutes. Adsorption of phage 474/761 on
strai# 44 preceeds very slowly as showa by the low percenfage (30.8%) of
rhages adsorbed even after 2 hour ineubatien at 57°C and by the slop§ of
qurve B in Fig. I.

Diseussion and Sunmary of Experimert 4:

The progress of adsorption of phage 474/761 om its hemblogous
strein 761 and on heterologous strain 44 has beemn followed by the method
already deseribed. The chief point of interest which emerges from the
results ebtained is that adsorption proceeds at a logarithmic rate om
betk the suseeptible and the resiatant strain, but at a much slewer rate
on the resistant strain.

At the end of 2 hour ineunbatien, new phages were liberated by
the suscepiible strain, whereas in the case of the résistant strain no
release eould be observed, the adsorbed phages being insetivated.

The results indicate that at least 45 minute incubation at 37°C

is required for eomplete adserptien of phage 474/761 on its homologous
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TABLE V.

Showing the progress of adsorption of phage 474/761 on

strain 44 at 37°C. 1Initial no. of phage in
adsorption mixture, 3.58 X 10¥ lytic
particles per ml.
Time after Plaque Tiz}e of Percentage
addition count of unadsorbed adsorption
of culture unadsorbed phage
phage
5
5 min. 3955 3.55 X 10 0.9
10 292 2.92 x 10° 18.5
20 " 276 2.76 X 10° 22,9
30 " 270 2,70 X 10° 24.6
2 hours 248 2.48 X 10° 30.8




strain, at least under the conditions of this experiment.

EXPERIMENT 5: . Effoct of Time my ature, and Mediwm on
She Stabilitvy of Staphylegoceus Basteriephages.

It is well known that most staphylococcus bacteriophages,
nnliko ¢oli and dysentery phages,'are vary sensitive to a variety of
agents, Suspensions of these phages Qrten show a marked decrease in |
titre a few weoeks after preparation., It is the'pnrpose of thig experiment
to deseribe the etrocf of severel gonditions of storage on the atability
of staphylococcus baeteriophages.

Method of Conduction:

Lytic filtrates of phages 3A/284, 47A/761, and 5435/5353 were used
in {his experiment., The phage concentration of each filtrate was’dotermined
by the agar-layer technique. 4 sample of each filtrate was mixed with an
equal amount éf each of the following media: peptons broth, 50% glycerine,
end tryptese phosphate broth. 4 1/100 dilution of each phage in sterile
distilled water was also prepered, ITIwo ml. samples of each preparation
were atored at the following temperatures: '~50°Q in the deep-freezer,
+4°C in the rorfigerntor, and at roam'tqmperafuro. In addition, 2 ml,
s&m@los of each phage in peptone broth and tryptose phosphate broth were
lyophilized in the Edwards' Centrifugal Freeze Dryer, 4n aliguot of each
of these experimental prepﬁrationa was then titrated by the agar-layer
method at the following fﬁao intervals: phage S4/234 and 543/533 every
3 weeks during a period of 15 weeks; phage 474/761 every 3% weeks during
a poripd of 15& weeks. The phage conecaentration of eaeh preparation under
the conditions of storage mentioned above was determined by multiplying
the plagus counts by the appropriate dilution factors. The resulis are

swmariged in Table VI,



TABLE VI

The Effect of Time, Medium, and Temperature on Phage Concentration

—— Phage Concentration (No L /ol

Phage Nod Medium vironment I;:gt;ilg: 3 weeks 3.5 weeks 6 weeks ‘re&.g_w-ee_ksT 9 weeks 9.5 weeks 12 weeks 12,5 weeks 15 weeks 15.5 weeks
543/533 pggg:e -30°C 65 X ;—:)' 2.4 X 108 2.4 X 10° 2,56 X 10 2.5 x 10° 2,46 x 108

543/533 | peptone +4% 6.5 x 108 | 1.14 x 208 1.2 x 108 1.3 X 108 1.3¢4 X 108 1.2¢ X 108

543/553 | peptone | room t® | 6.5 x 10® | 4.0 x 108 8.0 x 10° 3.2 X 108 = =

543/533 pEEEEES 1yophilized | 6.5 x 10® | 7.2 x 107 7.2 X 107 7.0 X 107 9.0 x 107 8.76 X 107

543,533 sl;gaeﬂnm -3¢ 6.5 x 108 | 1.8 x 108 1.4 x 108 1.88 x 109 1.98 x 10° 1.74 x 10°

