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The subject of my lecture concerns an aspect of microbiology rather different
from that Upon which Marjory Stephenson’s great reputation was built. However
the I\_/Iargory Stephenson lecturer may, | yvather deal with ang side of the subject.
| believe tifat the matters | shall giscuss Would have interested her and 1 hopealso
that my remarks may contain a few crumbs of interest for you,

Most peoale regard viruses simply as noxious parasites to e destroyed or at least
thwarted, t} ou_gh_ﬁerhaps virologists take a more lenient view, since upon the
viruses their [Ivelihood depends.” But either way the viewpoint is distressingly
anthropocentric; the only criterion seems to be their effect, direct or indirect, on
that great hulking mammal, man.. Nobody |ooks at matters from the point of view
of thé poor little Virus, so many times smaller than man himself. After more than
forty years’ study of virology, I feel that | may tr% to get under the skin or capsid
ofa\{lrt%s and from my seat in its nucleoid see how the world looks from a virocentric

oint of view.
p |t can too easily be imagined that a virus'slife is an ideal one. Avirion is equipped
to penefrate the cell of Jfs choice. It has the trick of divesting itself of the para-
phernalia which helped it in that penetration and thereafter it can com%el the cell
It has entered to devote its resources to make more virions like itself. Within a short
time—an hour or two in the case of some gha es— It can become not only amother
but a grandmother and great-grandmatner and that without any necessary intro-
duction of the Hoys and Sorrows associated with sex. It proFen,y can (%o and do
likewise, doubtless supposmP that they can continue and dufy inherit the earth,
In fact, of course, theg are limited, as'all parasites are limited, by the supplies of
sus%egﬁble hosts ?nd gthe abl|l'[?/ of those hosts t?_ react against them,

The Tfirst trouble theéy meet with is that they find themselves inadvertently
stimulating the production of a hostile substancé called interferon and this even
w?nle thex are supﬁo%mg themseIVﬁs qunF safe |nf|de a Cﬁ”._ In ?onsequence tEe
cellular environment becomes much less favourable and their replication may be
slowed down or even halted. They can, however, themselves react, Strairis of
viruses may develop, having less teridency to evoke interferon Froductlon and less
susceptible to its_action. 1 shall be s_uH esting.later In_this talk that variation n
susceé)tlblllt to interferon plays no little part'in affectmgakus_’s prospects..

The next trouble is that wnien enough virions have beén shed into the environ-
ment they hegin to stimulate antibod %roductlon. This reaction comes alon% alittle
later than the interteron production, but it Is a menace which persists and Increases
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and may soon end the virus's i)ros ects so far as the orlglnal ly infected host is con-
cerned. ” Here again Is a trouble which viruses have to Some extent learnt to over-
come. First of all, of course, they can escape and manage in one way or angther to
reach fresh hosts. Before they have to do this, however, they miay exploit the
local p%35|b|||t|es a little further. They ma)r1 penetrate the blood-bréin barrier or
reach the comea or some other foothold where antibodies cannot so easily reach
them. They do better in fact a%w_here_where they are superficially placed; in the
skin or on mucous membranes. Antibodies may indged be found in mugous secretions,
but they are lower in titre and less effective than where there is readier interchange
with the fluids of the blood.

Viruses may dodPe antibodies in another way. Those of the pox and herpes groups
ma% é)_ass from cell'to cell along fine ntercelllar channels and so extend the area
of their dominion without having to leave the shelter of a cell and brave the antj-
body menace without. The virus of varicella spreads readily in such a manner in
many sorts of tissue culture, but when one tries to demonStrate free virus in the
cultdre flyids one commonly fails to do so. In the case of the virus of malignant
catarrh of cattle the phenomenon is even more striking.. Though it was long sus-
pected that this was a virus infection, it was until recently impossible to demonstrate
a free fll(}erabl_e a%ent. There 1s a bit of a mystery to be unrave_lle% here. Both vari-
cella ana malignant catarrh readily infect fresh hosts; how, It they. are so closely
cell-bound, do t_he3/ manage o do so?. Some viruses of the myxovirus gr,oup are
haemolytic In vitr6 and this haemolysis seems to be merely a'manifestation of a
cytol%tlc properéy. This seems to_serve the, gurpose of allowing adjacent cells to
biecome fused and'to form a syncytium in which viruses can multiply.” Here we have
another ruse by virtue of which'more virus can be built up in a focus in the body
despite the presence of circumambient antibody. .

ut now_suppose that our virus can make no more headway in its original host
and is_seeking fresh victims in ways to be discussed later. A time will come when
those in its Immediate environment are either dead or immune—in either case un-
available. How is this trouble to be surmounted? There is the qeographmal escape.
An epidemic may be a migrating one. Outoreaks of fatal yellow fever amongst
South American monkeys ¢an be followed and have been found to s’pread as fast
as 200 km. a month. In"Africa, {00, though yellow fever is an inapparent infection
among the local monkeys, there is evidence that waves of spreading infection occur.
WideSpread epicemics 4mang human beings, due to the Chikungunya and ONyong-
nyon%kuse& show a simildr Pattern of ovement. Nor, to come nearer hone, do
"need to remind you how, influenza A virus travels from country to country.

The influenza virus exhibits two other featyres of inferest. Ohe may see phage-
variation, the so-called P-Q variation, wherein less avid forms are produced, reacting
Poorly with specific antibady, lsaacs et al. (1954?1 have sugé;ested that though the
otal antigenic composition of the less avid or Q phase may e unchanged, thé com-
Ponents ave been somehow shuffled, the virus being CP_artIay turned Insjde-out so
hat the antlb_ody-reactln? constituents are not so readily dvailable at the virus’s
surface. The virus may well find this helpful to it, but of far greater significance for
ItS future 1S the pheriomenon known a antlgfenlcdrlft. bservations over fhe
gast thirty, and more conclusively, the last fitteen years, have shown that, after

period h which Influenza has béen virtually absenit, new strains have appeared,
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antigenically distinct from those prevalent earlier. As a rule they have been more
closely related to their immediate Rredecessor,s than to those from further in the
past. "It _has been shown experimentally that influenza passa?ed In partly immune
mice o in the presence of amounts of antiserum inadequate Tor complete su gres-
sion, will encourage the emergence of antigenically novel strains. 1t was hoéJ d at
one time that if we knew the antibody-comiposition to he found in a human popula-
tion, we could passage virug in thé presence of similar antlbodoy and see what
turned up; thus 1t was hoped to predict what sort of a variant would appear with
the next outbreak. | need hardly saz that the influenza virus was smarter than
we were and did. not behave as Nad been quessed, What | have described as the
flu virus’s behaviour was true of the years up to 1957, Since the Asian_or A2 virus
aF eared It has not varied as muchas it had done before. Post-1957 strains do
differ from each other but not very greatly: the A2 virus seems relatively more
stable. Perhaps_it Is as a copsequenCe that its visitations have been rather less
frequent and widespread of late. Possibly production of the 1957 variant was
a mistake from the virus’s point of view, ~ =~ _

Let us now consider what means are at a virus's dlsPosaI for reaching a new host.
Though viruses are non-motile, they are eqmpEed with homing devices which help
them o, attach to appropriate cells. These take the form_ of chemical substances
with affinity for receg ors.on the cells’ surface. The mechanisms, involved have been
Bartlcularly well studied in the case of influgnza; here the readily observed reaction

etween thie virus and receptors on the surface of red blood cells serves as a model
of what is _haPpenlng when the virus reaches a susceptible cell on the epithelium
of the respiratory tract. _ _

The homing devices require, however, the assistance of some outside agenc_}/ to
to bring virus into fairly close contact with the cell to be invaded. Oftenthe host itself
Prowdes the mechanism: a sufferer from a cold sneezes and projects virys towards
he next victim; a mad dog bites; a child’s fingers pick up contaminated mateyial;
or infection is carried by the movement of windor water. One of the most primitiye
and still hlghl successful methods depends on an alternation of hosts, especiall
when noth 0fthem are mabile. We are probably wise to consider so-calleg arthropod-
borne Infections of vertebrates as being essentially vertehrate-borne infections of
arthropods. Qvert disease In the arthropod is unknown in the case of arbovirus
Infections of birds and mammals; S0 It IS more ||kelg that the association of virus
and arthropod is the older one. The virus then regards the mosquito- or tick-bitten
vertebrate as a convenient means of finding its way o a new tick or mosquito.
Much the same is probably true.in the realm”of plant-viruses, for the aphid-vectors
of plant viruses (If we logk at it that way round) are commonly unaffected. The
matter |s more doubtful In the case of sgme cicadellid-borne viruses, which ma
lead to hthmful results in hoth Plants and Insects (Maramorosch & Jensen, 1965

The arthropod-vertehrate cycle ma){_not always e a sure and certain matter for
the virus. Mosquitoes have a short life and may weII_Perls_h before the mgested
virus has had time to mature within them and reach thei sa,llvar'g_ %Iands ready for
introduction into a new host. A mosquito which normallx bites Dirds may at times
take @ meal from a horse or a man; a virus sych as one ofthe North American equine
encei)halo_myelltls viruses may then find itself in a host :n which it can only mul |Fly
to a low titre; it has got intoa blind alley. And what if one of the members of the
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cycle disappears, as mosquitoes do durm? winter months? There has been much
discussion as £0 how these equine encephalomyelitis viruses manage to overwinter
to_ carry on.till mosquitoes re-appear In the “spring. It has been suggested that
migrating birds carry them south and then north“again, or that the¥ persist. in
occasionally hibernating mosHunoes or in Dats or snakes. The most recen sugges_tlon
Is that there 1s a hitherto unsuspected cycle in small rodents angl thelr ectoparasites,
for the viruses have been recovered from mice in New Jersey during winter months
(Sussman, private communication), , N

Avirus might be pardoned for t mkmg that this arthropod transmission was too
chancy an affair and that it might be safer to try to reach one’s next host directl
{))(alr transcPort, riding Upon & sneeze. But here more troubles are encountered.

Irus carriegl on the smallest droi)_let nuclei Is exPosed to the Inactivating inflyences
of gessiccation and exgosu_re to light. It must reach its objective very quickly or
perish. 1t Is more stable if associated with a large particle which can somewhat
protect it; but then it can easﬂy fall too quickly to'the ground. To succeed, it has to
manage to board a L}oartlcle of such Intermediate dimensions that it avoids hoth
these dan?ers. |t must then be carried by the air current of an inhalation round the
comner of the nostrils into the nose; to land prematurely on the external nares Is to
court destruction, Once within the nose it m|?ht expect to find safety at Jast. But
not so; it probably lands upon a moving sheet of mucus upon which 1t gains an in-
secure foothold and which carries it inexorably backwards and then downwards
t(t) meeﬁ Its doom down the oesophagus and Into the acid cauldron of the
stomach.

One inevitably wonders just how a respwato_ry Virus ever manages to avoid these
hazards; yet It certalnl¥ can do so. A local chil mg% and desiccation within the nose
may temporarily halt the flow of mucus and give the virus its chance. Or perhaps
the"stream of mucus turns over and over as it'goes, so that a few virus particles can
Seize an opportuth/ to snatch at a near-by “cell before they are whisked away.
Eererlments on volunteers with rhinovirysés show that ong cannot dilute virus-
containing nasal washings very far and still produce colds. Rather large aoses are
necessary. The amount 0f virus which leads to a cold in nature must be much less
than this, | shall try to account for this anomaly later. _

The rhinoviruses which cause colds are labile in the presence of acid and cannot
therefore survive. passage through the stomach. Their relations, the enteroviruses,
can withstand this and thereforg have no trouble n reaching, their habitat in the
Intestine. One can only guess whether they are acid-stable derivatives of the rhino-
viruses, adapted to a ifé in the 8Ut’ or whether it |s,ther¥ who are the ancestors of
the rhinoviruses which have giscovered. how to lodge in thie nose and muItleg there.
The troubles of the enteroviruses are in any case different ones. For them faecal
contamination Is the key to success, Here they may fall befween two stools, In an
environment, let us saX In a tropica| wIIique \Wriere hygiene is practically non-
existent, they can spread so readify that all"children aré infected at an early ag.
The enterovifuses then cause only infections of infants and are dependent for their
continual existence on a contindous supply of fresh susceptibles. On the other

and, In a modern h|ghlé/ civilized commnity, faecal contamination cannot be
relied on as a means Of cross-infection and as, ouy hy1g|ene Improves. the entero-
viruses will spread with greater and greater ditficulty. "Their victims will, however,
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always include the visitor from civilization who penetrates into less hygienic parts
of the world. On the whole, the enteric viruses Seem to thrive prett}/ Viell. "

Three of them, however, have made.a grave error.. The three'sero gpes of 80|I0-
myelitis have, apparently quite fortuitously and with no henefit t0 themselves,
found themselves able to invade the central nervous system of man and cause
parafl%mc_ disease. So hurtful has this been that man has heen inspired to develop
an effective goho vaccine which will, we hope, f%et rid of the garalytlc disease. | do
not know how a virulent poliovirus regards the prospect of being eliminated in
favour of an anaemic avirulent man-mace vaccine strain. With much the same
disdain, | imagine, as a wolf might regard a Pekingese dog, . .

Passing é)ver some less impartant Toutes of transfer of infection we_come to
vertical angd transovarial transmission. This must seem an easy way out of a virus’s
troubles. Some viruses, in ticks, may be passed to a new generation In the ovum
never having to battle with the d_an?ers of the world outside. The same Is true of
some viruseS which are_ pathogenic for the larvae of Lepidoptera, In the case of
Iyerhoc tic c_horlomenlngltls_ 0f mice, the phenomenon of immunolagical tolerance
permits the virys to persist mdeﬁmtelK In the blood and tissues of mice infected
In utero. Infection of the young may be through the ovum, or, as with Bittner’s
VIrug causing mammary cancer In mice and n some other tumours and leukaemias
of mice, It may be %assed_ In the maternal milk. Some plant viruses, too, are trans-
mitted inseed:. Such vertical transmission is doubtless helpful to a virus, but notably
so only when it supplements some. other method of transmission, Unless the host
species IS Increasing of extendmg s ranr%;e, a pair of animals will on the avera(ie
only give rise to two descendents in the fext generation. Viryses transmitted only
In & vertical way can therefore rarely hope to do more than maintain their numbers;
thesy cannot cohquer new worlds. _ _

ome viruses have in the course of evolution found new Wags of reaching fresh
hosts. A few of these changes can be observed today or can e assumed to have
taken place ’%Ulte recentIR/. he tick-horne encephaliti$ virus of Ceptral Europe is at
times transmitted by the milk of infected goats. The virus of Eastern equine
encephalomglelms, normally carried by mosqutoes, sgreads among captive pheas-
ants, probabily as aresult of pecking. The pox viruses seem to he addptable creatures
for some, such as smallpox, Spread Dy the respiratory route, while the closely related
ectromelia, at least sometimes, passes out in the faeces, and others—for instance,
fowl ?ox and myxomatosis—are mechanically carried by insects. It is a reasonable
hyW hesis that manK changes In routes of transmissiori have occurred in t_he_Past.

e now come to the ?rea est trouble which a virus must cope with, While it ha
fo be sure of spreadm? 0 fresh hosts in the wa*_s We have considered, it must not
be too efficient or all its potential hosts will be ¢ |m|n11t d bg/ dTath or biy bf?_comm
Immune. Either it must spread only indifferently well, by d calculated ingfficiency;
or it must find some wa¥of remaining latent until a new Su Ely of susceptible hosts
has hecome available. The virus’s problem is of course the Same as that of any
patrasnte. The virtues of self-restraint may have to be learnt in a parasite’s own
Interests, o . .

‘Inapparent infection” in the virus field has been defined (Symposium, 1957) as
cover‘ln(ty the whole field of infections which ?l_ve no overt. sign of their presence
and “latent infection’ as a special instance of inapparent infection in which ‘the
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infection is chronic and _in which a certain equilibrium between host ang parasite
nas been established” Bot,h_tru,l(Y latent and transient inapparent infections come
Into our story. It is a familiar idea that parasites and thelr hosts in the course of
evolution become mutually tolerant. Instances of inapparent virus infection are
accordingly far more nurmierous. than those in which viruses cause overt disease.
Arbovirus Infections are always inapparent in arthropods and are usually so in their
normal hqsts—monke¥s,_rodents or birds as the case may be. They.only come to
our attention when fortuitously spreading to strange hosts. Enterovirus infections
of man are usually inapparent; onl?/ the Bxceptional one ‘%oes beyond its bill and
by |nvad|n% nervous or muscylar tissues_leads to overt disease. Polyoma virus in
mice, and others which. potentiall _glve rise to leukaemig, are complet_elY harmless
in the ordinary way: It isman’s deliberate nterference with nature in his faboratory
which permits them to cause malignant disease. One can pass other virus families
In review and observe the same sort of thing. Those viruses are successful which
have learnt not to dama%{e their hosts and to Spread, usually amgng youn% animals
wisely yet not too well. There are of course others which cause disease and use that
disease’as a means of sgread: the ence&hahtls of rabies causes mad dogs to hite and
the “coughs and sneezes’ caused by rhinoviruses and others ‘spread diseases’

A number of viruses, however, do not seem to have achieved the Reac_eful C0-
existence of the quietly syccessful ones, and these have gained their ends in other
ways. For some a periodically activated |atent infection has marked the road to
success. The classical example; of course, is afforded by Herpes simplex. Primar
Infection usually takes place early in life or not at alf: it often takes the form of
a widespread stomatitis in children. Thereafter the virus settles down as a latent
Infection, often n the comer of the mouth or external nares, to be activated ever
S0 often as a crop of blisters by various stimuli; these are different in different
BeoIJJIe, \}Jerha s a common cold, ‘menstruation or eatmg cheese. A little virus may

e recovered at times from the saliva between episodes of fever blisters, but it seens
fairly certain that it isthe virus shed at the time of these episodes of activation which
acts as the main source of infection. Co

Something ofthe same sort is seen with the related varicellavirus. After an attack
of chickenpdx, virus may remain latent in the central nervous system, awaiting
activatjon In the gosterlor_root anglia and a centripetal spread to"cause the erup-
tion of Herpes zoster. This ma%/ be the starting point of more varicella cases.
Hope-Simpson 61965) has lately suggested that the whole s_ec‘u_ence may have
e¥olved for t?e ?]nﬁglt of the varicella-zoster Wrus; It can thus initiate a new chain
of Infection If a child-to-child infection-eries has petered qut. _

New |I%h'[ has been thrown IateIY on the ecology of rabies. No longer can it be
considered as anblnvarlabl fatal d?ease. Inv m%lre bats It ma ,wa a%a!)ate_nt
Infection, virus being present In sa |var¥ glands but not necessarily In the brain.
There may also be virus in the brown fat and this may persist there’ during a bat’s
hibernation. Insectivorous and frujt-eating bats may dlso carry the virus. Recently
5%, of bats in New Jersey were found to harbour the virus, though no cases of
rabies in dog or man have heen seen in that state for almost a decade (Sussman,
private communication). At times the virus In jnsectivorous bats may cause en-
cephalitis and they may' then bite the human hand that toyches them, or gven attack
unprovoked. In that the rabies virus does not necessarily kill infected bats, they
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might seem to guahfy as the orlglnal hosts of the virus. Quite a different view has
beén put forward by Johnson (1965). He regards bat rabies as part of an aberrant
cycle and considers that the true Hosts in North America are mustelids—skunks
and ermines. The small spotted skunk was apparently known to backwoodsmen of
the west as a vector of hydrophobia and was accordmgl?/ called by them ‘E{Jhobey-
cat’. From them the virls may SPread to foxes and wolves,in wriich it may cause
devastating epizootics and may thus actually serve to eliminate the mustelids
competitors. \Whichever view is correct, a sequence of alternating quiescence and
activity is indicated and this might a?pear well suited, as with herpes simplex and
zoster."to help in the perpetuation of the virus. The relative impartance of bats,
m_LllF'[eth, foxes and dogs and other creatures in the ecology of rabies is, however,
still under discussion, L N _
Alternating quiescence and activity is of course a familiar feature of influenza.
Over periods of a month or two it %an cause outbreaks affecting millions and then,
pernaps for two years, It may be hard to find. In between whiles, virus is only
recovered from an occasional sporadic case, or perhaps serological evidence of its
activity Is detected. It seems that the virus's actm% Is at sucha low ebp then that
it can only infect the occasional unusually susceptible person. Then after a while
a useful gntigenic variant turns up or waning of herd immunity helps it to get
going again. . . o . . L
are beginning to get glimmerings of ideas concerning the periodical activit
of co?ds—wﬁ% tne;? are gnope p_reva{egt in winter and In Qgrtagn Fg:(ilmates. Desp_t%
effqrts to produce Some, there'is ng good evidence that rhinoviruses and epidemio-
logically similar agents spread any hetter in winter than in summer. Rather dges it
sebm that an inféction In winter is more likely to be clinically manifest. Simul-
tangous occurrence of colds over wide areas points_to Some activating stress which
IS [ikely to be of a meterological nature. | say this in spite of our own failure at
Salisbury to show that chilling increases susc r?tlbl|lty to colds in individuals. [t
does not seem that_one can explain matters on the supposition that some_ people
carry a particular virus, as heg)es Is carried, and that this is periodically activated;
for in one. individual observed by Dr D. Hamre five suiccessive colds iere caused
bgﬁvedl erent rhinovirus serotypes. |n arecent discussion ofthe subject (Andrewes,
64) | have put forward a tenfative hypothesis. Accordln? to this, cold viruses in
small doses are constantly being passed back and forth between people, obtaining
onlg/ tem;aorary_ footholds Perhaps In ﬂu't?' small foci qn the respiratory mucosd
These may be”insufficient o calse genera |zed_|mmun|t_¥_ and may be prevented
from sgreadln widely on the mucosa by rapjdly mobilized interferon or some
other local defence._Only when this defence Is bréached as a result of some stress
does a cold rfsul_ts. There is evidence that stress may.inhipit interferon Productlon.
In a particular instance which has been published; interferon production was In-
h|t%|ted when mice were stressed by subgectm them to loud nojse. for 3hr a da
Chang &Rasmussen, 1965). 1t Is also cléar that stresses of several kinds play a Sna t
In causing qutbreaks of resglratorg/ Infections among service recruits (Pierce, Stille
& Miller,"1963). I such a exrg)l nation should. be correct it would Indicate that
cold viruses have evolved an ingenious mechanism for self-perpetuation,. Despite
the troubles I discussed earlier they seem to qet around without much difficulty. If
every happy landing led to a miserable cold, too many subjects would acquire
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immunity, as they do after a cold—though only to that particular virus. Butifit is
only the peo?_le Wwhq chance to he in a receptive state who develop overt and there-
foré immunizing colds, the virus will find susceptibles available over Io_n? periods,
. We do not yet know whether rhinoviruses are antigenically labile as influenza A
is and whether such lability 1s a further aid to them. "If, as iow appears, there_are
at least eignty serotypes ard probablﬁl many more, they may not need to vary. The
Ingenuity of @ mectianism whereby they spread only to certain individuals may be
an’ expréssion of their subtle efficiency rather than being calculated inefficiency
such as | sug?ested earlier, , _

An alternation of activity and quiescence seems to be useful to.a number of viruses
and this may be helged by Quite small varitions in their gropertles. If, for examEIe,
environmerital factors coula switch them between states of greater and lesser Sus-
ceptibility to interferon they mg(n;ht be able either to grow and spread more actively
or, when it suited them, to°go Into temporary retirement.

.An ideal virus could of cotrse be one which directly benefited its host; and such
viruses may actually exist. The maize hopper, Dalbulus maidis, normally feeds only
on maize dnd a refated grass species; on asters It dies, But when féd on asters
already infected with aster yellows virus it thrives, and after awhile is able to thyive
also on unintected asters, on.carrots or on rye. The effect seems to be on the ability
of the hOB er to digest previously indigestible foods. Now aster yellows virys can
be Killed Bmoderaeh at and stch heat-treatment cures Infected hoppers of their
Infection; but then, behold, their abnormally fine powers ofdlgesnon have gone also.
Maramorosch &Jensen ‘1963) nave suggestéd that we may be overlooking something
of wide mgor%ance. | there (Yvere lotSof beneficial viruses in the world, should w2
eversusPett at they existeq? . _

| shall now re-assume my normal anthropocentric view of my subject. We have,
| think, to admit that t_houg]h viruses encounter many troubles, they are remarkably
syccessful in overcoming them. If, however, we Can manage to be temporarlly
virocentric and see where a virus’s troubles lie, we may better be able, in the case
of truP/ harmful viruses, to see that those troubles bécome even greater, so that
We cart become their masters.
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INTRODUCTION

Malchair (1958) reported that StreFtomyces albus strain g cylture filtrates obtained
under suitable condmons or act nomYcetm Impaired the haemag Iutmatmq
actlvm( and the infectivity.of influenza virus bY an enzymic process. In Rresen
aper the_action of a purified fraction of actinomycetin, caseinase C (Ghuysen

eyh-Bouille & Dierick, 1962; Dierickx & Ghuysen, 1962) on congentrated and
Burmed influenza virus pr8 is examingd, its effects on the following viral proPertles
em? compareq; haemagglutmatlon Infectivity, neuraminidase activity, abllity to
react with specific antibody, antigenicity.
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METHODS

Viruses. Influenza A virus strain pr8 was purified and concentrated by one
adsorption-elution cycle followed by centrifugation. Packed fowl red cells f(2%,
v[v). were_added to ‘infected allantgic fluid obtained after three assa%es_ of lyo-
philized virus. Agglutinated red cells with virus adsorbed were washed twice with
cold saline and restjSpended in a volume of saline equal to one-fifteenth of the original
volume of allantgic fluid. After incubation for 4 hr at 37°, the suspension”was
clarified by centrifugation at 1500 g for 15 min.; the elyted virus was then sed-
mented by centrifugation at 26,0007 for 60 min. The pellet was resuspended in.a
volume of distilled water equal to oné-hundregth of the o_ntIqmaI volume, of allantoic
tluid. The viral suspension, after removal of large particles by centrifugation at
5000 g for 10 min., was distributed in sealed vessels which were stored” in_ solid
C02 or were frozen in solid CO2and afterwards kept at —0°. This [[)reparatm_n 1S
referred to as concentrated purified pr8 virus. A stock of a Belgian strain a2 virus
isolated in 1963 was S|m||ar|¥ prepared. o _

Caselnage C Ereparatlon. he. caseinase C used in this work was obtained from
DrJ. M. Ghuysen”and Mr L. Dierickx; its purification will be reported elsewnere.
By Its action, casein becomes progressively Jess, and flnaIIY not at all, precipitable
bév trichloracetic acid. The gresence In the digest of at least four compounds hlg_hly
réactive to pinhydrin indicates the proteolyrtlc activity of this enzyme preparation

Mr L. Dierickx,. personal communication). The solution of caseinase Cused had the
ame caseinolytic activity as a solution containing 150 /ig. crystalline trypsin/ml.
Two different’stocks were used which behaved identically.

Enzyme treatment of virus, Virus, caseinase C Eregaratlon and hosghate bufer
(pH 77 ;1 0T) were mixed in the following proportions by vol.: concentrated purified
VIrus él; caseinase G solution, 5; buffer, 4. Virus and enzyme were_thus finally in
il 001 phosphate buffer at pH 7. The mixtures were incubiated at 37°.. _

Measurement of virus haemagfglutmatmg activity. From a_10~2 dilution of virus
suspension, several series of twofold dilutions were made in -5 ml, saline, on ching
or Perspex cup trays. To each cup was then added 0-5 ml. 0-5% (v/v) fowl red cell
suspensjon. The haemag Iutmat,m? titre was calculated as the arithmetic mean of
the reciprocal of the highest findl dilution which gave detectable, although, in-
_comBIet_ , haemagglutindtion in replicate series (most often four) after overmgiht
Incupation at room temﬁerature. he amount of virus %lymg artial haema P U-
tination was taken as one haemagglutmat_ln%umt. When incomplete haemag§1 Utl-
nation was not, observed in a seried, the titre was taken as the arithmetic mean
between the hn[]he_st dilution to give complete haemagglutination and the one
Immediately folfowing which gavea nePatl e result, , _

Measurement %fwrus mfectlthy. The echm(lue with fragments of chorioallantoic
membranes on the shell was yséq %Fazekasd St Groth & White, 1958I). Sixteen
twofold dilutions, the ran%e of which Included the 1D 50 dose were inoculated, with
10 ?u sfdilution. Two Perspex traYS Were put side by side on each of six aluminiym
shelves supported b% a stainless steel frame and spaced at intervals of 2-5 cm. The
1D 50 dose was estimated r%_raphu:allg on logarithmic probit paper B%d, 1956).

Measurement of neura |n|d? ctm% The substrate was .nuntan urinary
mucoprotein (Tamm & Horsfall, 1950). Free A-acetylneuraminic acid was esti-
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mated by the sodium iodate + thiobarbiturate assay of Warren (1959; readings
taken at™549 m<). Each result was the average of four assays.

Measurement of the ability of virus to react with specific antibodies

_ Antiserum. Antiserum to influenza virus pr8 Was obtained from a rabbit after
intramuscular injections of virus purified by a single adsorPtlon-eIutlo_n cycle, the
saline containing the eluted virus beln% cleared. of red cells by centrifugation at

500 g for 15 min., and immediately distributed in screw-cap bottles and Stored at
—25°. The rabbit was given 1-0 ml. injections of this susRenS|on, the first five twice
a week, the sixth 32 days after the fifth, and the seventh 24 days later, The rabbit
\t/]vatstlbled 1 days after tie last injection. The serum was stored at —25° In screw-cap
Ottles.

Complement-fixation test. A micromethod in tubes was used (Sohier, Peillard,
Gineste & Freydier, 1956) with complement constant at 2. units. Twofold dilutions
of antiserum Were tested”in the presence of twofold dilutions of viral suspension.
FlftB/_ % haemolysis was taken as the end-point. Anticomplementary activity of
rabjit serum was treated by diluting 1/10 n vergnal butfer {Sohier et al. 1956% and
heatmq at 56° for 30 min__ An equal volume of %umea-p| serum diluted 12 in
veronal buffer was added. The mixture was kept at 37cfor b0 min. and afterwards
heated at 56° for 0min. _ -

_Ansorption of haemagglutination-inhibiting antibodies, To titrate the ability of a
virus susPensmn,t_o absorh antibody from™a given dilution of antiserum and to
measure the limiting concentrations of virus which neutralized various concens
trations of antiserunt, the following two tests were used. 61) Twafold dilutions of
virus were added to equal volumes of antiserum dilyted 1/80; 60 min. later, twofold
dilutions were prepared from these mixtures, using 0-25 ml. volumes; to each
dilution was added four haema Iutlnatlnq or 8 units'in 0-25 ml. and 60 min. later,
(-5 ml. red cell suspension. 52?7 wofold dilutions of andserum and of virus suspen-
sion were prepared. Qne-tenth ml. of each antiserum dilution was added to 0-1 ml,
of each virus dilution. The mixtures were left for 60 min. before adding four haemag-

|utinating units of pr8 in 0-2 ml. and 60 min. later, 0-4 ml. of red cell suspension.

aline was used as diluent. Antisera were previously heated at 56° for 30 min. The
four haemag/qlutlnatmg pr§ Units were in the form of diluted infected allantoic
fluid. A 0-5% (v/v) fowl red cell suspension was used. The tests were made at room
temperature and read as soon as red cell sedimentation was complete in the diluent,

Antigenicity was tested by_comparl_ng fwo sera, o

a) = Sera. Two quinea-pigs received six Intraperitoneal injections of enzyme-
treated or control pr8 Virus stspension, resPectl\_/e y. The first five injections were

one twmeaweek,_the sixth 24 da[ys aft?r he fifth. TJwe two 3nlmals were bl(f 4
jays after the last |n{ect|on. The stock of concentrated purifieq virus prepared for
ting lwoose was  obtajned accordln% t0 rthe techmﬂﬁje described above, but b
using two, adsorption-elution cycles and a final centritugation at 1500 8 for 15 mir,
On €ach inoculation da)y (-75 ml. of virus suspension was thawed. One half was
incubateq for 4hr at 37° In the [Z)resence of caselnase C, the other half kept at 37°
In g os({)hate btﬁffer (‘{1 0-0L pH 7) for the same time. The effect ofth_ﬁ enzyme was
checke b%/_a_ aem 8glut_|nat|on_ test. Control virys suspension gliluted” 1/10 In
saline containing 1000°units penicillin G and 1000 fig. streptomycin sulphate/ml.
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was inoculated info the qume_a-plq_for control antiserum, To the enzyme-treated
virus suspepsion diluted 1/10.in‘saline containing antibiotics, 20% _gv/v)_ of packed
fowl red cells were added; after 15 min. at roo temFeratur_e, this mixture was
centrifuged for 15 min, at 1500 . The supernatant fluid obtained after four such
?dsc%r%tlo_ns was Inoculated into” the guinea-pig to produce antisera to enzyme-
reated virus,

2 Inhibition of haemagglutination. Twofold dilution series of sera previously
treated by periodate_to destroY non-specific inhibjtors were prepared on china or
Perspex _uB trays. To 0-25ml. of each serum dilution, four haema glutlnatlnP
units of virus 1n"0-25 ml. were added. After 60 min. at room temperattire, 0-b ml;
of (5% (v/v) fowl red cells were added. Readings were made as soon as red cell
sedimentation was complete in the diluent (‘salm_e(i, the end-point being defined as
the highest dilution at which no haemagglutination was observed.

RESULTS
Haemagglutinating activity

The haemagglutinating activity. of concentrated purified influenza pr8 virus
remained unchanged aftér incubation for 4hr at 37°, In phOS})hate buffer (EH l;
|on|c_strenq_th_P 01). 'In the presence of caseinase. C, 90-09% of the haemagglu
tlnatm%ac Ivity was destroyed (Table 1). About 5% of the destruction obsérved
after 4'r at 37° took place during the first hour of incubation (Table 3).

Table 1 Haemagglutinating activity of concentrated purified pr8 virus (0-01
thlosphaée huffer pH™ ), after 4 hr of incubation at 4° 1 without caseinase C and at 37°

th'and without caseinase C
Haemagglutinating titre after incubation

£y Without caseinase C at With caseinase C at 37*
noF.)' 1 37° Ahsolute 9
i 51,200 51,200 4,800 9-4
2 83,200 89,600 800 09
3 89,600 10,400 1,600 2-3
4 153,600 153,600 3,200 21
5 16,800 16,800 400 0-5
b — 153,600 1,900 1-2

Infectivity

Incubation for 4 hy at 37° at pH_ 7 and p 0-01 did not decrease the infectivity of
coneentrated C[)Uﬂfle_d pr 8 Virus. After the same length oftime az 37° in the Fres nce
of casegnas?  the t|‘re of th? vial preparation was decreased to hetween 10~3and
HU4 o its Tormer value (Table 2).

Neuraminidase activity

The neuraminidase actlylt¥ of pr 8 virus was estimated on the basis ofthe amount
of A-acetylneuraminic acid liberated, after incubation for 4 hr at 37°, by 1Part_ of
viral suspension acting upon 9 parts of the mucaprotein solution (water con ammg
gemcnlln 100 units/ml. “and streptomycin 100 Zg)g./ml.). This system containe

b0/tg./ml. Aracetylneuraminic acid libérable by acid hydrolysis (01 n-HZ504; 1 hr
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at 80°).. Under the conditions of our experiments, the reIationshiP between the con-
centration of the viral suspension and the amount of free A-acetylncuraminic acid
was given by the equation: logy = alogx

where a is a constant, x the concentration of the virus m,Rercentage of the undiluted
control, and y, the_ amount of free Ah-acetylneuraminic acid"as % of the N-
acetylneuraminic_acid liberated after incubation for 24 hr in the presence of un-
diluted control virus suspension (about half of the A-acetylneuraminic acid freed

Table 2 Infectivit7v of concentrated purified pr virus_after 4 hr of incubation (phos-
phate buff%r, pH 7, p 0-01) at 4 without caseinase C and at 37° with and without

Caseinase . : .
Infectivity after incubation

Without caseinase C at , _
With caseinase C at

37° 3{<°
( \ (. 1 A
Expt. loglolD50  Standard  logi0lD50  Standard  logicID50 ~ Standard
ng. |% 1m?. grror* |% lm?. grror* ?n 1m?. grror*
i% 7-74 012 1-74 014 4-77 006
% 7-85 009 1-92 008 3-64 0-17
8-12 015 8-12 013 — —
— — 7-44 014 411 012

* Finney (1947).
f Sampye %ft%g virus suspensions used respectively for Expts. no. 1and 2 of Table 1.

Table 3. Haemagglutinating activity, infectivity and neuraminicdase _activitcyf (?rf

concentrated, purifieq pre aftér incubation at 37° I the presence of caseinase

different periods of time .
Lenath Activity in percentage of control

efni%. Haemagglutination expt. Infectivity expt. Neuraminidase expt.
cubation

(hr) 2 3 4 5 1 3 1 3 4

4 3 66 66 50 01 101 M7 10

] 0% % o8 2 - R

! 1 2 3 1 1 - _ 3 3 1

by acid hydrolysisa._ By this technique it was found that the neuraminidase
activity ofvarious dilutjons of concentrated éaurlfle_d vitus at pH / P 0-01, was the
same fter incubation for 4 hr at 4° as_at 37° (Fig, 1). After 4hr at 37° in the
presence of caseinase Cthe virus susg%nsmn liberated frcm 0 to 34% of the amount
of A™-acetylneuraminic acid liberate J the control, which means that 75-97 % of
the original neuraminidase a(;'[IVIth/ ha dlsapE)eared. After incubation for Lhr the

neurantinidase activity remained Unchanged (Table 3)

Ability to react with specific antibodies

In.the presence of rabbit antiserum, concentrated purified pr8 virys suspension
Prewou_slylncubated for 4hrat 37 (pH 7, (P 0-0_13 fixed complement after o ermght
ncubation at 4°. Atter an identical pre-incubation, but in the presence of caseinase

1
8

N S
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PR8 rabbit
2k antiserum Diluent Virus dilution
dilution g 0o 0 0 0
@ ™=
40

80
160
320
640

1280

= 1

Fig. 1 Fig. 2

Fig. 1. Neuraminidase activitg of dilutions of concentrated purified »r 8 after 4 hr
Incubation at 37°or4° pH 7,y 001 Ordinates: logy, Wherewsthe amount of N-acetyl-
neuraminic acid liberated aftef 4 hrincubation af 37°’in % of the JV-acetyheuraininic acid
liberated by the undiluted virus suspension after 24 hr incubation at 37°. Abscissae:
log X, where x_is the concentration of the virus in % of the undiluted virus suspension.
Expt. no. 1. 37° «; 4°, 0- Expt.no. 2: 37°, 1 ; 4°, A

Fig. 2 Neutralization b%/ haemagghitination-inhibiting activity of anti-PR 8 rabbit serum
by varlous dilutions of pr 8 VITUS suspension incubated at "37°, 1t 0 0L, pH 7 with or
without caseinase C, further adsorbed by 20% fowl red cells or' not. Shadowed bang:
haemagglutination in the,f)re_sence of diluent alone. White bands: haemagglutination in
the ;])resence of various dilutions of conc?nt[ated purified pr & incubated a 37°,|y 0,01,
PH . Pattern obtained b¥ using control virus, virus treated by caseinase C of virus
reated by caseinase C and further adsorbed by 20 % fow red cells. Black bands: haemag-
glutination in the presence of varjous dilutions of concentrate purified pr 8 after 4 fir
incubation at 37°,y 001, pH 7 and adsorption on 20% fowl red cell

! ]
1

Table 4. Complement fixation, after overnight incubation at 4°, by concentrated
purified pr8, untreated or treated by the caseinase C in the presence of anti-PR8

rabbit serum o
Complement fixation in the presence of
antiserum diluted

) Virus s
Virus dilution 1120 1140 1/80 1/160

Control 12 + + + 0
1/4 + 4 0 0

1/8 + + 0 0

1/16 + + 0 0

1132 + 0 0 0

1/64 0 0 0 0

After enzymic 12 + + 0 0
treatment 1/4 + + 0 0
1/8 + + 0 0

1/16 + 0 0 0

1/32 0 0 0 0

1/64 0 0 0 0

an/('j\vze[%g?a%‘etsh‘ig%%”ﬁ.s obtained with samples of the virus suspensions used for Expts. nos. 1
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C. the ability of the virus to fix comglement in the presence of rabbit antiserum was
slightly aecreased, 1.e. in the presence of serum diluted 1/20, the minimum active
virus Concentration was twice as high for treated virus as for the. control. and
conversely the serum titre measured in the Rresence of control virus djluted 1/2 was
twice as High as that measured in the presence of the same dilution of treated virus
(Table 4). This rabbit antiserum diluted 1/20 did nt fix complement in the presence
3f|ragan ard soluble A antigen extracted from allantoic cells infected with pe8

After incubation for 4 hr at 37° in the presence of a caseinase C preparation, the
ability. of congentrated purified pr8 virus suspension to bind haemagglutination-
Inhibiting antibodies was not modified. By measuring non-absorbed antibodies, it
was found that, when added to an eﬂual volume of antiserum diluted 1/80, treated
or untreated virus, diluted. 1/200, caused the antiserum to lose 75% of its ability
to Inhibit haemﬁgglutmatlon. Virus preparations (treated or untreateda) diluted
1/400 had no effect on the haemagglutination-inhibiting titre of the antiserum
dilyted 1/80. On the other hand, neutralization of haemagglutination-inhibiting
antibodies was obtained b¥ mixing various amounts of virus With various amouynts
of antiserum. The same fimiting”concentrations of treated and untreated virus
suspensions neutralized each tested concentration (Fig. 2)

Ability of virus to adsorb onfowl red cells

. Concentrated purified pr8_virus suspension previously incubated at 37° for 4 hr
in the presence of caseinase C greparatlon was diluted 1710 in saline and 20 % (viv
of packed fowl red cells added. Arter 15min. at room temperature, this mixfur
was centrifuged for 15 min, at 1500 % The sugernatant fluid was tested for abilit
to absorb_haemagglutination-inhibiting antibogies. The same limiting concer-
trations of both énzyme-treated virus suspension angd adsorbed, enzyme-treated
virus suspension neutralized each_ tested “concentration of antiserum (Fig.. 2).
Adsorption of control virus suspension by fow] red cells under the same conditjons
strongly decreased the ability of this suspension to neutralize haemagglutination-
Inhibiting antibodies (Fig. 2):
Antigenicity

Antiserum to_control (untreatedi) virus.and antiserum to enzyme-treated virus
were examined for haemagglutination-inhipiting antlbod;(, and for antibody which
fixed complement in the presence of standard Soluble aritigen and in the Presence
of enzyme-treated (E, suspension; concentrated purified virus incubated at 37° for
4 hr in'the presence of caseinase C) and control (C suspension; concentrated purified
virus incubated for 4 hr at 37°); Phosphate bufter pH 7, g 0-01, virus suspensions of
both influenza pr 8 and Asian nfluenza (Table 5). L

Antiserum to.control virus and antiserum to ehzyme-treated virys inhibited four
haemagglutinating units of pr 8 virus to 1/5120 and 1/320, respectively.