543/533 | 5 +4 6.5 x 108 | 1.5 x 168 6.8 X 107 7.0 X 107 6.4 x 107 6.0 X 107

543,533 :i%é%:i:: room t* | 6.5 x 10® | 2.8 x 107 2.0 x 107 4.0 X 10° 6.0 x 10° 5.4 x 10°

543533 | distilled -3%c 6.5x108 | 1.2 x 108 9.8 X107 1.2 x 10® Gl xiyos 1,22 x 20°

543,533 41::%:11‘ +4% 655 110" |is-0 x 10" 7.0 X 107 5.4 X 107 5.6 X 107 5.1 X 107

543/535 | asstilled room t® 6.5 x 10® | 5.1 x 107 3.3 X 107 3.0 x 10! 3.3 X 107 = .
543/533" p;:g:::z -30%c 6.5x 108 | 2.6 x 108 2.6 X 10° 2.62 X 10 2.7 x 108 2.68 x 168 -
343/538 | tryptose +c 65 x 10° |i15 08 1.1 x 108 1.04 X 10 1.06 x 10° 1.0 X oS o
543/533 roon t® 6.5 X 208 | 3.4 x 108 Tezix e’ 5.6 X 10° — = ]
543/533 | 1yophilized | 6.5 x 108 | 6.0 x 107 5.6 X 10 5.9 X 107 7.3 X 107 8.04 X 107

Fa/z84 | pep ~5¢C 90X 10T | 2.8 X 10 2.1 X 107 712 X 10 Z.24 X 107 2.76 X 10

si/284 | pepton +4% 9.0 X 1o: 5.0 X 10: 2.52 X 1;:7 3.16 X 107 3.28 X 107 3.52 X 107

3a/284¢ | peptone | room t® 950 T 1o 0te Xl 10 (3 ey 1.2 x.0" = -
34/284 pE§E§§e lyophilized | 9.0 X 10'; 1.14 x 167 8.6 x 1 9.2 X 10° 1.38 x 107 =
38/284 slggfun -30% 9.0 x 10" | 3.38 1:7 3.16 X 10 3.7 X 107 5.6 X 10 5.48 X 10
34/284 gl‘;)gtrin +4% 9.0 x 107 | 2.1 £ 10 1.86 x 107 1.7 X 107 1.96 £ 107 1.6 x 107
34/284 sl;gzrm room t* 9.0 X 107 | 1.12 x 20/ 8.0 x 10° 7.9 & 10° 4.6 x 16° 6.0 x 10°
swees |distill -50%¢ 9.0 x 107 | 7.1 x 168 5.5 x 10° 5.4 X 10° 6.4 x 10° 6:0/x 107
swese |asstill +4%C 9.0 X 10: 2.9 x 10° 2.6 x 10 2.3 X 10° 2.6 X 10° 3.0 X 10°
sw/zss [asstilled room *  f9.0X20° | 70X 10° 6.2 x 10° 6.3 & 10° - -
swzse | trypeos -30% 9.0 X 107 | 3.4 x 10’ 2.9 x 10 3.1 X 107 3.1 x 107 .16 X 10"
swzse | trypros +4% 9.0 X 1o: 3.92 X 107 3.6 X 107 Be4 X 107 4.0 X 107 4.6 X 107
3/284 9.0 x 10" | 4.0 x 20¢ 0 - = =
i 9.0 x 10" | 9.6 x 10 9.4 X 16 1.32 X 107 1.38 X 107
T 1.82 X 108 2.56 X 108 2.50 X 108
o - . p:’::::a v i y 1.92 x 108 2.78 X 108 2.8 x 108

broth 1.8 X 10 s ;2 =
47a/781 | POPEORS | 1yopnilized | 15 x 108 8.0 x 107 9.0 x 107 1.76 X 108 1.18 x 108
:://::i ;1222:1“ '::: 15 x 108 2.34 X 108 2.1 X 108 2.3 X 108 2,36 £ 10°
glycerine 15 x 108 jisz 108 HLdy e e 7.2 X 107 6.8 X 107 7.4 x 107