Antisérum to control virus fixed complement in.the presence of enzyme-treated
and contro] pb 8 Virus suspensions. The titre of antiserum to untreated virus in the
presence of one unit of enzyme-treated pr 8 Virug antlgen SE suspension diluted 1/2)
Wwas 1/80. Its titre In the presence of one unit of homologous antigen (C suspension
diluted 1/8) was 1/320.
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Table 5. Complement fixation, after overnight incubation at 4° by various dilutions of concentration purified pr8 and Asian viruses,
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 Antiserum to enz%/me-treated virus fixed complement in the presence of untreated
virus; It titre In the presence of one unit of enzyme-treated virus antigen (e
suspension diluted 1/82 was 1/160. ST o
Antiserum to untreated pr 8 inflyenza virus did not inhibit four hagmagglutinating
units of Asian influenza, neither did antiserum to enzyme-treated virus.” However,
It fixed complement in the presence of enzyme-treated and untreated Asian influenza
VIS suspensions, but Its titre in the F esence qf either of these antigens did not
exceed 1/20. Antiserumto enzyme-treated virus fixed complement in the presence of
enzayme-treated Asian influenza virus suspension but not In the presence of un-
tredted virus. The enzyme-treated virus antiserum titre in the presence of one
unit of that antlgien %I_E suspension diluted 1/8) was 1/320. _
. Neither control antiserum nor enzyme-treated virus antiserum fixed comﬂlement
in the presence of standard soluble A antigen, or of caseinase Ccontrol solution.

P3.8 rabbit
antiserum Suspension dilution Tor M fraction dilution B f-action dilution

dilution Diluent — a N *. s a
80Dk RE G 0%00%% R &ﬁooapo.?oﬂq PP

0 r

8
160
20
B0
1280

= LI

Diluent B

Haemagglutination in the presence of { E suspension or of fraction of it
C suspension or of fraction of it R

Fig. 3. Neutralization of haema%glutlnatlon inhibiting activity of anti-pit 8 rabbit
serum by varioys dilutions of pr 8 virus suspension incubated for 4 hrat 37°, /i 001,
RH 7, with orwithout caseinase Cand by fractions of these suspensions obtained after

hr ceptrifugation at 31,000g in swinging bucket. E suspension: enzyme-treated
suspension; C suspension: control suspension: T suspension 2 ml. top supernatant:
M suspension: 2 ml. medium supernatant; su%Pens,lon: ellet resuspended n 1-25 ml,
bottom fluid. B fractions dilutions expressed as. dilution of material sedimenting by 1 hr
centrifygation at 31,000 g. T and M fractions dilutions expressed as dilution of material
non-sedimented after 11t centrifugation at 31,000 g.

1 I

Evidence for virus breakdown

pr8 £ suspension, 0-7 ml., was diluted 1/10 in saline. Five ml. of this dilufion
were centnfu%_ed for' Lhr at 31,000 g in swinging bucket rotor SW39 of a Spinco
model L centrifuge. After centrifudation, the Sml, volume was carefully divided
Into three fractions with the aig ofaszyrmge and needle. Fourml. of the supernatant
ﬂwdﬂwere removed as two fractions, Zml. of top supernatant (T)and 2 (ranlM J&rlme)gjlum
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suFernatant (MJ. Jo the_remamn]g bottom Lml., 0-25 ml. saling was added and the
pellet resuspended in this 1-25 ml. volume. _

In this fraction the concentration of material sedimentable by 1 hr of centrifug-
ation af 31,000% was equal to 1/2-5 the concentration of this ‘material in the
suspension, whereas the concentration of material not sedimentable by 1hr at
31,000 g was 1/12-5 the concentration of this material in E suspension. Three
fractions of pr8 C suspension were obtained following the same, procedure. The
three fractions of both E and C suspensions were tested for ability fo neutralize
haemagglutination-inhibiting activity of antl-PR8 rabbit serum and for ability to
fix complement in the ePresence of anitisera to enzyme-treated and, untreated virus,
The activities of these fractions were compared”with the activities of E and C
susPensPns, the concentration of each fractlgn beln%_ expressed as dilution of
material present in corresponding uncentrifuged suspension. _

T,  Mand B fractions of pr8 E suspension (when the concentration of non-
sedimentable material present in B fraction is allowed for) neutralized haemagglu-
tination-inhibiting activity of anti-PR8 rabbit serum as well as did E suspension
itself. B fraction only of C suspension neutralized haemaggllutmatlon-m |b|t|n%
act|V|t?{ of this antiserum to the same extent as did Citself. "Nothing but traces o
neutralizing material were found in T and M fractions of C suspension éFlg. 3).

Complement-ﬁxmrg activity in the presence of antiserum to untreated virus was
found In all three fractions”of E suspension. In the presence of qne unit of T
fraction of £ antl%en (T from E suspension dilyted 1/402 or one unit of M fraction of
E antigen (M from E" suspension diluted. 1/40) the titfe of control antiserum was
1/20, Whereas in the presence of one unit of B fraction of E _anUgen_ QB from E
suspension diluted 1/20) its titre was 1/80. Complement-fixing activity in the
presence of antiserum to enzyme-treated virus was found in B fraction dnly of E
susPensmn. The titre of this Serum In the presence of one unit of B fraction of E
ant %en (B from E suspension diluted 1/10) was L/&0. _

The complement-fixing achw(% of the control (untreated) suspensign was bound
to materia sedlm(_entlngf at 31,000 g: no activity was bound In T fraction of C
suspension, traces in Mtraction and"maximum activity in B fraction (Table 6).

DISCUSSION

Kuroya et al. E19572 and Skryabin (1957) reported that some, actinomycetes
produce’ In thelr Culture filtrates” substances displaying antibacterial activify and
activity against influenza virus.. Nevertheless, to our kn_owled(%e, none Of these
antiviral stbstances has been purified and used for studies similar o those described
here. In our conditions the action of the antiviral preparation on Jnfectivity and
haemagglutlnatl_ng activity cannat be attributed to a modification of sensitive cells.
Therefore, the discussion will deal with a dirgct action on the virus particle in vitro.

The enzyme preparation used Iy these studies is roteoly&tlc, as Shown by digestion
of caseln, and_may be a trypsin-like enzyme. Trypsin is known to act on Influenza
virus; indeed jt has been regorted LMayroW, Robert, er}zler&RafeIson, 1961) that
the neuraminidase and ha magﬂgl tinating activities of influenza A virus can be
separated after prolonged treatment at pH 7 by a hl?h concentration of crystalling
trypsin. However, thé enzymic activity of the Lee strain of influenza B virus, can
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be decreased b){ crude or purified frypsin at pH 7-2 or pH 8:5. The same effect was
observed with the Melbourne strain”of inflyenza A virus, after trypsin treatment at
H 85 (Stone, 1949). The haemagglutinating activity of influenza virus 1s known
0 be falrl?{ resistant to tlr_)(psmtreatment Its diminution requiring either prolonged
incubation at 37° and pH'7 (Gresser & Enders, 1961) or pH 8-9 {Cleeland & Stigg,
963). This behaviour was confirmeg by incubating the concentrated purified pr8
VIrus at 3/° for 4 hr in a solution_of crystalline trypsin (pH 7, K0-0, 185 //g.fml.
final volume) able to digest casein at the same fate as caseinase C at the Usual
concentration. After such a treatment, the haema glut_matmﬁ1 é)ropert of the
vIrus was sli htly Increased. It seems thergfore ver unllkel% t a trypsin-like
Rroteolytlc activity of the antiviral preparation Is involved in the destryction of the
ae_magglutmatmg activity of the virus. The existence of a gradient in the sensi-
the various viral properties towards the enzyme preparation under our

ecIfic inactivation,

tivity 0
congiitions sugg_ests either distinct enzymes responsible for their s
or the progresSive modification of thé virus particle by a single'enzyme.
. The ‘inability of treated virus fo agglutinate red” cells is associated with its
inability to adSorb on red cells, which maY account for the Joss of infectivity of the
virys particle, Production of haemagglutination inhibiting antibodies without
antibodies fixing complement in the_Presence of virus particles, and aRpea[ance ofa
new antigenic activify together with evidence of breakdown of the virus raise
several ,gre%tlo s which are the sub!)ecé, of further. |nvest|?at|on. s the structure
responsible for the production of antibodies which fix complement in the presence of
viral particles destroyed? Is that structure, the one which Is responsible for
neutralizing haemagglutination-inhibiting antibodies and which s not sedimented
at 31,000 Og the oné “which is also able fo gjve haema%glutlnatlon-|nhlblt_mg anti-
bodies and'to react with strain specific comgleme_nt-fm g antibodies that it Cannot
rodue? Is.the new antigenic actlvng detected in treated virys susBensmn,_ In that
aterial which is sedimented at 31,000 g, the consequence of the unmasking of a
re-existing antlgen orof a chemlcal,chan?e induced by the enzyme treatrient?
his antigen canflot be the soluble antigen since antiserum to enzyme-treated virus
does not Teact with standard soluble intluenza A virys antigen. Nevertheless, data
support the hypothesis of the unmasking of an antigen present in both pr8 and
Asian influenza virus particles. V antlgens are known to possess some comPonents
cross-reacting within tgﬁ)es In addition 1o strain specific ones (Henle & Wiener, 1944;
Fulton & Dumbell, 1949). Sera obtained from animals or man after consecutive
Influenza infections show recall between distantly relateq strains LgHen e, Lief &
Fabiyi, 1958; Hobson & Pearson, 1961&. Non-specific recalls are troubjesome when

H_reparmlg 2pur_e anti-S serum ELief 1963).  Our control pr8, quinga- |g antiserum
lluted 1720 fixed comglemen _ %n éhe presence ofwjfle(f Asian nfluenza virus, but
Its titre In the presence of purified pr8 was much higher.

We thank Professor M. Welsch and Professor J. M. Ghuysenfor valuable advice
Mrs Leclercg-Poncin and MrJ. L. Repson fortech{ncal assistance. \Ve are mdebted
to the Fonds de la Rechercne Scientitique Medicale for grant in aid.
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INTRODUCTION

Survrval of irragiated I%;anthmrc‘ ghase bacteria can be aItered by various meta-
balic inhibitors, For exa [ survivals may be obtained by 1) treatment
with_ chloramphenicol before X- |rrad|at|on (Billen, 1959), (2) % h without a
requrred Pyrrmrdme or amino acid, orboth. before jrradiation With ultraviolet (u.y.

Hanawalt, 191) or X-rays (Billen, 1963), (3) plating on a medium containin
chIoramPhenrcoI after irradiation with wv. or X-rays gAI er & Gillies, . 1960).
In addition statronary phase_papulations are o ten more resistant than logarithmic-
&ase popu atrons touv radliation (Durham & \Wyss, 1956; Gates, 1929; YYoodsice,
oucher & Kocholaty, 1960) and to ronrzmrlr radiation (Stapleton, £955). However,
nert er the chanqes in metabolic state nor the mechanisms by which stich changes
alter ra mtronjk m% are ungerstood

We know that nuCleic acid components are the principal absorbers of the u.v.
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photons that Kill Escherichia coli (Gates, 1930) and a variety of evidence strongly
suggests that the initial lethal damage occurs predomrnantly and directly in deoxy-
ribanucleic acid (DNA; see, for exam le, Wacker 1963). Furthermore selective
Inhibition, by u.v, |rrad|at|on DNAs nthesis ‘in E. coli, which has long been
known (Keler, 153 probably directly involved in bacterial killing (Setlow,
Swenson &Carrrer 1963). Therefore it is reasonable to think that raiosensitivity
changes é)ro duced bg varrous metabolic treatments reflect changes m DNA or RN
snthesr Polyaux tro hs of the thé/mme eficient E, coli strain 15t~appear to he
good specimens forstu ying the mechanisms of radiation killing, because Fl) nucleic
acid syntheses in these mutants can be studied in relation to otiier specific metabolic
rlrrocesses (see, for example, Maaloe & Hanawalt, 1961 Lark, Repko & Hoffman,
963), (2) dramatic changes in radratron sensrtrvrty of logarthmic-phae cultures
of one poly-mutant, strain 15¢ _a_u~ reolgrrest ymine, arginine, Uracil), are ob-
served when protein ang ribonucleic acid NAfs ntheses are [nhibited forvarrous
trmes before ither u.v. Irradiation (Hanawalt, 1961) or X-irradiation (Billen, 19

In the resentp erwedescrrbe kinetics of (1) krIIrng by far-ultraviolet Euv
2537 A ra diation of Escherich ra cor train l5t a_y_ In Qlifferent metabolic staes,
and (2)'the recovery from u.v. etha lamage after Plroto -reactivation by near-ultra-
vroIet radiation near uv.). Analysis of the data indicates that pre-irradiation
inhibition of protein and RNA syntheses In strain_15t~a~u_ did not affect the
Productron ofrmtral IethaI lesions by u.v. radiation. Consequenth{ another explana-
jon must be found for the dramatic change in radiation sensitivity produced by
this pre-irradiation treatment,

METHODS

Organrsms and methods of culture. Escherichia_coli strain 15¢~a_u_ (isolated by
Bamér & Cohen, 1958) was obtained from Dr R, B. Setlow. Sonte of ifs L)hysro
Igrcal and genetic prolpertres were descrrbedb Kanazrret al. (1959) Stocks were
Intained on refrrge ated nutrient agar (Dif o Pes Test cultures were grown
m a liguid mrmma me dium [Davis mrneral S ts bu fer ederber 1950 contarn
%glucose 0 wv as enereg source rnap 2] supp emente as re urre
h" thymine, 5 mrne 20-100/tg mI or uracil,
Su pIements are rndrcated as o ows fully supp emente +T+AU t mme
Pl ar%mrne+uracr only T A The amount of rowt
estimated turbrdrme rically at 490 m/i"(Ei%) by using a Photovolt ‘Lumetron’ 401
colorimeter. Early-statioriary-phase or?anrsms (90-120 min. after the end of ex-
ponential increase'in extinction) were hafvested from an overmoht culture (16-18 hr
at 37” Ina shaker bath). For other growth phases, the overn hcuIturewasdrIuted
and incubated as required in the ap ropriate pre-warmed” growth medium._ To
change nutrients organrsms were CO Iect%d and washed on a membrane filter
(Millipore, grade HA) and resuspended in the new pre-warmed medium,
The supplement concentratrons used were adequate for growth: maximum
rowth in ‘minimal medium ([mrnrmum i ase minimuni generation time;
aximum colony count_)) \Was ob ained with t e fo Iowrng minimum supplement con-
centrations: thymine, %m ; arginine, 2011 g Iml.; uracil, 10/ig./ml.. (Figs. 1, 2I)
However, exFerrments with 1C-lapelled thymirfe showed that, at"maximum viab
titre, the culture grown in thymine 5/ig./ml. had used virtually all the thymine
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Lr\}atshﬁsrendedium; the thymine was not exhausted when a concentration of 10/¢g./ml.

It was also noted that thymine at 2//g./ml. (used by a number of workers for
growth of the, 15t~ mutants) permitted maximum exponential growth rate, but
P_roduced a slightly longer lag Rhase (FI%. }) and did not give maximum viable
Itre, because thyrineléss death occurre glg 2) when thymine was exhausted
from the medium before the end of the logarithmiC growth phase.

. /] g/sf‘ "\

Viable number/ml
o
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\O \
Viable number/ml.
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/“
)

/ e ol
e </ /i
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/E/O———A’/’—A $
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N2 /
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A\A_‘ [m]
T T 1 107 T T T T 1
0 2 4 6 1 3 5 7 9
Incubation time (hr) at 37° Relative growth time (hr) at 37°
Fig. 1 Fig. 2

Fig. 1. Effect of thymine concentration on aerated growth of early-stationary-phase
Escherichia coli strain 15t \~u diluted into minimal medium (arginine: 20/;g./ml.;
uracil: 10/;g./ml: thymine: 7 = 10/;0/ml., O = 2/;,g.ml, O = T/;g/ml., A= 0-5
ligmi, A= 01 g ml).

Fig. 2. Effect of thymine concentration on maximum viable titre attained by aerated
growth of ear_ly-statlonary-%hase Escherichia coli strain 15t-atv diluted into minimal
/me(}lulm (arglglye:/zq)or 100/¢g./ml.; uracil: 10 or 50/¢g./ml.; thymine: T = 5 or 10
¢g/mi, e = Zigg./m.).

The viability of bacterial cultures was assayed b%/ spreading measured volumes
wsually 0-05 qr 0-1 ml.) of dilyted suspensions on nutrient a%ar J)Iates, and counting
the colonies after incubation for 16-24 hr In a dark humidrtied 3/° cabinet,

Ultraviolet irradiation. For u.v. irradiation, bacteria. were collected on a mem-
brane filter, washed with several, volumes of Davis mineral salts buffer and re-
suspended, and diluted in this buffer. One-ml. portions of the suspension (less than
106 hacteria/ml.) were irradiated at room temperature (22-23°) in the depressions
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ofa qlaz_ed ceramic spot-plate. To prevent unintentional effects by short-wavelength
visible Iltqht, all u.v. irradiation experiments were done in a ligfit-sealed laboratory
illuminated by yellow fluorescent fam ngestln%hquse F-40G0, 0 W, goId?.

The U.v. source (2537 A) was two General Elettric 15 W. low-pressure me curY-
vapour germicidal lamps (G15T8) In a desk-type white-enamelled reflector.. Only
the central 15cm. length sPans of the lamps were used. A small low-velocity ex-
haust fan was used to~dlissipate possible traces of ozone and to maintain con'stant
temRerature of the lamps. o _

The near-u.v. source used in photo-reactivation experiments was the central
14 cm. length sBans of two General Electric 15 W. low-pressure mercury black-light
IamPs (F15T8-BLB; smooth spectrum 3100-4400 A, peak at 3530A3 In a desk-type
white-enamelled reflector. Unirradiated hacterial controls exposed fo the photo-
|reactll\c/at_lobnl_stource under the same conditions as for irradiated samples showed no
0ss of viability.

Incident dosye rates were measured with a home-made meter (described by Jagger
1961), and_found to be 9ergs mm-2, sec-1, at 60 cm, from the u.v. source and 94
ergs mm.-2 Sec.-1 at 10 cm. Trom the photo-reactivation source.

_ RESULTS
Survival after ultraviolet irradiation

Fig. 3 shows u.v. survival data from thirteen experiments (three doses per experi-
ment) for: (1) logarithmic-phase cultures; (2) earIX-statlonary-phase cultures;
ﬁ Iogarlthmlc-phase cyltures grown for 9 min. 0 #T —AU medium (hereafter
ererréd to as *—AU_cultures’). The curves shown In Fig. 3 are plots of an elguatlon
whose form and derivation are presented in the AFgendlx to this paper. .For the
present, it 1s only necessary to note that the equation involves the following three
constants and ng other constants; o

a IS the negative of the slope at high u,v. doses. Regressmn lines drawn to the
experimental data (which include about twice as many points as are shown In Fig. 3)
8|ve the value a = 0-0199 +0-0076 for the lo arlthmlc-%hase data, and 0-0196 +
H0087 for the early-stationary-phase and —AU data combined. The final slopes are
therefore identical within ex%erlmental eror.

M+1 is the ordinate intercept of the final slope, It has the value 5 for the, Iog-
arithmic data and the value 213 for the early-stationary and —AU data combined.

r describes the rate at which the curves fit low doges ﬁ)proach the final sl%%e. It
has the value r —0-0183 + 0-0013 for the logarithmic data and 0-0173 +0-0003 for
the early-stationary and —AU data combined, Therefore, these portions of the
curves are similar (In the geometric sense) for all three cultures, ,

The fact that two of the three constants needed to draw these curves were in-
variant for logarithmic, early-stationary, and —AU cultures suggests that the
three cultures Were identical ih some asgects of their photo-Sensitivi ¥._T_h_e deriva-
tion of the survival curve 1s based upon a being a function only of initial lethal
damage, while M +1 and r are related to repair events. The constancy of a therefore
suggests that the initial lethal Jesions were the same In all three cultures, while the
hl% er extrapolation number gM+H of the earl -ftanonary and —AU curves is
consistent with greater repair occurring in these cultures.
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Photo-reactivable sector

_The results of a typical series of photo-reactivation experiments are shown in
FI?. 4. Maximum Photo_—reactlvat!on after each u.v. dose was taken as the survival
corresponding to the highest point on the respective photo-reactivation curves
(arrows in Fig. 4). Similr determinations were made for each of the three cultures.
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Fig. 3. Ultraviolet survival of Escherichia coli strain 15t-a-u~in different growth states
dark survival). Key: O = logarithmic phase (+ T +AU); A = early-stationary-phase
+T +AU); i = =AU (90 nin. +T -AU).

Fi%. 4, quto-refmtivation of a —AU culture of E. coli strain 15t-a-u- after different
doses of yltraviolet. Arrows indicate survival point corresponding to maximum photo-
reactivation. Numbers on curves show ultraviolet dose in'ergs mm.-2.

Survival after maximum photo-reactlvatlon_glght survival) was vB'lOtted against the
u,v. dose for each culture. The results of thirtéen experintents with a logarithmic-
Phase culture are shown.in Fig. 5. For —AU and early-stationary-phasé cultures,
he uv. ang light survivals were the same and theréfore data’were combined.
Results of eighteen experiments are shown in Fig. 6.
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. The fraction of the u.v. dose which is apparently eliminated by photo-reactivation
Is called the photo-reactivable sector, a concept introduced by Dulbecco (1950).
The numerical value of the photo-reactivable sector is

A dose_ata?iven survival .
U.v. dose giving same survival after maximum photo-reactivation

The applications and significance of this concept were reviewed bg Jagger (1958).

The Photo-reactlvabe sector for each culture was calculated from the u.v.
survival curves (see Fig. 3), and tested for regression on ose. There was no re-
gression.  Consequently, thie respective photo-Teactivable sectors are constant at
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Fig. 5. Ultraviolet survival of logarithmic-phase bacteria of E. coli strain 15t-a_o- after
maximum photo-reactivation (light survival). Broken line is dark survival.

Fisg. 6. Ultraviolet survival of early-stationary-phase and —AU hacteria of E. coli strai
15t-a_u- after maximum photo-reactivation (light survival). Broken line_is dar
survival. Key: A = early-stationary-phase (+ T —AU);1 = —AU(90m in.+ T —AU)

N
K

Table 1. Photo-reactivable sectorsfor Escherichia coli strain 15 t~a~u~ in
different growth -phases

Growth phase Subtotal

¢ . ~ (stationar
Logarithmic  Stationary ~ -AU and—AUX Total
P?eoct%-rreactivable 0-47 0-42 0-48 0-46 0-46
Standard 1geviation 010 003 0-04 005 007
Degrees of freedom 18 8 17 26 45

all doses. Table 1 shows the rgg]hoto-reactwable sectors determined in forty-six
experiments. Sectors were estimated from the data pertammg to each cultyre, as
well as from lumping the stationary and —AU data (subtotal) and from Iumpln_? all
the data (total). The photo-reactivation data were analysed for variance' within
and. among the photo-reactivanle sectors of the various cultures usmg the F-
statistic method (Sncdecor, 1956). The means were not different at the 1% level
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Fig..7. Photo- reaetlvablht of ultraviolet- |rraF|ated bacteria of E. coli strain 15 H
|nd|fferent rowth states. T enegatlveo the s Re ofthe curve at any %omt escrltbeste
rate at which photo-reactivable cells are being photo-reactivated. E4ch point represents
the average value off(Phtr) foraFlven culttire in a given u.v. dose range (numbers on
curves, Inergs mm.- ) ey: 0 ogarlthmlc phase +T +AU); A = edrly-stationary-
phase (+ T +AU); I = ZAU (90 min. +T —AU).
Fig. 8. Dose of photo- reactlvatln% light giving maximym photo- reactlvatlon pIotted
against ultraviolet dose. Calcula avera?e regression line 13 shown, ey lS?O
fanr:rt\hnllc phasLeJ (+T +AU); A= early-stationary-phase (+ T +AU); 1 —AU (
Photo-reactivation rates
The Rhoto -reactivation rates were determined by the method of Dulbecco (1950).
At each survival, the value

f(Phtr) = 1-Jrnf

Bwhere Px — viable bacteria after dose (X ())ofghoto reactlvatlnigllght Pw = viable
acteria after maximum photo-reactivation; S = viable bactefia after zero dose of
hoto- reactlvatmﬁhght) is plotted logarithmically against Rhoto -reactivation dose.

afive of the Slope of the resulti ng curve expresses the rate at which photo-
ble bacteria ar bengPhoto re ct|vated Different shapes of the_photo-
reactjvation rate curve are obtained for different u.v. dose ranges (see Fig. 7).
This behaviour is not understood. To our knowledge, experiments of this type have
not been attempted previously, which reflects the Surprising paucity of irietic data

he neg
reactiv
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on cellular photo-reactivation, For all three cultures, the photo-reactivation rate
curves (Fig. 7), were identical for the same u,v. dose. Since photo-reactivation rate
Is a function of (L) the number of photo-reactivable lesions/cell, and (2) the efficiency
of the photo-reactivation System, these data indicate tha the amaunt of photo-
reactivable damage mlght be the same in the sensitive as in the resistant cultures
Fsee Conclusions)._The Tegression of maximum photo-reactivation dose was linear
or each culture. The average regression line is'shown in Fig. 8, which also shows
that, except at very low u.v. doses, about 700 incident photons of ?hoto-reactlva-
tin Itlght were required to reverse the damage done by each incident photon of u.v.
radiation.

The Rosmve S|(Tm of the Y-intercept of the regression ling in F_I% 8 %/vhlch su qests
that photo-reactivation at_very low doses requires more I|gi t than might e
expected) might not be significant. The 95% confidence interval of the Y-intercept
0088+ 0-224"erg mm. X 10 E shows the true intercept could be zero or a small
negative number. The probability that the sign of the Y-m_terceRt IS positive IS
bone out hy recent experiments of ours ﬁunp_ubllshed) which showed that the
amount ofhéht required for photo-reactivation in strain' By | §D37 of Lergmm.~2)
Wes not 1%but rather 20% of that required for photo-réac

survival value of strain v (D3 of about 100 ergs mm.“2,

Conclusions

The shapes of the u.v. survival curves for logarithmic-phase, —AU, and early-
stationary-phase cultures,or Escherichia coli strain 1oe a“U-~ (Fig. 3) are consistent
with the idea that the initial u.v. Jesions are alike in all three cyltures. The constanc
of the photo-reactivable sectors (Figs. 5, 6) show that the initial lethal lesions wer
as reflected by photo-reactivability, qualltatlyel / the same at all uv. doses in all
three cultures, That the course of photo-reactivation was the same at any y.v. dose

curve shapes In Fig. 7) adds to the evidence that the initial lesions were qualitatively
he same In all thiee cultures. The photo-reactivation rate was the same function
of u.v. dose in all three cultures (Flg. 1), and the number of Bhotons required for
(r:rball%(drrre\gmFFhoto-reactlvatlon was the same linear function of U.v. dose In all three

These m%lngs (that photo-reactivation Kinetics in all cultures were a function
onI%/ of uv. qose, and Were independent of the survival obtained jn the various
cultures) can be accounted for onlg In two ways: (L) the photo-reactjvation system
was equall e_fflthm all culturés and the amount of hoto-reactlv%blée dg?{na%e

t 15 aq dirrerent

Ivation at the samé

was the sare In all three cultures; or (2) the photo-reactivation system had

efficiencies in the three cultures, buf this was exactly matched by inverse differences
In the amount of u.v. damage. With respect to thie second possibility, one would
harglly expect the numbers of lesions produced and the photo-reactivation efficiencies
to differ greatly, if, as su? ested abve, the lesions were q[ualltatlvel the same In
all three Cultures, Furthermore, such an exact balance between pumber of lesions
Produc_ed and ghoto-react_lvatlon efficiency seems extremel unllke_ly. We there-
ore reHect the second possibility on the grounds ofaﬁrloru probability, and con-
clude that the eﬁlmenc% of photo-reactivation was the same in all thrée cultures,
This would mean that the data of Figs. 7.and 8 reflect the production of a constant
number of photo-reactivable lethal leSions for a given u.v. dose in all three cultures.
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Singe the photo-reactjvable sectors were the same in all three cultyres, it follows
that, It the number of photo-reactivable lesions were constant for a gilven U.v. dose,
then the number of non-photo-reactivahle lesions was also constant. Tn gther wards,
in all three cultures the initial u.v. lesions ap_peared to be quantitatively identical
and the photo-reactivable lesions quantita |vely and qualitatively ioentical, It
Seems Ilkelx, therefore, that the Initial u.v. letha dama(%e was the same In all three
cultures. The data also showed that —AU and ea,rlz/-sta jonary-phase cultures were

hoto-bmltgé;lcally Indistinguishable.. This i discussed in the following. paper
PGmsberg Jagder, 1965), where it is concluded that the —AU culture is,"in fact,
an early-stationary-phase"culture.

DISCUSSION

The greater radiation resistance of the stationary-phase cultures mlght be related
to the gresence of “spare " genetic material, since inacfivation of cells Raving ‘“extra
Copies of_a%ene m_|qht require extra hits. Stapleton (1955), for example, stiggested
that the hIR er resistance of Escherichia coli s/r tg X- and’gamma-rays at different
phases of the 8rowth cycle might be correlated with the number of nuclear bodie/
cell. Billen (1959) observed that the X-ray resistance of logarithmic-phase E. coll
15t was. increased when the or%anlsms were incubated”with chloramphenicol
S_CAP), before irradiation under which conditions RNA and DNA syntheses con-
inued while protein synthesis was Inhibited, He found that the X-ray resistance
did not change when thymine was withheld during the l{ire-treatment with CAP.
Under these Conditions, RNA synthesis continued But DNA and Broteln syntheses
were Inhibited. Billen concludéd that the surplus DNA was pronably responsible
for the enhanced resistance during CAP treatment, and he cited data of Other workers
that are in a’%;reement with this mtergretatlon. o

On the_ other hand, Gillies & Alper (1960) reported that in strains o or B/r of
Escherichia coli, the DNA content at stationary-phase (where both strains are
usually more resistant) was lower than in Iogarlt mic phase,

Qur own control data for Escherichia coli strain 15 ¢- a- u- Showed that the amount
of DNA per tofal number of bacteria was not significantly different in logarithmic-
phase and stationary-phase cultures, and that ifany diftérence did exist, there was
shghtlr less DNA/arganism in the stationary-phasé cultures (Gmsberﬂ, 1963; and
unpublished data). Finally, differences in multi-cellularity and mufui-nuclearity
observed among Cultures.of E. coli strain 15¢-a~u_ In différent growth phases did
not correlate with radiation sensitivity (Ginsberg, 1963). Consequently, we think
it unlikely that the difference in radiation survival between cultures of the same
strain irradjated in different growth states can be accounted for on the hasis of
differences In amounts of genetic material. A great deal of evidence (Boyce &
|-loward-Flangers, 1964; Harm, 1963; Setlow & Carrier, 1964) showed thag metabolic
repair.of u.v. lethal damage can ogeur in hacteria. This sug ests that differences in
radiation_ survival of culttres in different ?rowth Phases or metabolic states might
reflectprlmar_llf}/ differences in the ability of the cellsto coge with the initial damage,
rather than differences in the damage itself. Our data indicate that, In at least one
system, the initial u.v. lethal damaqe does not differ at all, and that, consequently,

ifferences in survival reflect solely the ability of the cells to cope with this damage.
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Setlow et al. (1963) reported that equal numbers of thymine dimers were |n|t|all¥
produced by the same U.v. doge In two strains of Escherichia coli (B/r and bs )
Which differed in their sen_smvnY 0 klII|n1g by a factor of several hundred. Though
a different comparison (different strains) from ours (different states of one straw%
their results and ours toq_ether support a possible general copclusion, namely, that
most differences in radiation sensﬂmt;r/1 of bacterid reflect differences in ability to

cope with the initial lethal damage rather than differences in the damage itself.

The authors are indebted to Drs H. 1. Adler, R. F. Kimball, R. B. Setlow, and
G.E. Stapleton for their helpful comments on this manuscript. We are especially
ratefudl_ 0 Dr Setlow for guidance in the presentation and discussion in the
enaix. : : : : : :
Fﬁpms ref)ort is hased in part on a dissertation submitted by D. M._Gmsb_erg in
artial fulfilment of requirements for the Doctor of Philosophy degree in Radiation
|ologx, The University of Tennessee. A portion of this work' was presented at the
11th Annual Meetm%, The Radiation Research Society, Milwaukee, Wisconsin,
US.A, 27-29 May 1963, This research was SEJonsored In_part by the U.S. Atomic
Energy Commission under contract with the Union Carbide Corporation.

APPENDIX

Derivation, We here derive an expression that describes the survival curves
obtained In this study (see Fig. 3). When these curves are glotted as the logarithm
of survwlng fraction aqamst uv, dos?, they have the following characteristics:
(a) at low Qoses a constant nePanve Slope, _{b) at high doses a constant negative
sIoPe steeper than the nitial slope, (c) in ditferent cultures different initial Slopes
but the same final slopes. We assume that (1) a culture that experienced no intra-
cellular recovery from lethal lesions would Show a single-hit survival curve, (2) all
deviations from this simple. curve must then reflect recovery events, but (3) these
[eCOVery events rapldIK Iminish in im ortance_athlph doses, so that the final slopes
of all thie curves are the same and reflect the initial sensitivity (without recovery)
of Individual targets In the cell

The surviving Traction, S, after dose D can be represented as the sum of (a) the
fraction_of the”total population that has suffered no lethal dam%%;e ge~ , ang
Bb) the fraction of the total population that has suffered lethal danage (1—e*a)

Ut has a probability, P, of subsequent recovery. That is,

S = eD+P(l -~ (1)

_ It would be desirable at this point to break down fractjon (p) of this Bopulation
into comﬁonent subpopulations, each of which sustained a given number of hits
and which has a fixed é)robabmt;r of recoverly. However, we may avoid the mathe-
Bnemal complexities of such analysis by folfowing the empirical approach outlined
Since e~eD s the fraction of the total I}\)/(_Jp_ulation that has escaped initial Jethal
damase, e~a)S is the fraction of the surviving population that has escaped injtial

damage. Therefgre, the fraction of the surviving population that has sustained
initial” damage (but subsequently recovered) is |'=(e-*/S). This fraction for any
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dose can be determined from.the data, since a is the final sIoPe of the curve (see
assumption (3) above). Plotting of this fraction against dose for our data reveals

a curve that rises e_xponentla_llr from zero and approaches a plateau at high doses
Ethe B]Iateau beginning essentia I¥ at the Romt where the slope of the survival curve
ecomes constant). Expressing this mathematically,

1-277 = A(l-e-rv), 2

where A is a constant rePresentin the maximum value of the function, and r is
a constant related to the rate at which the function rises. Solving equation (2) for

S gives .
O_ 1-aFrae-p-
Let A/(1-A) = M. Then, substituting and rearranging,
e )
Equation (3) maY now be substituted back in equation (1) to obtain an expression
for the prabability, P.

In order to get an expression for the slope of the survival curve, we may take the
logarithm of equation 53), and then the derivative with respect to dose
InS = In(M+ 1) —ecD—In (1 +Me~1D),
d(InS) Mre~D
o _ dy - 1+Me B “@

Discussion. At high doses, the denominator of equatlon (% aP roaches unity,
and S aPproaches( +1) e~aD Thus, on a semilogarithmic plot, the constant —a
I the slope of the survival curve at high doses,”and the constant M+ 1 is the
Y-intercept of the extraﬁolated slope. With these two constants thus determined,
one can then calculate, the value of r from equation (3). ,

From equation (4), it can also be seen that, as the dose becomes very high the
slope approaches —a. At zero dose, the slope becomes —a+Mr/FI+M .“Now,
It M is'small, the slope at zero dase approaches —a. Thus, for small M, the curve
aPproaches single-hi form (if M is zero, the curve is single-hit). Faor _Iar?e M, the
slope af zero dose, m( aPproaches —a+T1, Thus, there IS & minimum initial negative
slope obtainahle, regardless of the value of M, and this minimum Is determined bY
which can also be Seen to represent the difference between the minimum ini
sloge and the final slo e{dl.e. r = (WO —_*)&. o

quation (3) provides a satisfactory destription of the data, both qualitatively
ﬁee %boveg and qtuantltatlvely gs?e text |scu331? of Fl%.B.The Bact that two of
e three constants are jnvariant for the three different cUlfures studied encourages
us to helieve that the fit of equation (3) to the data may be more than fortuitous,
and that, consequently, it may be possible to arrive at reasonable interpretations
of the canstants (&ee lelow). . .
,Equatlonis) takes Info account the radiation response of the Ropu_latlon at hoth
h|%f]1 and |ow" goses without requiring assumptions of different kinds of jnitial
da _aPe. Also, 1t isolates mathematically the events involved In (a) induction of
Initiallesions, and (b) recovery from these lesions. 1t can readily be extended to the

2 G. Microb. x

I
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case where the survival curve in the absence of recovery is of the multi-target type,
Instead of the single-hit type assumed here, . ,
Haynes E1964 pgro 0sed an equation with constants rather similar to those in qur
equation, but Mg expresses the survival as a s_mgile exponential function, which
Includes all survivors, His approach s thus basically different from ours, in which
the undamaged survivors and. the damaged-but-recovered survivors are treated
separately, recovery factors bein aP_plled only to the latter fractiop.
“Interpretation. The fact that equation (3) 15 derivedin a reasonable way and pro-
vides a good description of the experimental data permits us to put a Fh sical
nterpretation on the constants. The experimental Curves bear a resemblarice to
multi-target curves, inthat the final sIoP_es are invariant. In multi-farget analysis, the
Y-intercept of the extrapolate of the tinal slope Is the number of tar?ets thiat must
be Inactivated In orderto mnactivate the cell. It therefore seems fikely that the
Y-intercept of the extrapolate of the final slope for our curves (M +1) is'related to
a critical target number, We sugges_t that M represents the average number of
lesions that ¢an be repaired in the time available for repair. Roughly speaking,
cells that have sustained fewer than M lesions will probabl1y recovér, while those
sustaining M+ I or more lesions prqbably will not recover, The maximum number
of lesions that a cell can repair might be the product of (a) rate of repair, and
b) time to a repair-limiting point (e.(%. onset of DNA synthesis). We have observed
unpublished dat_ag a delay of about 60 min. in the incorporation of ragjoactive
hymine into stationary-phase Escherichia coli strain 15¢-a_u_subcultured in ||(iu|d
medium. . In paralle| experiments, a Io%anthmlc culture reacfied normal incorporation
rate within omin, 1 the stationary cllture (M = 272) repairs 272 lesions/organisms
In 60 min., then the repair rate must be about 45 lesions/min.  Assuming thie same
repair rate for a logarithmic culture (M, = 42, the time to the repair-limiting point
would be about a minute, which is consistent with the observed kinetics of resump-
tion of DNA synthesis. Thus, the data are consistent with the interpretation that
the difference in the survival curves for logarithmic and stationary cultures reflects,
not a difference in the rate of repair, but a difference in the time available for rePalr.
We assumed at the outset that the constant a represents the final slopes of the
curves. We su Bose that, In the region where the cyrve apRroaches closely to this
final slope, one. egms_to_ see the fraction of the population that sustained too many
Hits to De repaired within the time available for repair. Slnceasmg_le unrepaired
hit remaining in a cell will inactivate it, this fraction of the Popula lon dies with
sm?Je-h]t kinetics. Thakthe final slopes are invariant suggests that the target cross-
section 15 Invariant with dose or madle of culture, _
Equation (2) expresses _th_e_experlmentallal supported concept that ‘the fraction
of survivors that sustains initial damage and subsequently recovers ” begins at zero,
for zero dose, rises exEonentlalw at [ow doses, and atpgrqaches a_plateau at high
doses. The constant r expresses thie rate of this exponential rise, and iSthus a measure
of the degree of curvature of the survival curve as it makes the transition from the
initial slope to the final sIoRe. |t can therefore be considered a measure of the rate
of repair_processes, That this constant 15, the same for logarithmi¢ and stationary
cultures in our system suggests that rePalr machjnery is the same in both cultyres,
further supporti our?uaaestlon.that he eﬁen#lal Ifference In the response of the
two cultures rests'simply™m the time available tor reparr.
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FmaIIY, we may note (see discussion of equation (4)? that, for a given r%Palr
rate (1), there appears to be a minimum initial negative slope obtainable, regardless
of 'he Value of M (which, In our interpretation, means regardless of the time avail-
able for repair). This suggests that some lesions are inherently |rrei)arable by emstmg
Intracellufar machinery.” I this were not the case, then, for cultures that have
Iongntlme available for recovery, we would exPect the survival curves to be simply
of the multl-tarqet type, with zero initial slope. That such survival curves are
rarely seen for ultraviolet inactivation su?gests that ultraviolet usually produces
a significant fraction of damage irreparable’ by normal cell processes.
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INTRODUCTION