o~ ugﬁnne mm,t. 18 & 16° 6.0 X 10° 8.4 X 102 0 = =
474/761 “.'.:&,l.'d Foao 5% 107 1.1 x 108 1.0 X 108 8.7 X 107 1.18 X 108 1.15 x 108
SR M::&}-.d el 15 x 108 -0 x 108 1.0 x 105 8.4 X 107 1.11 X 18 1R8I x 105
474/761 ﬂi::tﬂ_‘q room t® 15 X 108 .0 X 102 0 - = 75
aa/rel | R -3¢ 15 x 108 2.2 x 108 2,1 x 108 1,74 x 168 2,32 X 108 2.24 X 108
474/761 p;:{g}';:',: *’c 15 X 108 3.4 X 108 3.2 X 108 1.96 X 108 3.46 X 108 3.26 X 108
sa/re1 | Loypiosy room g 15 X 108 1.0 x 104 ) - - -
sra/re1 | EETBLOSY 1yophilized |15 x 108 h.4 x 108 7.8 X 107 9.8 X 107 1.04 X 108 9.4 X 107
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Resultis: 1

The results of this experiment may be evaluated by comparing
the phage concentration of sach preparation at théltima intervals mentioned
above with the initial phage conceatration, From Table VI it is evident
that & loss of approximately 75% of the phages occurs im all preparations
during the firat three weeks, after which the phage contentration remains
more or less conatant.

Most phages &re very unstable and beceme inactivated rapidly at
room temperature but retaia their astivity for a longer peried of time at
lower temperatures. On the average they are more stable at «~30°C in the
deep-freezer than at +4%C in the refrigerator. Thus the concentratien of
phage 543/533 ia the media used is twice as great at -30°C than at +4°¢C,
The concentration of phage 34/284 in both peptone broth amd tryptose phos-
phate broth is about equal, but in glycerine and in distilled water the
concentration is twice as greast at -30°C than at +4°C, The oconcentration
of phage 474/761 in peptons bréth, distilled water, and tryptose phosphate
broth is the same at -30°C and‘at-+4°c, but in glyserine its econcentration
is about twice as great at -30°C than at +4°C.

In the lyophilized state, ths phages are about equally stable
when suspended in peptene broth amd in tryptose phosphate breth. However
the phage concentration ia lower than in the preparations whiech were stored
at -30% and +4%,

Fig. 2 shows the type of curves obtained when the phage eoncen-

tration in & number of preparations is plotted against the time, These

curves illustrate the rapid inactivation of phage at room temperature, the
decrease in phage concentration during the first three weeks and stabili-

zatioan thereafter.
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The effect of time, medium,and temperature on phage concentration.

Phage 543/533 in peptone broth at -30°C.

Phage 543/533 in 50% glycerine at +4°C.

Phage 543/533 in tryptose phosphate broth at room temperature.
Phage 3A/284 in peptone broth at -30°C.

Phage 3A/284 in 50% glycerine at +4°C.

Phage 34/284 in distilled water at room temperature.

Phage 474/761 in peptone broth at -30°C.

Phage 47A/761 in 50% glycerine at +4°C,

Phage 474/761 in 50% glycerine at room temperature.




Swumery of Experiment 5:

The results of this experiment indicate that a less of approx-
imately 75% of the phages oceurs dﬁring the first three weeks of storage.
Maximum stability seems to be aschieved at a temperature of -30°C in the
deep~freezer. The phages iere on the average equally stable in all media
tested, provided they were stored at low temperatures. |

EXPERIMENT 6: Detection of “lLaternt Phage" im Cultures of
Prepagating Strains,

As shewn by Rountree (1949;), many strains of staphylocecei are

lysegenie and Tiltrates of eultures of these étrains often contain phagas

which can be demonstrated by the use of sensitive or 'indieator' strains,

dccording to Williams Smith (1948a, b), many strains of staphylbcocci are

resistant to the lytie tcfion of baetériophages because a large proportion
of these strains are lyseogenies.

Thé phages ecarried by the lysoéenic staphylococcel whieh are used
in the propagetion ef stock phages occcur as contaminants in stosck filtrates,
Therefore to obtain steek phages which are free from these eontaminant
phages, it is advisable to use propagating strains of staphylecocci whieh
are known fo be non-lysegenic, dn attempt was made in this investigation.
to detect the presence of 'latent éhages' in ecultures of the twenty-four
propagating strains ef staphylecoccl available.