In.the preceding paper (Ginsberg & Jagger, 1965) we showed that the ultraviolet
guv) resistance Of Escherichia coli Straln 15t a_u~ (L5tay) harvested n earI%/
tattonary phase was identical with that ofa Iogarlthmtc Phase culture in WhIC
arginine and uracil were withheld for 90 min. ultyre); furthermore, the

U and early stationary-phase cuItures did not dn‘fer from each other with
respect to the nature or thé number of initial u.v. lesions produced by a glven uv,
dose. This squests that organisms of a —AU culture mtght be in a ph){sm ogr%al
s;ate similar 0, that of organisms from the early stationary-phase cufture
present paper gives evidence that the —AU culture and the arly statlonary phase
culture also did not differ from each other bg tests of radlobtolo%fca résponse

rowth Kinetics, or morphology. Tt 1s concluded that interruption of protein and

NA synthesis in logarithmic-phase organisms of this strain forced them into the
stationary phase. ETHODS

Bacteria, media and condlttons of growth, and u.v. irradiation techniques were

as described in the prece mga [%aﬁ
_Gamma jrradiation. FOF Gama irradiation, organisms were washed and diluted
in 0 067 M-phosphate buffer (6 g. NaH P04 238 H2P04per 1 distilled water;
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final pH 7). Gamma irradiation was ?erformed on 5ml. volumes of phosphate-
buffer suspension of organisms, in 5x 100 mm. Pyrex test tubes. The gamma-ray
source was a @Co ‘Ganmacell’ Model 220 (Atomic Energy of Canada, Ltd), con-
tainin apQ/rommater 1200 curies of 6o (principal photon yield/disintegration:
E” 1-17meV., > 99%; y2 1-33meV., > 99%) distributed in standard gU.S. Atomic
Energy. Commission) pencils around the cylindrical irradiation chamber. During
irradiation, dose-gradient effects in the irradiation chamber were minimized by
constant rotation of the sample tubes around the vertical axis of the cylinder while
each sample tube revolved about its own vertical axis. All irradiations were done
lrrr}iﬁlr at room temperature. The exposure rate was approximately 1650 roentgens/

Microslide cultures for phase-contrast microscopy. _Microslide cultures_were pre-
pared by the method of Adler & Hardjgree (1964), with a drop of bacterial suspen-
sion containing about 10s bacteria/ml.; which was flattened by a coverslip on to
Difco nutrient agar. Growth and reproductiop. of indjvidual bacteria could be
observed for several hours by using the X97 oil-immersion objective of a Spencer
AQ phase (medium-dark coritrast) microscope.

RESULTS

Photobiological similarity of —AU and stationary-phase
cultures of Escherichia coli strain 15t~a~u-~

In_the preceding paper (Ginsherg &Jagger, 1965) it is reported that both the u.v.
survival and photo-reactivation.curves were the same for —AU and earl}/-st_atlonary
cultures of Escherichia colj Strain 15t a u . Further confirmation of their photo-
biological similarity was obtained by thefotlowing experiment. Bacteria from each
of thé two cultures were ingculated‘into fresh growth media é+ T+ AU) and ?rown
at 37° for 30 min. to mid-lag phase (half the"time requireg for the beginning of
exponentjal increase in viable numbers%. F|?ure 1 shows: (1) the u.v. sensitivity of
the lag-phase culture was the same whethe grown from —AU or from early Sta-
tlona,ry-Bhase bacteria; (2) the photo-reactivable sectors were the same, The_Phot_o-
reactivanle sectors in these experiments had the same values as for logarithmic-
Phase, —AU and early stationary-phase cultures, The last observation shows that
he é)hoto-reactwable sector and, co_n_sequentrw, the spectrum of u.v. damage pro-
duced, did not change during transition froni the u.v.-resistant klstatlonar -phase
or —Aug to the U.v.-sensitive %Iogarlthm!c-phase) state, It also a%)ears that the
lag-phase survival curves had the“same final slopes as the curves Tor logarithmic-
Pha e, —AU, and stationary-phase cultures, su??estmg that the nature oftne Initial
esions did not change during lag-phase transition, at least for the.higher doses.
The value of the ordinate. intércept of the extended stral(l;ht line portign™of the lag-
phase curves 1s about 20, intermedjate between those for fogarithmic-phase cultures
(5) and —AU stationary-phase cultures (273).

Effects of ionizing radiation

Billen (1963) reported the increased resistance of —AU cultures of Escherichia
coli Strain 15¢_a_u_ 0 250 k.v.p. X-rays. The following experiments were done to
determine whether the gamma-ray sufvival curves were the same for —AU and
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the early stationary-phase cultures. Bacterial suspensions in phosphate buffer were
exposed in the “Co Gammacell. Survivors were assayed by colony formation at 37°
op nutrient agar; the results are shown in Fig. 2; the survival curve of a logarithmic-
Phase culturé’is included for comparison. The same visually fitted curve”describes
he data for gamma-ray_inactivation of either early statlonaryaohase or —AU
cultures. The dose-requction factor for early statlonary-Bhase_ and —AU cultures
compared to the logarithmic culture was coristant (about 0-50) in the survival range

studied.
1-0
Rt :\$
Sl Tasg ~
\\\ \\\\A é \%
N 2NN
A\ AN o \u
\\ SA
\. \\\o 10-" 4 ;’k -
b LAY A
a \\ \\ =] g &
\ N S
. N i .
N\ Ay -
AY N\ Q
4 o 2 \
\ e -2 |
P Z
o 3
\ 2
4 \
o
\ 107 1
\ o
\ o
.
o
e T T T T T ) 1074 T T T —
0 100 200 300 400 500 600 0 5 10 15 20
Ultraviolet dose (ergs/mm?2.) 80Co gamma dose (kr.)
Fig. 1 Fig. 2

Fig. 1. Survival of E. coli strain 15t-a_u~ after 2537 A ultraviolet-irradiation (solid
symbols) and after ultraviolet + maximunt photo-reactivation (open s mbols} of mid-la
D F\se clltures Eg;rown from early stationary-phase cultures (circles) and from —A

cultures (trianglés).

Fig. 2. Survival of E. coli strain 15t"a_u_ after 60Co gamma-iryadiation of logarithmic-
Fs%szﬁecsljltures (circles), early stationary-phase culturés (triangles), and —AU cultures

Growth studies

Growth of a logarithmic-phase culture of Escherichia coli Strain 15t a_u_ (in
+T+AU SUP lemented me |um3 was Inferrupted at a viable count of 10s bacteria/
ml. by withdrawal of arginine and uracil for 90 min. At the end of this time, growth
was permitted to resunie by adding arginine and uracil. The effects of these shifts
on the curves of extinction and viable Count are recorded in Flg. 3. Similar results
were reported by Maaloe & Hanawalt (1961).. Figure 4 snows the extinction and the
viable count for a +T+AU culture enterlng he stationar Phase and, subse-
que_ntly, an early stationary-phase culture (90 min. after cessation of exponential
extinction incredse) beginning exponential growth. The simifarities between Figs. 3
and 4 are striking. The slope of the extiriction curve diminished abruptly When
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arginine and_uracil were withdrawn from a logarithmic-phase culture, and when
a hormal (+T+AU) culture entered the stationary phase. Extinction increased
atahlgh rate almos |mmed|ateIZ when arginine and Uracil were added back tq the
—AU Culture and when early stationary-phase bacteria were inoculated into fresh
growth medium. The curve of viable numpers _%ad_ually decreased in slope after
arqmme and uracil were withdrawn from a logarithmic culture and as the +T + AU
culture entered the stationary phase. Resumption of expongntial increase in via-
bility was delayed for about 60 min. after arginine and Uracil were adaed back to
the —AU cultdre, and after early stationary-phase hacteria were inoculated into

fresh growth medium,
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Fiq, 3. .Growth of E. coli strain 15t_a~u-, as reflected by viable numbers (tri_angles) and
extintion (circles), A culture in thelogarithmic phase was interrupted by withdrawal of
arginine and uracil for 90 min.

Fig. 4. Growth of E. coli strain 15t-a-u~, as reflected bX viable numbers (triangles)
and extinction (mrcles_?. A culture In supplemented (+ T+ AU) medium is shown during
transition from logarithmic to early stationary phase, and from early statlonarY phase
r%aec(hutr% logarithmic phase, the lattér being obtained by dilution at time zero into fresh

Morphology of unirradiated organisms

Organisms from the early stationary-phase culture, and from a —AU cultyre,
were noculated on microside nutrient agar mounts and observed for several divi-
sions af room temperature by phase micro copK. No initial morphological differences
were detectable between the organisms of the two cultures. The Time course of
increase In size during the lag phase and the time of onset of cell division were
Parallel in the two preparations. Initially the organisms were short, rod-s_haged;
he Ien%_th:dwmeter_ ratio was ahout three. Doubl? orqamsms were present in both
Pre arations, but single orgfamsms were predominant. In about 2 hr. organism
ength had doubled and a few or?amsm_s had begun to divide. At 3hr,”many
organisms were about four times the ong_lnal length, and_more organisms were
be mnmg to divide, _B%4| hr, microcolofiies of 4- o_rgamsms each had formed
and almost all organisms were dividing. Central bodiés were observed in most
Instances; and theit number always appeared to be proportional to organism length.
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DISCUSSION

We have reported in the preceding paper (Ginsberg & Jagger, 1965) that —AU
and earl statl_onarY-phase Culfures OFEscherichia coli Styain 15t-a-y~ Were PhOIO-
biologically alike. [t Is shown In the present paper that the —AU and early station-
aryW ase Cultures returned to the U.v.-sensitive state |n the same way when re-
grown In +T+AU medium, and that both cultures showed the sam _de?ree of
sensﬂwﬂkj to gamma radjation. The data on growth and| morﬂholog indicate that
the two cultures are identical. Thus, we conclude that inhibition of protein and RNA
S)Antheses In the logarithmic bacterial culture forced the culture into stationary
phase, Although the evidence. presented (growth kinetics, morphology. radiation
sensitivity) is sufficient to confirm our preliminary sug(I;es,non that a —AU culture
15 in a phiysiological state similar to that of the early’s atlonarr hase, it does not
provide significantly new mfo_rmapon eﬁbout_tms,state. We still do not understand
why or how the ustal transition from o%?rlthmlc to stationary phase Is Iniiated
seé Freter & Ozawa, 1963). We do _notknow for certain what' changes, If any,

ceur In the qéjallt\x/and quantity of DNA in a bacterium entering st_atlonar}/\ phase
Ginsherg, 1968). We have madg a preliminary observation (unRubllshed)t at the
aq phase in a liquid subculture is about 20 min, longer for a 3-4 hr stationary-phase
cylture than for the 90-120 min. culture, and it is possible that the radio-sensitivitles
of cultures in these two portions of the stationary phase are different. Consequently,
conclusions based on the experimental observations presented here, about the nature
of a stationary-phase culture, would be_hlghly sRecu_Iatlve. The extent and detail
of the gamma-ray experiment were limited to showing that the —AU and early
stationary-phase cultures are alike in their survival response to |0n|zmg ragiation,
However; the alpng)_earance of a constant dose-reduction factor over the survival

ted permits us, to suggest, cautlouslx, that a situation analogous to that
foru.v. killing, could exist, namiely, that (1) the initial damage bPl a iven gamma-
I exgos_ure IS inclependent of growth Phase_or metabolic"state, and, therefore,
(ZY the difference In survival Is the result of differences In ability to cope with the
damage, This notion is consistent with the experimental findings which Jed Glinos &
North (1963) to conclude that a given X-ray dose produces thé same initjal damage
In mammalian cells in logaritimic and In stafionary-phase, even though the
stationary-phase cells show’a higher survival.

Based on part of a dissertation submitted b D.'M._Glnsbe_rlg in partial fulfilment
of the Doctor of Phllosophg_ degree, The University of Tennessee, Knoxville,
Tenessee. Research sponsored in part by the U.S. Atomic Energy Commission under
contract with the Union Carbide Corporation.
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INTRODUCTION

Prevmus studies Wlth actlnt()jahages MSP2 gJones 1963% MSP8 (Kolstad &
Bradley, 1964) and M Lee & Jones, 1963) established procedures for
routin ?ropa ation, concentratlo and unflcatlon ofseveral litres of lysates con-
taining 101{plaque-forming units (p.f.u.)ml. The é)eCI |cact|on on phagegrowth of
factors such as temperature of inctibatidn and tonic content of the medilnt were not
studied dunnq the earljer works, |t seemed grobable that the life-cycle of actino-
phages, like coliphages (Stent, 1963), could be Separated into f|vestaqes attachment,
nyectlon rowth, maturation, |P]/SIS |t was reasonable to expect the comPosmon

the medium and metabolic 1Ahibitors to affect these stages differentially, This

ort shows that the life-cycle of acttnoRhage MSP2 can be resolved into distinct
0es bx manipulation of the cultural conditions and by the use of certain chemical
compou
METHODS

Stock cultures of Strett)tom ces venezuelae 5|3 were malntalned at 30° on tomato-
aste_ oatmeal agar (Gottlied, 1961) by serial smgle colong subculture, goreg
Baratlons were made by suspending i’ peptone y&ast-extract broth (Bradley, 1959)

* Present address DepartmentofMlcroblology Tlie Medical School, Wayne State University,
Detroit, Michigan, U.S.A.
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the surface growth from 7- to 10-day stock cultures and homogenlzm% it with a
tissue grinder. Vegetative mycelium of S. venezuelae was cultured In flasks of pep-
tone yeast-extract broth inoCulated with spore suspension to give 106to 107spores/
ml_The flasks were shaken at 30° for 18 hr. _ _

For studies of the attachment of phage to host, young vegetative mycelium was
collected by centrifugation, washed twice with appropiiate salt solution and sus-
gended t0 9|ve an extinction of 0-2 at 420 m/i" (Ei2) i the Bausch & Lomb

ectronic 20; this corresponded to, about 108 colony-torming units/ml. Purified
actinophage MSP2 was added to glve 107 p.fu/ml.” Reversible attachment was
determined by comparlng the number of é).f.u. In the whole reaction mixfure with
the number i the supernatant fluid after centrifuging down the mycelium with
attached phage. For irreversible attachment appropnatel*_ diluted antiserum, was
added to the Teaction mixture to neutralize the [phage Far icles which were either
unattached or only reversibly adsorbed to host mycelium. Hggenmmune anti-
serum was prepared by repetedly injecting rabbits (Adams, 1959) with, purified
actino hage MSP2. The antiserum was absorbed with washed host mycelium, An
alternative assay of irreversible attachment was the number of p.f.0. remaining
attached to the mycelium after repeated washing with 0T5 M-NaCl. Viable actino-
phage particles were counted by the conventional soft-agar overlay technique
(Jories & Bradley, 1962). _ _ o

For%rowth stdies, young vegetative mycelium was harvested by centrifugation,
suspended in a solution 0-004 min Ca(NO32and 0-0015 m in NaCI.” Purified actino-
phage MSP?2 was added to qive. a multiplicity of about 10 phage particles/host
colony-forming unit. After 30 min., the infected mycelium was collected, washed
with 0-15 M-NaCl to remave free and reversibly attached Pha e, suspended In
peptone yeast-extract broth and incubated with dgitation. At intervals for 3-5 hr,
samples Were assayed for plaque-forming particles:

RESULTS
Reversible attachment

Attempts to obtain attachment of actmoghage MSP2 1o Stre tomﬁces venezuelae
mycelium in the actual culture fluid were unsuccesstul; therefore young vegetative
mycelium was qrown n peBtone yeast-ex{ract broth, washed with’salt Solufion and
tested for ability to, adsorb phage. Maximal attachment was obtained with solu-
tions about 10-3m in calcium, magnesium or manganese salts. Concentrations of
NaCl exceeding 0-1 m inhibited attachment (Table % The attachment observed in
Inorgani¢ salts"medium with washed mycelium, with the free ha%e In the super-
natant fluid used as the index of adsorption, was dependent upon host concentra-
tion but independent ofphage concentration (Table 2). These results indicated that
this adsorption was reversible. Reversibility was demonstrated directly kI)\X Sus-
ending_the mycelium_with attached pha% in distilled water or in (-1 M-NaCl
Table 3). Strains of S. venezuelae selected for resistance to, actinophage MSP?2
I to the closely related actinophage MSP8 retained the ability to adsorb MSP2.
Strept_omg{ces rimosus, a stre tomx/(l:ete naturally resistant to actinophage MSP2

?]agb‘én}lsed capacity to aasorb MSP2, whereds Nocardia erythropolis had none
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Table 1. Effect of cation content on attachment of actinophage MSP 2 to
washed mycelium of Streptomyces venezuelae 'sI3

S. venezuelae s13 was grown overnight in [neptone yeast-extract broth, harvested by
centrifugation, washed with appropriate saft Solution and suspended to the original
volume.” Actinophage MSP 2 was added ang the reaction mxture shaken at 30° for 30 min.
The whole mixture and the supernatant fluid after centrifugation were titrated.

Proportion
, of phage
No. MSP2 particles/ml. particles
Strength . A attached
Salt m Total Free (%)
Ca(NOJ2* i0-2 3-8x10@® 2-8x10« 27
Ca(NO32* i0-3 1-0x10« 6-0x 104 4
Ca(N03)2* 104 2-8 % 10k 2-2 X 1k 21
MgS04 2x10~3 1-5x|06 1-7x10« 88
MnS04x 2% 10~3 95x105 71-0x 104 93
NaClf 2x 101 1-2x10« 1-4x 10
NaClf 2x10~3 1-3x10« 8-0x104 94
* Salt solutjon also contained 2 x 10 3M-NaCl.
f Salt solution also contained 2 x 10 3M-Ca(NQ3)2

Table 2. Effect of host and phage concentration on reversible attachment of
actinophage MSP2 to host (%treptomyces veneuzelae sI3) mycelium
she mycellum ofS ve ez%elae s!13 was sustl)Jended with Ehage MSP2 in 4x 10~a

Ca(NO3)2+°10- 3 the reaction mjxture was shaken-at 30° for 30 min.
o a phage and free phage |n the supernatant fluid were determ?he(i1

Proportton

Host No. MSP 2 particles/ml. garu%les
concentration Input e \

(~420) phage titre Total Free (%)
0-40 3-0x 10s 2-8x 108 0-3x108 89
0-40 30X 10 2-2 X 1k 0-2 x 10 )
0-40 30x 104 2-9x 104 0-1 x 104 97
0-28 1-0x107 -0x 107 0-3x 107 67
012 1-0x107 1-0x107 0-6 x 107 40
003 10 x 107 1-0x107 0-9x 107 10

Table 3. Desorption of actmoP ag SP2from washed Streptomyces
venezuelae § 13 mycelium

ahshed mycehum was suspended in 10~3M-Ca| N03%2+ |0-3 M-NaCl: a%e was add
and the reaction_mixture s ken at 30° for 30 mi ereafter, the m ce m was se
mented by centrifygation and suspended in the |nd|cated desorptlon media. The desorp
[]lon mixtyre was sﬁakenf0r30m|n at 30°. Adéor ed phage was éured by difference
etween titres of the total reaction mixture and the supernatant

Attachment phase DesorBtlon hase

pfu/ ml. no MSZp u/ml.