Method of Conduction:

Lyiogenie strains were detected by Figk's eross-culture ngthed
(1942). Four hour and 24 hour breth cultures of the prbpagating strains
grown in tryptose phosphate broth at 37°C were examined., Four drops eof

the culture to be exemined were spread svenly over the surface of a peptone



agar plate, and after the plate had dried, the remsining cultures were
tspotted' upon it. For the sake of convenienee the bottom of the plate

was divided by a glass-writing péncil into twenty-four one-half ineh
squares, 80 that the twenty-feur prepageting strains could be Spottod

upon any one sirain on one plate. When the fluid which had been applied
had dried suffieiently to permit the plates of being safely moved, they
were incubated at 37°C for 6-8 hours and left at room temperatures overnight.
The next morning they were examined for amy evidence of phage action in the
form of plagues or rings of inhibition of growth around the edge of the
épotted eultgre. The groith of any pair ef strains Qhowing,cvidence of
phage sction was seraped off the agar and suspended in one ml. of broth.
This was centrifuged and the supernatant fluid was tested against both
strains %o find out whigh was the lysogenie and which the susceptible strain.
Results:

‘ Among the twenfy-reur propagating strains of staphylococel examinmed
by this method, only three were found te be lysegenie, namely strain 4, 10,
and 36, Strain 4 Liberafod free phages which could be detected in the 24
hgur but not in the 4 hour broth cgltqre. Straiﬁ 3 was found to be the in-
dieator sffain sensitive to the phasos_curried by strain 4.

Strain 10 liberated free phagea which could be detected in the 4
hour but not in the 24 hour broth culture, while free phages were deteeted
in both the é_héur and the 24 hour broth eultures of strain Sé. The indi-

cater strains sensitive to the phages carried by strain 10 and 3¢ were foumnd

to be strain 535 and 3 reaspectively.
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EXPERIMENT 7: The Serelogical Differentiation of Staphyloceccus
Becteriophages,
Preparation of Anti-bacteriephage Sera:

Antisers agasinst phage 34/284, 474/761, and 543/533 were obtained

by injeeting high titre, filtered broth lysates of these strains saubeuta-
neously imto rabbits. Three animals (1), (2), and (3) were injected with
each of these strains of phage to allow for imdividual veriatioa in ilmmu-
Bologieal response and to provide insuranee against loss of animals through
sickness or accidental death. One rabbit (3) frem each group was lost during -
the course of immunigzation. Two injeetions of 5 ml. per week for 3 weeks were
made followed by a test bleeding 7 days after the last injection. The teat
bleeding was made by slitting the marginal ear vein end collecting ebout §
ml. of blood. The serum was then titrated for antiphage activity, snd if
the titre was unsatisfectery, a second course of injections was giwven, When
the sera were surficient;y potent far use, the rabbiis were bled by ecardiac
puncture 7 days after the last injection and 35-50 ml. of blood was removed
and allowed to clot at room temperature for 1-2 hours, After centrifugation
the serum was decanted, ecentrifuged agein if necessary to remove reaidual
red cells, heated for 1/2 hour in a 56 C weter bath to destroy complement,
and stered in sterile scrow-eappqd tubes in the refrigerator.

Antisera to phages 13 and 30 (Asheshov's series) wers prepared in
& similar mﬁnner but in this case the usual course of injéction of the phago'
lysates was 6.5, 1.0, 1.5, and 3,0 ml, injected intravenously at S-day inter-
vels, the rabbits being bled 7-9 days after the last injection, Two rabbitis
(1) and (2) were immunized with each of these two phages.

| 411 operafiona in bleeding the anjimals and preparing the sera

were performed with meecsutions to avoid microbial eontgmination.
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Titration of dntiphage Sera:

‘Ihe'antisera were titrated against their homologous ghagos by
the follewing procedure: Dilutions of the antisera (Table VII{ were
prepared in tryptose phosphaté broth and 0,9 ml., of eaeh dilution was
sadded to 0,1 ml, of the hemologous phege so diluted in broth that on
plating one ml, of the final mixture, 50-500 plaques would"develop in the
absence of any neutralization, The phage-serum mixturea were iﬁcubatod
in a 37°C water bath for 2 hours after whieh 0.1 ml, samples of each mixture
were added to 9.9 ml. of tryptose phosphate broth to prevenf fur ther in-
activation of the phages. One ml. of each of the final mixtures was plxted
on the appropriete propagating strain of staphylococeus by tho;qgar-layer
method. The titre of each antiserum wis expressod as the reciprocal of
that dilution which gave approxiﬁatoly 80 per eent reduction in the plaque
count es compared with that given_bi cantréls eonsisting of phsge diluted
with tryptose phosphate broth.

Table VII shows the increase in plague counts with increasing
dilutions of antiserum, and the titres of the sntiseras whieh demonstrate
the variation in the immunological response of rabbits immunized in the
seme way with the same phage. Thus thée titre of antiserum hgaihst phage
54/384 (1) is 300 while that against phage 3A4/284 (2) is only 100.