Total Free Desorption medium Total  Free
1-1 x 10« 9x 104 10 3IM- CaENoa )2+ 10-3M-NaCl 9x 10 1x 104
1-2x10« 1x 1k 10“3M-N 8 x 10 X 10
1-1x10« x 104 De-lonized water 6x 1« ax10«
1-1x10« 8x 10% 10~2M- Ca(NOSSZ 8x 1k 3x 104
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Irreversible attachment

In the Erevious experiments showing reversibiIit%ofattachment of phage to host,
about 10% of the adsorhed phaged|d not desorb, that is, a certain propartion were
Irreversibly attached to the host mycelium. The irreversibly acsorbed phage were
not inactivated by antiserum directed against actino hage MSP2. Unlike the
reversible phase, rreversible attachment was temperatur® dependent and time
dependent (Table 5) and was not inhibited by 5¢. NaCl. (Table 6)

Table 4, Sgecificit of attachment of actinophage MSP2 to mutants of
Streptomyces venezuelae $13 and to othér actinomycetes

Washed 1rr(1)y3eelia of the indicated actinomycetes were suspended in 4x 10 3m-

Ca{NO3)2+ M-NaCJ; phage was added; the mixtures were shaken at 30° for 30 min.
Total and free phage were assayed. _
Proportion
of [pha%e
No. MSP2 p.f.u/ml.  particle
, e e , attached
Organism Phenotype Total Free (%)
S. venezuelae s13 Sensitive to MSP2 and MSP8 11 x10® 01 x 105 99
S. venezuelae s13r2  Resistantto MSP2and MSP8  1-2x 10"  1-8x 105 85
S. venezuelae s13r8  Resistant to MSP2 and MSP8 1-4x 1®  0-8x 10s 94
S. rimosus Resistant to MSP2 ang MSP8  2-6x1®  1-8x10@ 30
Noc%dla i Resistant to MSP2 and MSP8 4-7x 100  4-7x 1k
er-ythropolis

Table 5. Effect of time and temperature on attachment of actin%ohage
MSP 2 to washed mycelium of Streptomyces venezuelae s 1

Washed mycelium of S. venezuelae sI3 was suspended in 4 x 10-3 M-Ca(fNO3)2+ 103m-
NaCland equilibrated to the indicated tem perature; phage was added to a tinal concentra-
tion of 1-6x 106p.f.u/ml, and the reaction mixture “shaken for 30 min.  Reversible
attacnment Was gweaSUJed as the difference between total and free phage. Irreversible
attachment was defined as resistance to specific antiserum.

Time (min.)
5 0 30
No. attached phage particles (p.f.u.)
Temperature Assay - 5
5° Reversible 1-6x10® 1-4x10« 1-6x10«
° Reversiple 1-4x10@ 1-3x10® 1-3x 10«
56° Reversiple 15X 1-5x 1k 1-3 x 10«
X [rreversible 102 3x 103 5x10s
0° [rreversiple 3x 104 bx 104 2x 105
56° [rreversible < 102 < 10 < 102
Vegetative growth

The multiplication curve of actinophage MSP2 was determined by measuring the
P.f.u.,/ml. I serial samples of infected mg/eella. The latent period was 75-90 min.
he rise perjod was from 90 to 180 min., and the burst size varied between 500 and
5000 p.f.U. (Flg. 1). To determine intracellular growth, samples of an infected culture
were disrupted by ultrasonic treatment. The brief ulfrasonic treatment required to
rupture the mycelium did not damage mature phage particles, but decreased the
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Table 6. Effect of NaCl concentration on attachment of actinophage MSP2
to Streptomyces venezuelae sl3

Washed myceljum of S. venezuelae was suspended in solutions 0 004 M-Ca(N03)2 and
01 mor 0-002 M in NaCl; phage was added. The reaction mixture was incubated at 30°
for 30 min. Reversible attachment was determined as the difference between total and
free pha %Ty Pha%e not eluted by repeated washing with 0-15 M-NaCl were considered

Irreversibly attac
No. MSP2 p.f.u./ml.
Reversible assay

NaCl _

(m) Total Free Irreversible assay
0002 -4 x 106 1-8x105 1-4x 10s

01 54 x 106 36 X 10 1-2x105

Table 7, Suppressmn of actinophage MSP? replication in
Streptomyces venezuelae sl3
Washed S. venezuelae s!3 mycelium was infected in salt solution: attachment was
stopped by antiserum; infecte Xcellum was sedimented and suspended In peptone

east extract broth (ho give 2x 108p.f.u./ml) with the indicated compound. After
hr the amount of phage was assayed.

Concentration

Treatment (tg./ml)  No.MSP2p.fu./ml.  Effect on he
Control, 30° - 1-4x10» None
3r° - 2x108 None
Acriflaving* 15 8x 106 None.
Endomycinf 200 1-9x|07 Inhibited
Novobiocinj- 2 2-1x107 [nhibited
BacitracinJ, §§ 3x10« [nhibited
Streptomycin®: 12 1-3x10» None

* An equal m|xture of euflavine and proflavine.
f Fromthe Up, mpany.
g/omtr? r%he California Corporatlon for Biochemical Research.

Table 8. Effect of acriflavine on actinophage MSP2 replication

Washed S. venezuelag SI3 mycelium was infected in salt solution, attachment was
stopped by adding antiserum: infected mycelium was sedimented and suspended  in
peptone yeast-extract broth with acriflavine as indicated. Infected hyphae were dis-
rupted by ultrasonic treatment.

No. MSP2 p.f.u./ml.

i 20 fig. acriflavine/ml. Control
ime. Al e
(min.) Intact Disrupted Intact Dlsrupted
0 3x 107 1x 107 45 107 8 X 106
90 25X 107 1x 107 45x 107 5 X 10s
180 5107 1x 107 T-1X 10 5X 10»
210 9x 107 2X 107 4x 10 2x 100
210 (dru&; 1X 100 Not done 4x 10° Not done
i
270 ('(]ruoq 1-8x 100 Not done 45100 Not done
i
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number ofpfu in newly infected cultures. The time between mfectlon and the flrst
appearance of mature p %e intracellularly, that i |s the ecl |ps eriod, was about
Lhr. The period ofrlsewas 3 hr in cultures in which age% hwas interrupted
by ultrasonic treatment. The maximal titre achieved was the same In art|f|0|a|Iy
lysed cultures as in cultures which had lysed normally.

Various factors were tested for ab|||t to, suppress phage rei)llcatlon OnIP{ acrl-
flavine (equal parts euflavine and proflavine) and elevated temperature sharply

10" b=

10!0 o ‘g"

Disru pted!"'

100 b Intact

108

Phage titre (plaque-forming units/ml.)

i ] ] ! i

— s U

Time (hr)
Fig. 1 Fig. 2
1, One- stepN(I;rowth CUrVe { o---mmmme ®) and intracellular oth curves --------- Og
of actinophage MSP2 in host treptomyces venezuelae s 13) mycelium. Cultures wer

dlsrupte by ultrasonic treatment to determine intracellular phage.

Fig. 2 Dlagram of agar gel diffusion plate, of actlno hage MSP2. Wells labelled 1 con-

talne erimmune antiserum against actlo age MSP2; Zco fained purified, mtact
MSP2: )a(pcontamed a fract|on ? 000 sed rﬁen% from an aci Iavme reated,

a
iInfected Streptomyces, venezuelae culture; 4 contained a c parable fraction | g (?0#

sediment) from an‘acriflavine-treated S. venezuelae culture w hage; andSContalned
pur%ﬂed SP2w |achI7 (\”]een tﬁsrupte(ﬂ)y pro?onged ? Lit@lsoglc treatment.

inhibited ha% growth without interfering with host growth BTabIe 72 Acriflavine
did not tact Ph e, .nor did 1t inhibit attachment or bactericidal action of
phage upon the host. The intracellular development of intact phage was prevented
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Table 8). Infected host mycelium incubated for 90 min. without acriflavine and
then for'3 hr with acriflavine, suPported a 30-fold increase in phage. Apparentlr,
delayed adgition of acriflavine allowed release of preformed phage. Aftempts o
remove acriflavine by sedimentation of the host mycelium and IS resuspension in
fresh medium djd not permit deveIoEment of matlire phage. The myceliym, once
exiaosed to acritlaving, remained markedly yellow In spite Of reFeate washing,
nfected cultures, exposed to acriflavin, Were disrupted bg ultrasonic treatment
and fractionated by alternate cycles of cent_nfu%anon_ at 8000g for 10 min. and at
000g for 30 mir, The 80009 residye, which Contained host cell walls, was dis-
carded. The 35,000q sediment” contained particles which resembled _phaqe heads
and tails when viewed in the electron microscqpe and which gave precipitate bands
In ditfusion gel experiments with antiserum directed against'intact MSP2 (Fig. 2).
Uninfected cultures, treated or untreated with acriflavine, were similarly processed,
but did not yield particles which resembled ghage components or give bands of
precipitate when tested with antiserum directed against the actinophage MSP2

Lysis
Incom#)Ie_ter lysed cultures often cleared and gave increased fitres of phage
during efnﬁeran_on. Accordingly, the effect of continuous and discontinuotis
chilling OfP a%e-mf_ected culturés’was studied. P_haqe-mfected cultures incubated
contintiously at 1° did not produce phaﬂe. The shift Trom 1° to 30° merely delayed
the normal lytic _cnycle for 1hr. The shift from 30° to 1° after Lhr pefmitted a
100-fold incréase irf phage titre.

DISCUSSION

Two types of attachment of actinophage to host Streptomyces Venezuelan I3
m%cehum were observed, Reversible atfachment was, reIatwer independent of
time, temperature and phage concentration. The principal controlling Variable in
the extent of adsorption was the amount of host myceljum. Irreversibl€ attachment
was time dependent and temperature dependent, clearly differentiating it from
reversible adsorption. Also, reversible attachment was inhibited by high congentra-
tions ?f NaCl, whereas the irreversible Wpe of attachment was not. It is cop-
ceivable that reversible attachment 1S ar ‘ton-exchange reaction and irreversible
attachment an enzymic process. To date, irreversiblé attachment has not been
exFerlmeﬂtally separaﬁed from the injection Brocess.

Intracellufar ?rowt of actinophage MSP2 In Streptomyces venezuelae sI3 was
differentiated info an early phase which did not proceed at ¢ and a later stage
W’]ICh was inhibited bY' 1cr|flav_|ne. Fractions of a%rlfl?vme-treated, ghage-mfecleg
cultyres containea particles which when viewed in the electron microscope resemble
Bunﬁed actinophage that had been dls_ruPted by ultrasonic treatment %Anderson &
radleg/, 194) and by certain chemical compounds gPal_nter & Bradley, 1965).
These Same samples gave two precipitate bands with specific antiserum i diffusion
el exEJ_enments , these bands were immunologically identical to those obtained with

£ac mopha%e disrupted by ultrasonic treatment; Because these preBaratlons con-
tained empty heads and tails, acriflavine probably inhibited the assemblage of phage

comfonenit)s into mature phage particles. The aCtion of acritlavine on ac mgphage,
, G. Microb. x1
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therefore, resembles that on T-even coliphages of Escherichia coli (DeMars, Luria,
Fisher & Levinthal, 1953).

_This report is from a dissertation submitted by the senior author in partial ful-
filment or the requirements for the Ph.D. degrée. We acknowledge the valuable
contribution of Miss Barbara Painter (DeRartment of Mlcroblology, UnlversnY of
Minnesota), who examined many of the phage samples and prepared the electron
micrographs. This investigatiori was supPorted in rPart by, U.S. Public Health
Service Research Grant Al-01601 from' the National Institute of Allergy and
Infectious Diseases, and by a contract Nonr 710(36) Nr-103-490 between the
University of Minnesota and the Office of Naval Research, Department of the Navy.
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By C.A SCHINDLER
Armed Forces Institute of Pathology, Washington, D.C., U.S.A.

(Received 7 April 1965)

SUMMARY

|_H/S taphin attac \<ed hoth abl st
he sta 0c0cca ce a

0

ﬁv& coulq e recovered 110 Eebgar ICl or |on?¥

arter centri ug: 0N, Whereas |n enceo %on
eptr e 1es F are ?ve ve materia mboht
p ern w?] ars Mhes& servaions é -
Ehaphrn 'f ompexe Wit |tssu ratean that NaCl1s require obea
INTRODUCTION

Schrndler&Schuhardt (1964 reported on the isolation of an organism ofthe?enus
ta? y oc?ccusthat froduced alytic. a%en R/sostaphrn active againstall of 59 strains
t staphylococer tested. Th es ecit |c 0 organisms o the genus Staphylococeus
seEarated Its mode of action romt a of n)q/sozzme Th eauthors also desCribed an
assay for determining the quantity of enzyme based upon the decrease In turbidit
of & standard staphylococcal strain. Since the rate of lysis of a staphylococcal
strain was a function of the concentration of Iysostaphrn present, it was possible to
deviate from the standard assay micro-organism in these experimental procegures.
Schindler & Schuharat %196 2 purified ‘and described some of the properties of
| sosta nin and reportedt at 1t was a pasic_protein essentially devoid of cystine
eysterne and contained large uantrtres of aspartic andglutamrc acid comipared
tot total amino acid contet Ytrc protein hadasdrmentatron coefficlent
of 2-355 and an |soelectr|c om between rEH 10-4-11-4. The rate of lysis of
taghylococcus aureus by ysosta In was dependent upon the concentration of
resent in the medium. rP enomenon paralleled the salt requirement
ofthe muramrdaselso zyme Sato 1957), BX mcreasrn% the concentration of
NaCl |n the susp endrn edru from zero o 015, an In reased rate oflysrs of
staP gococcr vvas ob serve Concentrations of salt above physiological va Ues
Introduced parameters which affected both the bacterral ceIIs and the stapility of
sosta hrn thus such levels of salts were not evaluated. This investigation was
ndertaken to determing in what manner NaCl entered into the dynarics of the

lysostaphin-substrate interaction.
METHODS

Micro- organrsm Staphylococcus aureus, strain sv, the mouse-virulent variant of
the Smith Strain (Hunt & Moses 19582 Was grown in Trypticase SOY broth at 37°
under conditions bf aeration and agitation to give a maximum yield of cocci/ml.

13-2
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The cocci were harvested by centrifuging at 8000g for 15min. and washing with
0-05 M-tris buffer, gl—l 7-?. _ _

Preparation of cell walls. Sixteen g (wet weight) of washed Staphylococcus aureus
(svg were suspended n L M-NaCl ‘and mechanically rugture_ in a Nossil dis-
Integrator (McDonald Engmeerm? Ca., Bay Village, O_hlg with no. 18 Ballotini
beads. The equipment wds operated for siX 1.min. Perlo_d with the capsule kept
under a constant flow of liquid C02to minimize autolysin action. The Suspension
was passed through a coarse sintered glass filter to rémove the glass heads and
the walls were recovered by cent_nfu%atlon as described by Perkins &Rogers (1959).
The cell walls were treated with the enzymes. trypsin; ribonuclease and pepsin
according to the procedure of Morse (1962).” Residual protein and lipid were chemi-
cally exiracted Dy the method of Mandelstam 5196_3. The yield after drying in
vactio was 300 mg. The homogeneity of the preparation was checked in a Siemens
Elmiskop electron microscope with a beam magnification of x 10,664,

Chemical analysis of cell wall, Total phosphorts was determined by the method of
Fiske &SubbaRow (K1925)rand ribitol by thin-layer chromatogra h5v tilizing cellulose
Camag tP/pe D, Arthur Thomas, Phila., Pa.) at a thickness of 250/ as the support

na developed with fowt-hutanol + acetic acid + water (52 + 3+ 25, by vol.%. The plates
were sprayed with acetylacetone-p-dimethylaminobénzaldehyde reagent (Dawson,
IEZIé|7()()tAEII|0t &Jones, 1959) and observed for fluorescence undér ultraviolet radiation

A'-terminal amin acids were determined by combining the freated cell walls
under alkaline conglitions with ansolute ethanol tontaining 2 4-dinitrafluorobenzene.
The mixture was placed on a Shaker for 4 hr at room temperature. Excess 2,4-dinj-
trofluorobenzene was removed by continuous extraction with absolute ether until
no further colour could be observed, in the ether phase. The agueous phase was
brought to dryness and hydrolysed in vacuo with 6 n-HC| for 22 hr at 110°. The
HCL Was removed boy drying in vacyo at 45° over KQH éJeIIets and the presence of
the coloured dinitrophenyl” derivatives was determined by thin layer chromato-
8rapr(1)y_W|th Silica Gel G (Research Specialties Co., Richmond, Calif.) at a thickness

f 150';i as the support and developed with n-hutanol + methy! ethy| ketone + water
ﬁ+ +1,rtT)]yvol..TEe lates were hotographed through a47B filter on Kodalith
lIm (Eastnan Kodak Co., Rochester, N.Y.). _ _

Total amino acids and amino su\?ars were determined on a Technicon Analyzer
g&%r}rglrcon Corp., Chauncey, New York) according to the instructions of the manu-

Preparation of enzyme and determination of ts activ_itY. L ysostaphin prepared and

urified by Mead Johnson Research Center, Evansville, Indiana, was dialysed for
4 hr against ﬁoog times 1ts vo uwe of tns_bijffer, pH 7-5, with frequent chan e% 00[
the dia smgf uid. Samples of this material were'assayed at 3/° agamstaw she
suspension o StaP_honcoccus aureus (sv? with NaCl added to givea 015 m congentra-
tion. Turbidimetric readings were recofded initially and at 5min. intervals uthmq
a Coleman Jr. Spectrophotometer o?erated at awavelength of 40/, Anequivalen
samJ)Ie_ of lysostaphin was added to .a similar suspensjon of S. aureus with the
exception that no NaCl was é)resent. Turbidimetric readings were made as above;
after 15 min._ incubation th sus?ensmn was centrifuged” in a Spineo Model. L
Preparative Centrifuge (Beckman Instruments, Inc., Spineo Div., Palo Alto, Calif.)
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at 33,000g for 15 min. at 4° and the sediment washed 3 times with tris huffer. The
combined'supernatant fluids from the washings were assayed for lytic activity against
8 suspension of S, aureus similar to that Used. in the”initial enzl;_llme assay. The
deposit after centrifugation was resuspended in tris + salin bufter (oH /-5) and turbi-
dimetric readings made as previously described.

Cell walls suspended in de-ionized water were divided into two samples—one
containing NaCl'tg a final concentration of 0T and the other devoid of NaCl.
Equal quantities oflysostaghm were added to each sample and turbidimetric readmgs
recorded during the Incubation period. The cell wall + lysostaphin mixture with fio
NaCl preient Was trﬁated In the same manner after the 15 min. incubation as the
viahle cell + lysostaphin mixture.

RESULTS

Figure L indicated that in the abs%nce of NaCl, mipimum I%sm of the StarPh¥|0-
cocel py IFsostaphm occurred and the supernatant tluid of the suspension after
centrifugation did not contain any Iytic activity. A quantjtative determination of
lysostaphin as measured by Iytic activity was gbtained from the sediment after
centrifugation and addition of NaCl, which was almost equivalent to the amount of
enzyme Initially added in the test.

Table 1. Chemical analysis of 3684 jig. cell wall

Calculated wt_(fig)
after correction

Ratio to . for water of

Wall components jWm glutamic acid nydration
Aspartic acid 0-8 0-3 92-8
Threonine 0-2 007 20-4
Serine 20 0-7 176-2
Qe i ; 1507
Algnine 50 2 451-4*
Lysine 26 1 335-9
Glucosamine 2-86 1 586-3f
Muramic acid 2-10 1 796-5t
Total 3323-5

* Qne-half quantity is considered to be c-terminal amino acid and was not corrected for water

of hydration. _ , .
f "Adjusted on the basis of being n-acetyl derivative.

The method of purification of the cell walls resulted in a preparation that con-
tained no detectable phosE)ho_rus or ribitol. N-terminal alaning, which one would
expect to obtain from the labile Q-alan Iest?r linkage In teichic acid (Armstron
g al. 58g was not present as dinitro hen%alanme. The amino acid analysis of
the cell wall preparation (Table 1) showed the normal complement of amin0 acids
and amino su%ars rego_rted In the staphylococci gPark, 1961) plus a small quantit
of threonine and aspartic acid. The sym of the calculated weights of the constituents
of the cell wall based. upon the /gm of material recovered aftér hydrolysis compared
favourably with the initial dr¥ we|9ht of the cell walls used for'the analysis,

The turbidimetric changes that ook place when a suspension of cell"walls was
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mixed with lysostaphin is indicated in F_|g. 2. |n the absence of NaCl, a shﬂ]ht
decrease In turbidity 1s exhiprted during incubation. The saline suspension of the
washed cell wall deposit obtained after centrifygation agam exhibited a decrease In
turbidity during incubation, The supernatant fluigs obtdined from the above centri-
fugation also contained active material as ascertained by its Iytic action on washed
S.aureus (sv). A total recovery of active material front the combined washings of
the_cell wall-(-lysostaphin suspension obtained before and after the addition of
NaCl was not achieved.
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Fig. 1. Lysis of yiable staphylococci by lysostaphin. ¢ --------- * cocci with lysostaphin +
NagCI; M ------- 6 cocel w%tﬁllysostapryinywitho%tNaCI,present' --,--cqcciycontrg,lwith
no NaCl present; *----mmv * suR‘ernatant from cocci+ [ysostaphin mixture. (without

NaCl) added to viahle cocci with NaCl present; 1 --------- 1 deposit after centrifugation of
cocci-(-lysostaphin mixture (without NaCl) resuspended with NaCl.

_Electron micrographs (P1. 1, figs. L, 2) showed that the purified cell-wall prepara-
tion was attacked by the enzymic action of lysostaphin in that there was a con-

\S/'[errljsé(t)lgl’gf the homogeneous céll-wall material to an irreqular partially fragmented

DISCUSSION

Since Iysostacphin, by itself does not sediment at 254,0000.in a 4 hr geripd
#Schmdler & Schuhardt, 1965), the quantitative recovery of active Iytic material
rom th washe? deposit of a sostath-v_labIe 3_ta§h I

| f Ig ) ylococcus. aureus mixture
obtained after relatively low speed centrifugation indicates a complex being formed
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between the.en glme and a component of the hacterial cell and that the addition of
NaCl dissociated the com lex. Wetbull Zachanas & Beckman (1959) found that
under certain con ditions Olysozyme formed insoluble complexes with suibstances in
t-1e bacterial cell wall and the”phenomenon which prevented lysis_of the bacteria
was mterpreted Interms ofa stabIe enzP/me+ substrate complex Litwack (1960).in
characterizing | gsoz¥me and |ts substra e reported that complexes were formed with
tire teichoic acid of the cell wall as well as with the ribonucleic acids released from
the lysed cells. He speculated that the stimulation of enzyme activity attributed
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Fig. 2. Lysis of staphylococcal cell- waIImucopepttde 0o 0 viable cocci with lyso-
staphin +'NaCl; 1 - I mnco eptide with ‘Tysostaphin without NaCl: Q-------- 0
supernatant ofmucopeptlde+ ysostaphin mixture (without NaCI)wnh V|able cocci and

aCl; *-wmeeemee * (e Eosn after_centrifugation of mucopeptide + Jysostaphin mixture
(Wlthout NaCl) resuspended with saline. Mucopeptide ‘control stiowed no change in

furbidity.

to NaCI dunng rt/ is of whoIe coc0| could be due in large part to the |iberation of
nucleic acid-hounid enzyme Yt emcreaged lonic strength’ of the medium,

The absdence ofdete table tejchoic acl an?te quantitative recqve éyof amino
sugars and amino a(:| s from the Punﬂed cell-wall preparation |nd|cat d that the
matena used In these experiments was essentlallg the mucopeptide moiety de-
scnbed by Park (1961 )Dan by Rogers & Perkins (1962) and any complexes formed
by teenzyme would e with this'substrate and not with other anionic derivatives
in

M hacf |aI
mitte y, emolar ratio of alanine to glutamic acid in our preparation was
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less_than that reported present in the uridine nucleotide that accumulate?( with
penicillin-treated staphylococcus aureus EPark&Strommger, 1957). 1tis not known

Whether this dlscrepanc¥ was due to strain. differences of loss of components in the
purification procedure. The presence of Iytic material in both the supernatant fluid
and the sediment of the mucopeptide + I%/sos_taphln mixfure a Pears to be at variance
with the results obtained when whole Cocci are combined with the enzyme in the
absence of NaCl. This anomaly suggests that the action of the_lytic protein on the
cell-wall mucopeptice results in the'release of complexes of varying molecular weight
som? of which are small enou%h to remain in suspension after centnfugat;on. Ith
viahle coccl, on the other hand, adhering cytoplasmic material and proteins confer
sufficient weight t the complexes released into the medium to result in their being
degosned on centnfu%atl_on._ . _ y _
_Since the lytic prbtein is cationic under the_experimental conditions used it
Is conceivable that the complexes formed are with anionic gerivatives of the cell
wall and the dissociation of the bonds by NaCl is similar to that reForted by Mora,
Young & Shear (1959) on the complexing of cationic macromolecules.

This investigation was supzoorted by the United States Air Force Systems
Command, AF"MIPR 62-680-2.
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Bacteriophage Inhibition in Staphylococci
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SUMMARY

The Tgh ry effect ofhl h-tire pre ara lons 0 47 on c rtal
str nso coccus be on%t’{J BP uce
L R

|0er repar 10ns,0 JNﬁo conv ra|n OH (?:%}%Cs! h5| |vf%y
f;l éohee%(tono %99 dhfstgjgtl %[solg[emz clopes Was |b|P%heq/v aﬁgﬂ

an Ltt‘lzl’_a1 igmhtmracdon }n W hCh mos? Ofm{%e m?ecleﬁe rC(r)](ﬁC[In errse Wltitdp

i Moty produced 2 few phage parttcles in sma
INTRODUCTION

erlo

In 1952 Williams & Rippon described the ‘inhibitory” effect which may follow
the apf)hcahon of undiluted high-titre phage preparations to certain strains  of
ta[?h 0coceus aureus. The appedrance produced onnutrlentagar lates |sath|nn|n%

f bacterial %rowth In the area on whi hthe hage has been \Aalsned rather tha
the complete clearing seen with a phage-sensitive cu lture. en suc %
preparatiqn is titrated out this ‘inhibition  disa pears ut no sin epatl]ues can
observedin the higher dilutions. Williams & Rippon stated that p agepeparattons
from which the p (r] e had heen removed by absorption to heat k|IIed cocm rt/
filtration or by neutralization with antlsera no longer ?avet e gffect. They co
cluded that the |nh|b|tor a%ent could act onym the presence of phage. Thatte
occurrence of inhibition mtg% t be influenced by the lysogenic state of the staphy-
lococcus was indicated b y he qbsgrvations 0 Rountree (1959). and Rountree ‘&
Asheshov (1961g on staphy ococu of ph é;e type 80/81. These strins showed Inibi-
tion with phages 52 and 52a but could be_converted to full sensitivity to these
phages as a result ofprophage substttutlon The present paper reports observations
on Staphylocqecl of phage Rroup | which shwmh| ition with phage 47, The
observations indicate that the aRpearance of Inhibition on nutrient aﬁar IS due to
a phage/cell interaction, in which'the majority of infected cocci are ki
a minority produce new phage particles.

METHODS

StapWIococm The stratns ofStaphxlococcus aureus used were isolated from ‘oattents
in this Hospital te|r08 age reactions are snown in Table 1. Strain 009 wag %(sed by
%mngh phage 47 at 1000 times |ts routmetestdtlutlon (RTDg but strains 2, 6/6 and
owed inhibition. Clones, g/soagemze W|thasero%g al type B pha e(phag
009) from strain 009, were prepared. Strains 2, 676 and”8503"were lysogenic and
carrted other serological type B phages.

ed and only

<D
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Phage stocks. Pha%e 47 stocks were propagated on staphylococcus propagating
strain {ps) 47 in broth (Blair & Williams, 1961). Phage 009" was é)repared by ultra-
violet induction of strain go9. Coccl grown In'veal broth were centrifuged, washed
and resuspended jn Monod’s buffer %1951) and then irradiated under a estmghouse
Sterilamp at a distance of 36 cm. for 30 sec.; they were then transferred t0 fresh
broth, incubated at 37° for 1 hr and P]Iaced at room temperature until clearing oc-
curred. Phages were filtered through Gradocol membranes of 300 //i/ APD"and
tested for stérility before use.

Table 1. Phage reactions of strains of Staphylococcus aureus used
In the Inhibition studies

Reaction with phages

a7 53 o4 15 009'
Staphylococcus at RTD x 1000* at RTD
009 + + + -
2 (+) ¥ ¥
676 + +
8503 8 + {} +
2 (009" + + + -
16 {009'} + + + -
8503 (009 () + ()
* RTD = Routine Test Dilution, . . _ _
+ = confluent lysis; () = inhibition; (+) = inhibition with scattered plagues; — = no

reaction.

Lysogenization. Staphylococcal strains were lysogenized by spotting undilyted
Bha?e_ontoa lawn of cdccl. After incubation, d small quantity of thé secondary
acterial growth In the area of gyms was streaked on blgod dgar plates. Singfe
colonies were picked intq broth and tested for the presence of the Iys%)%emzmg phage
for resistance to it and for alteration In phage-typing patter. The lysogeniZed
st[%ns are numbered. in the usual way, e.g. 2(009") indicated strain 2 lysogenized
witn phage from strain 009, _ _ o ,
Titratiop of inhibition. To determine the highest dilution of a phage preparation
capable of gz;vmg Inhibition on nutrient agar, tenfold dilutions were made n broth
and quantities of 0-0L ml. were spotted”onto the surface of phage agar plates
prrewously flooded with a 4 hr broth culture of a strain known to give inhibition.
he plates were incubated overnight at 3oc. Care was re(iuwed_ In the preparatjon of
the agar glates and their flooding with the bacterial culture since variations in the
dept of agar and the thickness of the bacterial lawn influenced the ease with which
the end point of inhibition could be read. When the approximate titre of inhibition
had been obtained, more closely spaced dilutions were tested similarly.

. JRESULTS
Relationship of phage titre to inhibition titre

' tThree tsrt]ocks 016 pha?e ]47 ¥yere extarTlneéi tto See v(\j/hglt c?r{_espondepcehtrllere Was
etween the numper of infective particles determine afing on staphylococcus
os 47 and the highest dilution of @he_ preparation that \k;o%Id r%é)uce |Rh bitjon on
strain 8503. After titration on strains ps47 and 8503 the stocks were centrifuged
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in a Spinco Model L centrifuge at 20,000 rev/min. for 60 min. The supernatant
fluids were removed and the pellets resuspended in one tenth the original volume
of broth and titrated, 1f it is the phage particles or some substance associated with
h that produces nhibition there Should be correspondence between the tifres,
he results (Table 2) indicate fair correspongence, tenfold concentration of the
hage producing a tenfold increase in the inhibition titre. The highest dilutions of
h)al % Igrvrng inhibition contained from 25x 105t 18106 phage particles/

_lf—l-

OD_D

Table 2. Relationship of titre ofPhage 47 on st%% Orglococcal strain

ps 47 10 Inhibition titre on strain
Minimum
number
Titre of p hage Inhibition partrclesog01ml
on strain psd7  titre/ml.on  “which tgrro uce
Phage preparation partrelesfml) strain 8503 Inhibition
Stock 1 Ea} Before centrrfugatron 8-6 x 109 1/100 -6 x105
6) Precip rtateater 8-6 XI0D 1/1600 55 x 105
centrru ation
©) Supernatantflurd 1-1x 109 1120 55x105
Stock 2 Ea} Before centrrfugatron 6-9 x 109 1/80 8-6x]05
b Pcrgﬁrmrtlateataotner 8-0x 101 1/1000 8-0x105
©) Supernatantflurd 1-8x109 1/10 1-8x106
Stock 3 (a) Before centrifugation 6-5x 109 1/160 4-0x|Q5
b) Precipjtate after 2-5x 100 1/1000 2-5x105
centrrfu ation
(c) Supernatant fluid 1-6 X109 1120 80 x105

Estimates were. made of the numbers of cocci present on the agar plate at the
time when the inhibitory phage gre%aratron was deposited. An inoctlum of 0-45 ml.
ofa 5 hrhroth culture of strain 8503 was flooged onto an a?ar late and a measured
surpjus of 0-1 ml. remove, Ieavrng an ingculum of, 0-35 ml. A colopy count of the
broth culture was made immediately before flooding, 001 ml. volumes of phage
were deposited on the inoculated and dried plates. fter Incubation the diameters
of 40 zones of inhibition were measured. From these, the mean area of the zones
was calculated: it was one-thirt seventh ofthe area of the plate. The approximate
number of cocci within the are of the ph %e drop was calCulated from hese zone
measurements and from the cell count. an Inoculum of 2-6 x 106.¢occi/zone, a
phage:cell ratio of approximately. 1:1 was sufficient to produce inhibition. There
was thus no evidence that inhibition was due to lysis-from-without as a result of
multiple infection,

Changefrom inhibition to phage sensitivity

Staphylococcus strain 009 which was sensitive to lysis b phages 47 and 75
carried a prophage. When strains 2 and 676 were Iysogenrze by phage 009" they
too became fully sensitive to phages 47 and 75, su ?estrng that the prophalge state
of the cocci might determine whether they showe )Asrs Or Inhibition Ssee abel
PIatelshows e appearances of the titrations of n 47 and 75 on strain 676
before and after its conversion to go age sensitivity, Onthe other hand, strain 8503,
when lysogenized with phage 009" remained inhi |ted by phages 47 and 75,
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The Iysoqemzed clones of strains 2 and 676 still retained their original prophages,
indicating that the mechanism of this conversion was not an obvious prophage
substitution. Further evidence of the influence of phage 009" on the phenomendn
of Inhibition was obtained b curm% strain 2(009) fprophat%e 009" After ultra-
violet irradiation of strain 2(009) on citrate agar and replicaticn of the surviving
colonles on plates flooded with strain 2, one nof-lysogenic colony was found among
00 Tysogenies, On retesting with phage 47 this clone was inhibited.

|t Was concluded that at’least in some coccl prophage 009" acted as a genettc

factor determmmg the rPhenotyplc response to Infection with gha ge 47. When this
ent in the cacel, infection ofthem with phag

? %ewas Pre AT resulted in lysis;
In its absence they were inhibited by phage 47

Phage replication in sensitive and in inhibited strains

.Advantage was taken of the conversion of the strains 2 and 676 to Rhage sensiti-
vity to comBare the multiplication of %h ge 47 In these strains with that in the
original inhibited strains and in strain 8503, Where appropriate, multiplication of
phdge 47 in strain ps 47 was used as a control.

Tahle 3. Percentage adsorptions and adsorption rates of phage 47
on various strains of Staphylococcus

Phage adsorbed at Adsorption rate at
Action of 2min.  5min.  10min.  2min.  5min. 10 min.
Staphylococcus hage 4/ (% adsorbed) (K x 10~9ml.fimin.)
strain at RTD x 1000 f

8503 [nhibition 570 760 900 37 2-6 21
2 [nhibition 310 490 75-0 1-% 15 15
676 [nhibition 660 800 930 4 2- 21
2(009 Lysis 460 590 110 33 19 16
676(009' Lysis 68-0 84-0 930 4-4 2-8 20
PS4 Lysis 390 600 710 20 15 10

Adsorption rafes. Rates of adsorption of phage 47 to its own propa%atlng strain,
0 strains showing inhibrtion and to the ysogenized clones were defermined. A
broth culture was grown at 37° with aeration"yntil the concentrat|on was 1x 108
cocci/ml. One ml. of the culture was mixed with 1ml. of phage 47 (titre 1x 108
ﬁ]arttcles m,J an%OOl ml, 1% dCaCZboth prewously vYarmed t0 37°, and the
ixture held at 37°. At 2, 5andl 10 min. after mixing, samPes were taken,
diluted immediately to 1/100 in broth and cooled in an |cewater bath. Aft ercentn
tgauon the numb rs of ha? Farttcles In the supernatantﬂwdswere ass ayed and
he adsorption rate K was calculated. There were minor differences in the behaviour
of the strains (Table 3), strains 676, 6762?09Eand 8503 adsorping the Pha e at
afaster rate than did %347 and strains 2 and 2(009), Lysoger. izatfon with phage
had no effect on the adsorption rams in strains 2 and 676, It was concludéd
that Inhibition did not involve processes concerned with the initial steps of phage
Infection and was not dt#e for example, to a deficiency of appropriate phage
receptors on the surface of the coccl,
Recovery of adsorbed phagefrom inhibited cocci. The proportions of adsorbed phage
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recoverable from the cocci as infective centres during the latent period were deter-
mined. Using the samples taken at 10 min. in the previous experiment, the centri-
fuge-deposited cocci were resuspended in 0-5 ml. broth and the number of infective
cefntres assa%ed by plating 0-0L ml. volumes on strain ps47. A smaller percentage
of the adsorbed phage was recovered from the strains showing inhibjtion than from
the phage-sensitive Strains (Table 4). In straing 8503 and 676, only 16 and 14.%
respectwel of the adsorbed phage registered as infective centres as compared with
37%in 67 (009'6 and 63 %in strain ps47. Strain 2 differed from the other inhibited
strains in that 30 % of the adsorbed phage was recoverable and that lysogenization
with phage 009 only increased this to 30 % an ms;gmﬁcant difference. "1, should
be noted that this strain 2 occasionally showed eviclence of partial sensitivity to
gﬁaﬁﬁtﬁelnq %%%tr very minute plagues wére sometimes seen in higher phage dilutions

Table 4. The recovery of adsorbed phagefrom staphylococci infected with phage 47

_Phage Phage
in Sy etr- o reco‘%/S red Adsorbed
natan age sorbe
_ P agie added ﬁuid adsor%ed infective phage
Actlonofphage 47 (X10gml.) (X10§ml) (X10Gml) , centres — recovéred
Staphylococcus ~ at RTD X 1000 3 (b) (a-6) ~ (Xiogml) (o)
8503 [nhibition 130 12 118 19 16
2 [nhibition 100 25 I 23 30
b7 [nhibition 150 10 140 20 14
2(009 Lysis 130 30 100 30 36
676(000 L0815 11 N S S |
PS4 Lysis 100 29 11 45 63

Death of infected cocci within the inhibition zone on nutrient agar

Tq determine how many inhibited cocgi were Killed when infection took place on
nutrient agar, the numbers of viable coccl within the zone of inhibition were assayed
at 30 min” intervals up.to 4 hr after the addition of the OPhage._ The number of
viable cocci from an uninfected area of the plate was also determined at the same
time. An agar late was Inoculated with 0-35 ml. of broth culture contalnlng
2-5 x 10s cocCi/ml. and dried. Drops (0-01 ml.) of undiluted phage 47 were deposite
on the plate and allowed to dry. By using a sterile test-tube a Circle ofa%arSmm.
In diam. Was,Punched out of the inoculatéd plate from within the area of the phage
drop. A similar sample was taken from outside the areg of pha?e Infection. Ea
sample was placed in"L ml. 0-85 % (wiv) NaCl, shaken 30 times, difuted, and 0-01 m.
volumes plated in quadruplicate” on“agar glates, the Inocula bemg Spread with
a glass rod. After overnight incubationat 37°, 9% of the calculated inoculum of
an uninfected sample codld be recovered by this method. The results (Figs. 1-4
showed normal growth curves for all unifoculated cultures. The colony coun
decreased continliously in strains 2(009), 676(009) and ps57 after infection with
thaﬁ;e 47 The |_nh|t%|_t ? strains showed a temporary decrease in the colong count

yithin 60-90 min of intection, after which the numbiers of coccl increased at rates
similar to the growth rate of the uninfected cocci. The ‘secondary growth’ of in-
hibited strains was not due to selection of pre-existing phage-resistant mutants or
to the presence of lysogenized cocci, since surviving cocci cultivated from the zone
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Figs. 1-4. Colony counts of staphylococcal strains following infection with phage 47
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Fig. 1. Staphylococcus strain ps47.
Fig. 2. Strains 676 and 676(009').

X, coccl Infected with phage 47; O-----n--- 0

Fig. 3. Strains 2 and 2(009').
Fig. 4. Strains 8503 and 8503(009 ).
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Fig. 5. Strain ps47.

Fig. 6. Strains 676 and 676(009').
Fig. 7. Strains 2 and 2(009').

Fig. 8. Strains 8503 and 8503(009').

G. Microb. x1



214 M. A. Beard and P. M. Rountree

of inhibition still showed inhibition when retested with phage 47. It was concluded
that death of cocm W|th|n 60-90 mm of mfectlon was in part respons|ble for the
earance of Inhibition on agar gates In the ul )Asensmve cultures ps47,
09') and 676(009) the death of coccl continued throughout the period of observa-
tion, Ultimately producing clear zones of lysis.