' The titres of antisera againast phage 13 and 30, prep;red by
intravenous injections, range between 2000 and 6000, and against phage
SA/284, 474/761, and 543/5335, prepared by subcuteneous injections, betweea

100 and 400.
Phage Heutralization Testa:

Antisera sgainst phage 34/284 (2), 474/761 (1), 543/533 (2),

13 (2), and 30 (2) were used for the phage meutralization tests. 411 the



TABLE VII.
Titration of Antiphege Sera Against Homologous Phages

@ Antiserum Plaque counts with increasing dilutions of antiserum
1 Rabbit against 5 1*0
No. Titertof
pinge 1/20 1/100 1/200 1/300 1/400 | 1/500 |1/1000 control | psien
1757 |3a/284 (1) 0 7 iz 26 3L 38 64 91 300 ’
a
1759 |3A/284 (2) 0 12 38 44 49 55 57 62 100 i
1760 {474/761 (1) ) 15 72 93 99 103 118 242 190
1761 [|47a/761 (2) 3 26 92 107 2 325 338 565 400
1763 |543/583 (1) 0 2 42 65 112 1] 182 275 300
1768 |543/533 (2) 2 27 93 Ll 169 124 182 234 160
Titration of Antiphage Sera Against Homologous Phages
P — =
| Antiserum Plaque counts with increasing dilutions of antiserum
Rabbit against
No. Titer of
i 1/1000 (1/2000 [1/4000 | 1/6000 | 1/8000 [1/10000 [1/100000 |1/1000000 | Control (antiserum
| 1785 | 13 (1) 8 37 54 99 106 166 185 212 204 2000
1786 13 (2) Y 0 2l 43 82 105 214 2ls 204 6000
| 1787 30 (1) 0 16 80 194 258 249 254 286 292 4000
1788 30 (2) 0 0 16 52 126 I 196 192 198 8000
# The titre of each antiserum is expressed as the reciprocal of that dilution which
gives approximately 80 per cent reduction in the plaque count as compared with that
given by controls consisting of phage diluted with tryptose phosphate broth.
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phages from Fisk's series except phage 74/76, Wilson and Atkinson's series
except phage 47C/1163, the series of 'adapted' phages exeept phage 542/76,
and the 32 phages from Asheshov's series were tested with these antisera.
Fhage 74/76, 47C/116%, and 542/76 could not be used in these tééts because
high titre filtrates of these phages eould mot be ebtained.

The following procedure was used for the phage meutralizetion
tests: To 0.9 ml, of antiserum diluted to titre with tryptose pﬁqsphnte
broth was added 0.1 nl: of a lytic filtrate of the phage to be tested, so
diluted that on plating 1 ml. of the final mixture, a readable Humber of
plaques would develop in the absence of any noutrAlization. 4 eontrol
consisting of the same amount of phago diluted with 0.9 ml, of tryptose
phosphate broth wes also prepared. The mixtures were incubated in & s7°%C
water-bath for 2 hours after which a 0.1 ml. aliquot of each mixture was
added to tubes containing 9.9 ml. of tryptose phosphate broth t§ prevent
further neutralization of the phagos; One ml. of the final mixtures was
then ti¥rated by the agar-layer method and the plaque eounts were used to
caleulate the percertage of phages neutrélizod by the antiserum. The results
of these tests are recorded in Tables VIII, IX, snd X,

The results show that it is possible to divide the phages inte 3
serologieal groups, which for purposes of convenience, are designated 4, B,
and €.

Group 4 contains phages 5!/&84; 3A/842, 3A/144, 51/555, 34/533,
34/145, 34/44, 3B/2l1, 34/62, 474/761, 47/38, 47/44, 47/3, 543/533, 554/536,
545/536, 54%3/144, 543/62, 54%/%54%, '554/535, W, 145/535, /3, 145/62, 51/145,
56/%, and 145/642., A1l these phages belong to Fisk's series, Wilson and |

Atkinson's series, and the series of 'adapted' phages. They are all neuiral-
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ized by antisera against phege 34/284, 474/761, and 543/533 (Table VIII),
but not by antisers sgeinst phage 13 and 30 (Teble IX). It is mot knowa
why all these phages shguld eross-react with sntisera egainst phage
2A/284, 474/761, and 543/535, It is felt that further investigation is
required to see whether these phages are serologically alike., The fact
that none of these phages are neutralized by amtisera against phage 13
end 30 indieates a certain degree of rslatednmess between these phages.

Greup B contains phages 2, 3, 8, 9, 11, 12, 17, 18, 19, 20, 21,
22, 2%, 24, 25, 26, 28, 29, 30, A, B, C, D, and SZK, 1heso phages are
neutralized by antiserum sgainst phage 30 but net by antiserum against
vhage 13, as shown in Table X,

Group C eomprises phages 4, 5, 6, 10, 13, and 1§, which are
neutralized by sntiserum againat phage 13 but not by antiserum against
phage 30 (Table X). That the ﬁhages of Groups B and C are different
serologiéally from those of Group 4 ii indieated by the fact th&t phage
1% and 30 are not neutralized by antisera against phage S5A/284, 474/761,
and 543/533, | |

Ag shéwn in Table X, phage 1 and 27 are neutralized by antisern
againat phage 13 and 30. Phage 1 appears to be fairlyiclosely'related to
.tho phages of Group C sinece a higher perecentage is meutralized by antiserum
against phage 15 than by antiserum against phage 30. On the other hand,
the oppéaite is true for phege 2¥, a higher percentage being neutralized
by antiserum ageinst phage 30 thar by antiserum against phage 13, indi-
cating that this phage is clesely related to those of Group B, These
observations suggest that phage 1 and 27 are mot identical but are closely

related and it is questionable whether the differences beiween these phages
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‘ ‘ TABLE VIII.
Neutralization teats with antisera against phage 3A/284, 47A/76l, and 543/533

34/284 na/761
Phaged ad 474/ 543/ 553
Plaque counts Perosnt Flague counts Percent Plaque counts Paroent
1""""‘1?&“::-:11i.za Control N
1 eutraliza| Control _ | Neutralizad4 Control
}'.lon tube (tube neutrali- -{.1011 tube (tube neutrali t(‘d.on tube tube neutrali-
phage + phage + phage + phage *+ phage + (phage +
antiserum) | broth) zation |.itiserum)| broth) zation antiserum) broth) zation
3%34 8 73 89.1 12 73 3.6
%z 25 139 82.0 8 46 82.7 8 46 87.0
3

’i“ 16 94 8.0 131 >750 >82.0 224 >750 >70.0
3

yms 13 62 79.1 8 36 77.8 10 36 72.3
3 s 48 218 78.0 23 134 82,9 35 134 73.9
3}{45 as 327 88,4 an 92 59.5 39 92 57.7
3 4 41 239 82.9 24 164 85.4 20 164 87.8
£ :

S 10 82 88.0 58 307 8l.2 84 307 72,7
3 s 18 71 75.0 17 49 65.3 16 49 67.4
47 5 2 1 .
_j'o'l 3 31 90.4 3 93.6
4} 2l 157 86.7 6 27 77,8 49 157 6€.8

36
4'7“ 96 > 1000 >90.0 18 119 85.0 178 »1000 > 80.0
4% 0 158 100, 26 131 80.0 3 158 98,2
543
/ma 10 =B 8l.2 7 53 86.8
534
. 38 >1200 Y 90.0 51 >1200 > 90.0 24 102 76.5
5&:5/&_ 14 »1000 > 95.0 75 »1000 $95.0 ) 119 100.
543{4' 28 > 500 > 95.0 30 » 500 »95.0 30 15¢ 80.6
543 "8 228 66.7 19 228 91.7 48 243 80.3
82
54

%“ 14 » 1000 » 95.0 113 »1000 > 90.0 29 108 73.2

& s 76 258 70.8 110 258 57.4 132 298 55.8
" 18 224 92.0 52 188 72.4 27 133 79.7
. 6 > 800 100. 8 > 800 100. 7 > 800 100,

5/5 0 128 100 0 174 100 0 175 100

145, 46 206 79.7 63 248 75.0 68 212 68.0
62
51 . 1 74 82,5 24 76 8.

o 7 sl 91.4 3 68.5
S0k 2 > 1000 100. 7 $1000 100. ) $1000 100,
Bt 0 > 500 100. 6 ) 500 100, 8 ) 500 100,

13 > 800 » 800 0 » 800 » 800 0 » 800 )aoo 0

30 | » 800 » 800 0 7 800 > 800 0 ) 800 Yeco 0
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TABLE IX.

Neutralization tests with antisera against phage 13 and 30

e ————————————

Antiserum against phage

13 30
thaase Plaque counts Plaque counts
tested Neutralization Control Ll s Neutralization Control e
tube tube tube tube
(phage + (phage * | neutralization (phage + (phage + | neutralization
antiserum) broth) antigerum) broth)
3A/264 233 256 0 242 256 0
3A/ 542 135 134 0 136 134 0
3A/144 193 196 0 183 196 0
3A/535 129 13l 0 126 131 0
3A/533 193 184 0 186 182 0
3A/145 236 232 0 228 232 0
3A/44 277 281 0 268 281 0
3a/62 143 152 0 154 152 0
3B/211 171 180 0 183 180 0
4747761 163 156 0 158 156 0
47/36 151 154 0 146 154 0
543/ 533 168 174 0 163 174 0
543/ 542 298 202 0 28l 202 0
w 172 lal 0 174 181 0
145/535 ) 600 ) 800 0 > 800 > 600 0
6/3 > 500 > 500 0 > 500 > 500 0
145/62 171 165 0 151 160 ]
51/145 31z 308 0 294 308 0
36/3 189 198 0 192 198 0
145/ 542 212 218 0 205 218 o
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TABLE X .

Neutralization tests with antisera against phage 13 and 30

Antiserum against phage

u

30

Ph.age.a 13
Plague counts Plaque counts
tested Neutralization Control Eexaeny Neutrallzation Control Farngree
tube tube tube tube
(phage + (phage *+ neutralization (phage + (phage + neutralization
antiserum) broth) antiserum) broth)
1 20 229 91.3 62 229 73.0
2 138 135 0 20 135 85.2
3 p 0 > 500 0 48 » 500 80.0
4 96 413 76.8 403 413 0
5 51 194 73.7 204 194 0
6 72 > 300 > 75.0 > 300 > 300 0
e 3le 329 0 55 329 &3.3
9 106 101 o] 9 96 90.9
10 16 183 91.3 le4 183 0
11 249 238 o} 37 238 84.5
12 396 382 0 171 382 55.3
13 123 138 0
16 59 » 800 > 90.0 > 800 > 800 0
17 237 241 0 61 241 74.7
18 119 123 0 26 123 78.9
19 240 239 0 50 239 Dol
20 380 390 0 30 380 92.4
21 > 400 > 400 o 35 > 400 > 0.0
22 71 78 (o} 14 78 g8z.1
23 ) 450 > 4% 0 31 > 450 > 90.0
24 273 286 0 64 286 7.7
25 138 142 0 5 laz 96.5
26 =3 93 0 8 23 9l.4
27 72 122 41.0 32 1z2 73.8
28 277 284 0 50 284 82.5
29 145 147 ) 24 147 83,7
30 2lz 219 0
A 173 192 0 17 192 9l.2
B 72 76 0 13 76 82.9
c 920 100 0 18 110 85.5
D 117 128 (o] 7 128 94.6
S3K 184 188 0 18 188 90.5
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and those of Groups B and C are gre&f enough to justify their separation

into difforegt serologiecal groups.




V. DISCUSSION

6ne of the main diffieulties encountered in the beginning of
this work was to find & suiteble methed for determining phage canceniration.
Asheshov's loop methed was tried but was abandoned during the course of the
work ror.roasons mentioned previously. It was found that more satisfaetory
results could be obtained by the agar~layer methed which is 1n.genor§1 use
by practically ell werkers. When only am estimate of the number of phage
particles in a phage suspension was required, dsetermimation of the eritical
test dilution of the pheges yielded satisfaetory results.

In earrying out experiments on the grewih requirememts for phage
fermation, it is desirable to grow the host organisms in chemiecally defined
wmedia., Sinee Fildes' synthetie medium is adequate for the growth of staphyl-
ococei, it was thought that it wewuld alse support phege multiplication. The
medium was therefore tested at different pH values with a nmumber of phages
but was found unsuiteble for the growth of these phages. The author feels
that further work is required to determine whether the addition of various
substances (growth faetors, ete.) to thia medium would result in a greater

yield of phage. “
| As & preliminary to further a;perimegts of 'selective' adsorption,
the period of incubation required fer complete adsorption eof phége 474/761
on its hamologous strain 761 and on heterolegous strain 44 was determined.
It was found that at least 45 minute incubation is'required for ecomplete
adserption of phage 474/761 on its hemologous straim 761. Similar results
were obtained by Rountrese (1947b) with phage 51/145 and eulture 145.whare

complete adsorption ocourred within 30 minutes of incubation., Adsorption
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of phage 47A/761 on heterolegous straim 44 occurs at a much lower rate
as shown by the fact that only 3%0.8% of the phages were adsorbed after
2 hour imeubation at 57°C, Puck et al (1951) found that oceli phage T;

is adsorbed on a broth-grewn culture orvlseherichia ¢oli at a rate of

about 80% in 3 minutes at 37°C, This adsorption rate is extremely rapid
8s compared with the rate of adsorptien ef staphyloseccus phigoa on their
host cells.

4 study of the e¢ffect of time, temperature, and medium on the
stability of staphyloeoéena baeteriophages revealed that a loss of approx-
- imately 75% of the phages oecourred during the first three weeks of siorage.
thiﬁnn stability was &éhiovod wher the phages were stored at -50°C in the
desp-freszer. Tho‘eause of the drop in phﬁge titre during the firat three
weeks of stor«ge'is at present wnknown amd has not been investigated, but
it may be due to phage-inactivating agents present imn the phage lysates.

- s mentioned previously, Burnet and Lush (1935) and Freemsn (1957) found
evidenoce that polysaccharide material frem gultures of -ttphjlocoéoi
possessed phago-inaetivating power. On the other hand, Rountree (1947b)
eould not demonstrate any aetivity in the pfeparation of polypaecharido.
atudied but ebtained evidence that mucleoprotein was concerned in the phage
inactivation. It is conceivable that the phage-inmetivating agents (pely-
saccharide or nucleoprotein?) present in the phage lysates exhaust their
activity during the first three weeks after which the phage titre becomes
stable. ‘

The lysogenieity of 24 prepagating strains‘or staphylococei was
invoatigttpd by the method deseribed by Fisk (1948). Only 3 strains, namely

strain- 4, 10, and 36 were found to be lysogeniec., It is advisable to discard



the phages which have been propagated on these strains, as preparations
of these phages probably eontain phages derived from the lysogenic strainas.
By the use of antiphege sera prepared by immunizing raebbits with
selected phage atrainu, 57 staphylococcus phages Icre-divided into 3
serologiocal groups. Using this method, Burnet and Lush (1935) examined
a series of 15 staphylococcus phages and distinguished é grouﬁa among them.
It ias found thaf ell the pheges ef a given type reacted uniformly with
regard to photodymamic irnactivatien, power to grow on citrated media, and
inactivation by strong urea solution. Similarly, Bountree (1949b) distin-
guished 6 serolegical groups among 39 staphylococeus phages examined. There
was sorrelation between the serological groups and other charaeters of the
phages such as stability, range of orgenisms lysed, plaque size, etc. It ias
felt that further work along similar lines is required for adequate eharae-

terization of the staphylococeuna bacteriepheges at our disposal,
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VI. SUMMARY

The following is a resume of the results of this investigation,
1. Unsatisfactory results were obtained with Asheshov's loop method for
determining phage concentratiens. .
2. A aynthetic medium, namely Fildes' aynthetic medium, was tested at
different pH values With @ number of phages in the hope that it might
provide econstant eultural cenditioms for the growth of phage in further
experiments. However, within the range of pH tested, the medium was found
uasuitable for the growth of these phages.
3. 4lthough Fildes' synthetic medium ias adequate for bacterial multipli-
eation, it does not mecessarily suppert phage multiplication.
4, DPeptone broth at pH 7.2 and Baete nutrient broth at pH 7.8 were found
suitable for the grewth of staphylococcus baeteriophages.
5. In & preliminary experiment in order %o determine a suitable time
peried ef incubation to serve as basis for further experiments of ‘'selective’
adsorption, it was found that af leaast 45 minute inscubation at 57°¢ is re-
gquired for eomplete gdaorption ef a staphylococeus bacteriophage on its
homologous strain. Adsorption on an heterologous strasin oceurs et a mueh
slower rate.
6. The effect of time, temperature, and mediwm on the stability of staphyl-
ococeus basteriophages was studied. The results showed that a loss of
approximately 75% of the phages occurs during the first 5 weeks of storags.
The phages were on the average equally stable in all media tested provided
they were Qtored at low temperstures. Maximum stability was aehicied at

=30°C in the deep-freezer.
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7. The lyaogenicity of 24 prppagating strains of staphylococel was
invéstigated by the method developed by Fisk (1942). Only 3 strains
were found to be lysogenie. | .

8. By the use qr antiphage sera prepared by immunizing rebbits with
selected pheage straina, 57 staphylosocecus phages were divided imte 3
serolésieal groups. Two other pheges waere found to be related to twe

of these groups.
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