Phage production by inhibited strains

The production 0 O,oha%e 47 by sens|t|ve inhibited and converted staphylococcal
strains was examined in broth. “A broth culture was grown at 37° with acration to
a concentration of 2-0 x 108cocci/ml., 1 ml. ofghg e 47 was added to 1 ml. of culture
to give a ratio of 3 to 4 phage parhcles/coc us.. After 20 min, adsorption at 3r°
the"mixture was cooled, centrifu ged and the cocci resuspended in 2 ml. broth. Un-

adsorbed phage was neutralized By mixing the cocci suspension with antiserum and

Table 5. The individyal burst sizes of phage 47 in cells of
various staphylococcl

Number .
Plates with plagues

Number plates VT —
withno — of  Total Plaques/plate

Sta(P ﬁ of
lococcs  samples plaques plates  plagues
200 162 3B 164 ]t ]1 2 % Zt g e 7 9%% RY)

2009) 120 T 48 R
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O pPoPOorOPOPORN
—h
o
I~

COCONOND S s b

DHOHDD
Nelselap)

P S s e
oo
RO
NG NG Ay Sy
[ xS G N N
N&leocleol NN -Nas]

27 53
21 58

479123
13
15

510203 455775 93
1228 46
132
629

18

holdmg at 31° for 10 min. A final dilution of 1/100 was made in broth, kept at 37°
and 0-5ml. samples taken at 30 min. intervals. After coolingand centrifu gatlon the
numb frs of hag \;:\)Iarttcles in Jhe supernatant fluid (that’is, the numbgrs of new
particles releaset) were counte
Staph){Ioco?ca stram ps47 and the converted strains 2(%)09 anit 676 0092 ave
h yields (Figs. 5-8), there being Increases of 3 lo vauea er 4-51r,
T e ihhibited trams 2 676a d 8503 showed an’ Increase in epha?e counts of
ong log or less between 40 and 60 min. Thereafter, there was a gradual decrease in

676 120 103 17 106

L

676(009) 110 8 27 083

PPN —
OO
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the counts which might be explained by the neutralizin% action of the low concen-
tration of antiserum’sti]l present in thé diluted growth Tubes. ExceRt in the 8503
strains there was no evidence of further phage multiplication after the first burst.

The yield of phage 47 by individual cocci was determined in the inhibited strains
2 and §76 and in the conerted strains 2&009‘) and_6768009'%. After infection and
neutralization by antisera, the infected coccl were diluted in Droth to give less than
one coccus/0'01 ml. (at this dilution no effective antiserum should remain); 0-01 ml.
samples were then distyibuted into Separate_tubes, held at 37° for 50 min. and the
whole of each sample plated on strain ps47. Table 5 shows the wide range of plaque
counts observed. Those tubes gwmg one plaque were considered to have each con-
fained an Infected coccus whose hurst was delayed until after the contents had
been plated on strain ps47. The average burst size was calculated from these data;
for strains 2 and 676 plates showing dne plaque were_excluded; for strains 2(0092
and 676(009) counts of three or less were excluded. The av_era%e burst sizes wer
greater In the converted strains than in the or|7génal strains; in strain 2(009) it was
s?r-agi r?%r? ared with 83 in strain 2, and in 676(009) 30-3 compared with 122 In

DISCUSSION

The behaviour of the inhibited strains of Staphylococcus examined in the present
work provided evidence that the phenomenon of inhibjtion seen in phage _tyﬁjnq 15
essentially a phage/cell interaction. A comparison of the behaviour of inhibited
strains and their ‘sensitive derivatives durln? the various steps of the phage cycle
enabled some conclusions to be drawn as to the step or s_teeps in the cycle dt which
Inhibition operates. A ratio of approximately one infective particle to each coccus
was sufficient to produce inhibitjon on nutrient agar, thus dlsposm% of the hB/_Po-
thesis that lysis-from-without might be responsiblé for the aﬁoearan e of inhibited
cultures. Both inhibited and sensitive coccl adsorbed phage 47 at comparable rates,
and about the same proportions of cocci were killed in the first rouna of infection
Thereafter, divergence In behaviour was observed. On nutrient aqar plates showing
inhibition, growth of the survwmg cocel occurred, whereas on plates giving areas
of Iysis, the’ colony count of staphylococci decreased steadlw gresumably 85 the
result of the infection of cocci which had escaped the first rounid, fmfectlon._Pha%e
growth curves in broth indicated that anly a proportion of the infected cocci of the
inhibited strains was able to produce infective particles, that the average yield from
these productive coccl was lower than that from full)( sensitive coccl and that lysis
of some of these productive cocci was delayed. In other words, inhibition, was not
due to. rophaPe immunity in which the ‘multiplication of homolo%o_us mfectmg
pha%e_| com etel;{ blocked but to a partial incompetence of the cocci to produc
InfeCtive phage. At what stage In the latent period this jncompetence s expressed
cannot be stated from the available data. That the infected cocci are no longer
vianle and that a proportion can produce complete phage although in decreased
amount suggests a defect in maturation of the hage and/ar in the production of an
enzyme concerned in phage release. S_tudzf of infected coccl lysed by cyanide during
the latter part of the latént ﬁfmd might provide information on these points, .

When these facts are consigered, an“explanation of the a(?

e tnest N 0T t rE)earanc_eo inhibition
on solid media is apparent. The number of cocci In initial contact with phage when
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It is spotted on a nutrient _a?ar plate is Jimited. When a phage preparation is used
which contains sufficient infective particles theoretically to" infect every coccus,
60 to 90% of the cocci are killed but only 15 to 30% proguce fewer new particles
and some belatedly, The chances, then that these new particles maY cause a second
round of infectiort i cocci which are aljve and growing, are small; they are more
likely to encounter cocci that have been killed while many of the growing coca that
they”do Infect will be unale to make phage. In the Coccj which survive initial
inféction growth and division occurs as in uninfected coccl. The final result is a
bacterial zone of decreased density. When diluted phage is ag lied to such incom-
petent coccl in numbers such that there is.one parficlg to every ten_cocci or more,
aplaque is unhkelY to he formed and sufficient cocci will survive the initial infection
to_form a normal 1awn of bacterial ?rowth. _ ,

. The three inhibited staphylococcal strains that were examined showed differences
in behaviour which indicatéd that they were not identical strains. For example, in
strain 2, a Iarf%er proportion of coccl Was able to produce infective pha%e than did
those of the other two strains; Ivsogenization with phage 009' increased the av_era?e
burst size but did not increase significantly the numbers of productive coccl. .Tn
strain 676, lysogenization with phage 009' increased both the numbers of productive
(s:?rca% aggoghew average yield. ‘On’the other hand, lysogenization had no effect on

The effect of Iysoqemzat!o_n with phage 009' on strains 2 and 676 showed that in
these staphylocacci the. ability to synthiesize normal amounts of phage was linked
with the presence of this Pro hage Which had been derived from a phage-sensitive
strain. This effect was not due to ﬁ)rophage substitution such as occurs in staphylo-
cocci of phag_e type, 52/52A180/81 and In which the increased ability to proguce
phage Is retdined after the freshly Inserted Rropha e.Is removed by ultraviolet
Irradiation. Curing of strain 28009?01‘ Its prop ageO ' infection caused t to revert
tq incompetence. This indicated that lysogenic ¢ :
nism involved in this change. The genefic constitution of the cocci must also influence
the .consequences of such lysogénizatign since strain 8503, although apé)arently
similar to strains 2 and 676 "Jn mang of JtS charac_t%rs, showed no increased compe-
tence to produce phage 4/ after I%/s genization witn phage 009" _

The phenomena described in the present paper differ from those described by
West, Kelly & Shields (1963g who produced” inhibitions of normally sensitive
staphglococ_cl bg altermgathe alt concentrations in their media and thus altering
the adsorption of the phages to their hosts.

This work was supported by a grant from the Australian National Health and
Meé}calmﬁ)esearc (%)nu‘. yad

nversion was the probable mecha-
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EXPLANATION OF PLATE

_Titration of phage 47 and ha,?e 75 on Staphylococcus strains 676 and 6_76(0093. Serial tenfold
dilutions of phagé were de[?om ed on [noculated aq_arplates,; U = undiluted phage; 1= 10-1
dilution; 2 =107 2dilution; 3 = 10~3dilution; 4 =10 *dilution.

Figs. 1-2. Titration of phage 47.
Figs. 3-4. Titration of phage 75.
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SUMMARY
In a pon-growing populatjon af an arginine-requiring auxgtroph of
EFC“S{S'&@'?C [ér tP%“ﬁtconS* ot E&“ﬁ&i@gmcﬁ% XC?J?SO&YUBFS
raction, and total protein’ of. the organisnis, “decreased With Increas
cterial concentration In a Wide rangg (0T-3-0. ma. ¢r acteria/ml.)’
15 concludeq that the rate of transport/organisnt of arginine and glucose
decreased with increasing bacterral concentration.

INTRODUCTION

In suspensions of several mammalian cell types gpermat_ozoa, reticulocytes,
hegaﬂc cells), the rate of incorporation of labelled amino acids into protein” has
been shown to decrease with increasing cell concentration (Bhargava, Bishop &
Work, 1959; Bha_r%ava &_Bhar([;ava, 1962; Bhargava, 1964; Bhargava &Bhargava
unpubljshed). With hepatic celf suspensions, this ‘cell concentration effect” resulteg
from decreased Rermeamht , Que to enhanced cell contact with increasing cell
concentration (Bhargava & hargava, 1962; Bhargava, 1964; Bhargava &Bhargava,
unpublished). “In the present paper we report experiments which show thaf'in a
restmg} population of an argmme-rle[%mrlng_auxotroph of Escherichia coli, E. coli
160-37, the rate of transport of [EC]arginine and [KC|olucose decreased as the
bacterial concentration increased. This éffect was more Mmarked at lower than at
higher bacterial concentrations, The results suggest_that intercellular reactions may
affect the rate of transport of nutrients in bacteria and thus indirectly influence
intracellular metabolic activity.

METHODS

Or[ganism. Escherichia coli 160-37, which requires either arginine or omithing as
a nufrient, was used. It was maintained on nutrient agar Slopes. The organism
was incubated statically at 35° in the foIIowmﬂlm djum: NHACL 05 9.; (NHAS04
050, KH2Q4 136, MgS04 20 mg..; Fe(NH 2&80 26H, 156'mg.; glucose
ZOg.; L-arglmne_ hydrachlofide, 0-1 g.” water to 11, The above megium Without
lucose andl_arginine Is referred to”subsequently as ‘argining and glucose-free

"medium. : "
Rad%oacnve chemicals. Universally labelled [léCJL-arrTgmme and LBld:]glucose were
obtained from the Radiochemical Centre, Amersham, Bucks, UK.} they were
diluted to the required specific activity with the unlabelled (reagent or analytical
grade) analogue.
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Incubation with the labelled compounds and the isolation of dry organisms. Bacteria
from an exponentially growing culture (u_suaI_IX towards the énd of the Io%arlthmm
quowth phase) were harvested, washed twice in the cold with the AGF megjium and

en pre-incubated for 30 min. af 35°, without shaking, in the same mediym. The
bacteria were removed by centrifugation in the cold and resuspended in the AGF
medium to give a slurry which was dispensed in a series of flasks (one for each
bacterial concentration”and each time ‘point) which contained the aﬁgroprgate
amount of the AGF medium and the labelled compound to give the desired
concentration of bacteria and compaund in a total volume of 30-50 ml. The flasks
were then incubated statically at 35°. At the end of the desired period, a set of
flasks (one for each bacterial"concentration) was removed and the contents cen-
trifuged |m,med|ateI%/ In the cold. The de?o,stted bacteria were washed in the
cold; "three times with the AGF medium containing a large excess of the unlabelled
comoound and once with distilled water. The ‘Washed bacteria_ were dried to
constant wt. at 110°, There wés no change in the extinction 1?) or in the pH value
of the bacterial suspension before and after incubation with labelled precursor

compound.
_ Isglatmn of the acid-soluble fractjon. Trichloroacetic acid ATCA 10%) was added
in the cold to bacteria washeq as ahove after incubation with the labelled precursar.
The precipitate was removed by centrifugation and washed twice with 5% TCA in
the cold. Al the TCA supernatant fluids"were combined and the TCA removed b
repeated extraction with ether. The aqueous fraction was evaporated to dryness,
The residue obtained in this way was taken to contain all the free ar%mme and
glucose (and their acid-soluble small molecular_vv,e|?ht derivatives) of the hacteria.
Isolation of proteins. The washed TCA-precipitate of the bactéria, obtained as
above, was treated with 5% TCA at 90° for 30 min. to remove nucleic acids. TCA
was removed by cenirifugation and the sediment washed once with 5% TCA.
L|P|ds were remoyved from'the residue in the usual way by treatment with organic
solvents to give lipid-free and nucleic acid-free total protein of the bacterid. In
some experiments the protein was isolated by treatment of the washed hacteria
with 95% ethanol In water at room temperature. Lipids were removed from the
ethanol-insoluhle fprec,gntate In the usual way. Nucleic acids were not removed
from the protein fraction Isolated in this way. _ _
. Measurement of radioactivity. The acid-sofuble fraction was plated as a solution
in 40% (v/v) ethanol in watér, and the dry bacteria and R,r tein as a slurry n
'O/T' vIv) ethanol jn water on 2 m.2a|um|n|um,manchet which were coun}ed Ina
Phillips Geiger-Milller end-wingow counter with an efficiency of 6% for XC.
Appropriate correction was made for se!f-,absoqmon where necessag,. In_experi-
ments on_ the incorporation of [C]arginine and. [“C]glucose, a radioactivity of
about 100 and 10 counts/min./m .dré Wt. bacteria, respectively, was obtained in
the 0 hr samples. This radioactivity did not vary with conentration of bacteria and
represented a small percentage of the incorporation qbtained at the Ion?er times.
The 0 hr radioactivity has not been subtracted from the values reported Tor subse-
quent time points,
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RESULTS
Uptake of [uClarginine _

The total uptake of labelled argmme by whole hacteria gr_oceeded_ linearly for
about 30-60 min. after which it 18velled off (F|?. 1). The period of linear uptake
Increased with decreasing concentration of bacteria. The rate of uptake also de-
pended on the bagterial concentration; at any time point, E)ro_g essively lesser
amounts ofé_l&]g)rgmme were taken up per bactefium as the bacterial concentration

Increased (Fig.
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Fig. L. Incorpgration of [1C]arginine into organisms of a non-multiplyin% Bopulation of
EsCherichia coli 160-37. The Concentration of bacteria was equivalent to 0- mg.dry Wi,
bacteria/ml. The hacteria were pre-incubated for 30 min. In an arginine-free an ?Iucose_-
free salts solution before the aadition of labelled arginine. The concentration of [14C]argi-
nine was 100 /tg. (0-5/tC.)/ml,

Fig. 2. Changes, with the concentration of bacteria, in the (%uantity_ of [4Clargining
taken UB by the organisms of a non-multiplying population of Escherichia coli 160-37
on Incubation with” [14C]arginine. The bacteria were pre-incubated for 30 min. In_an
arginine-free and glucose-free salt solution before addition of labelled arginine. The
gonﬁc&nt[atlon of [MCJarginine was 100 ftg. (0-5/C.)ml. O, 25min; A, 40min,;
1,60 min,

The radioactivity in the bacteria, following uptake of [Clarginine, would be
expected to be pri anlY dug to free arginine {or acid-soluble argmme dertvatives)
and arginine incorporated into protein due fo protein turnovér; the latter was
snown {Mandelstam, 19586) to occur to an extent of 5%/hr in resting organisms of
the strain of Escherichia coli used in the present work. The radiodctivity in the
acid-soluble fraction, as well as in the protein fraction derived from unit dry wt. of
bacteria, decreased with an increase in the concentration of bacteria at all the times
studied %Flgs. 3, 4). The dependence of the above uptake on bacterial congentration
was more marked at longer times than at shorter times, as In the case of the total
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uptake of [Clarginine by the whole bacteria. The incorporation. of [KC]arginine/
unit wt. protein also decreased as the concentration of hacteria in the sispension
increased (Fig. 5).

Uptake of glucose

The rate of u?take of [4C]glucose by the bacteria also increased with decreasing

concentration of bacteria (Fig; 6). As in the case ofﬁlZC]argImmeu take, the perio
for which the uptake of Ll_ J0lucose proceeded linearty was longer at lower bacterial
concentrations than at higher concentrations.
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Fig. 3. Changes, with the concentration of bacteria, in the quantity of P4C]argi,nin,e
accumulating in the acid-soluble fraction of a non-multiplying population of Escherichia
coli 160-37 on incubation with [4C]arginine. The bacteria were pre-incubated for 30 min.
in an arginine-free andAquco_se,-free Salts solution before addition of labelled arginine.
The concentration of [1C]arginine was 100 ug. (0-5/;C.)iml. O, 25 min.; T, 60 min.

Fig. 4. Changes, with the concentration of bacteria, in the radioactivity incorporated in
the total protein ofanon-multl_plymg porpu_latlon of Escherichia coli 160-37 on incubation
with [1C]arginine. The bacteria were pre-incubated for 30 min. in an arginine-free and
gluco_se-f ee “salts soltmon bsfore 6dd|t|on_ of labelled arginie. The concentration of

rginine was 100 fig. (0 51C.)ml. O, 25 min.; A, 40 min.; min.

DISCUSSION

In the present work, the bacteria were washed free from medium and then
star ed ofglucose and arginine for 30 min. before either labelled arginine or labelled
glucooe waS added. There was no Increase in the extinction of the culture during
incubation with the labelled precursor. Further, the uptake of glucose was nearly
the same as reported for the Same strain of Escherichia coli (E. Coli, 160-37) in the
maximum stationary phase of growth during which no formation of new organisms
gas adAud ed by synthesis of D A?]was observed Ka,shmm&Bhar?a\_/a, 1965). It
an, theretore, be concluded that there was no formation of r.ew bacteria during the
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period of incubation. with the labelled precursor. The results clearly show that in
such a non-multiplying population, the quantity of labelled arginine taken up in
20-80 min. by a unit population of the bacteria or their acid-Soluble fraction or
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ig. 5. Changes, with the concentration of bacteria, in the specific radigactivity of
rotein of a non-multiplying population of Escherichia coli 160-37 on incubation with
UClarginine. The bacteria were pre-incubated for 30 min, in an arginine-free and
|lucose-free salts solution before addition of labelled arginine. The cOncentration of
1Clarginine was 100/tg.  (0-5/tC.)/ml. The two figures a and b correspond to two
p|rffer_ent experiments, (a) O, 25min.; A 40 min.: 7, 60 min, In this exlpe iment, the
A

;
‘f

otein was isolated after treatment of the whole bacteria with TCA. (0] O, 30 min..;
. 80 min. In this experiment, the protein was isolated following treatment of the
whole bacteria with 95 % (v/v) ethanol'in water.
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Fig. 6. Changes, with the concentration of bacteria, in the quantity of £14C]§Iucos,e taken
up bytheo%anlsmsofa non-multiplying population of Escherichia coli 160=37 on incuba-
tion with Ll ]aqlucose.The bacteria were'pre-incupated for 80 min. 1n an arginine-free and
|lucose-free salts solution betore the addition of labelled glucose. The concentration of
1C]glucose was 20 mg. (L ¢¢C.)/ml. The two figures a and b correspond to two different
experiments, (a) O, 15 min.; A, 45 min.; (6) O, 45 min.; A, 75 min.
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protein, varied inversely with the concentration of bacteria. Such an inyerse
reIatmnshH) might be due to a decrease in the specific radioactivity of extracellular
arginine and/or-a decrease in the rate of tr_ansgort of arginine from'the extracellular
medium into the orﬁamsms, with increasing hacterial Concentration.

The bacteria mlg t secrete unlabelled ar%mme released as a result, of intracellular
protein turnover of 2-7 %/hr which has been shown to occur in resting 809ulat|ons
of bacteria and Byeasts deprived of an essential nutrient (Mandelstam, "1957, 1958b;
Halvorson, 1958: Borek, Ponticorvo & Rittenberg, 1958 Urba, 1959; Mandelstam
& Halvorson, . 1960; Proctor, 1962). In such an event, increasing amounts. of
unlabelled ar?mme would be secreted with increasing bacterial concéntration; this
would cause the specific radioactivity of the arginine of the medium at any time
Pomt to decrease as the bacterial concentration increased. However, if it be assumed
hat the protein content of the hacteria is 75%, that the protein contains 10%
arqinine and that the protein turnover in the resting state is 5%hr (Mandelstam,
19586), it can be calculated that the amount of Unlabelled arginine released in
1hr from the maximum concentration of bacteria used (equiv: 2-8 mg. dry wt.
bacteria/ml.) could not exceed 10fig.iml, culture medium. "In fact, if’ has been
shown that non-dividing Escherichid coli in which protein synthesis is blocked
secrete amino acids to anextent of only 5fig-/mg. dry wt. bacteria/nr (Manclelstam,
1958a). The guantn of arginine found in the presént wark to be secreted by the
bacteria could nat thereforé be sufficient to alter substantially the specific activit
of the extracellular labelled ar%mme rPresent initially in the medium (100 /q./m_l.i
This rules out the possibility that the observed effect of bagterial concentration
might be due to secretion of unlabelled arqmme br the hacteria and consequential
decrease jn the specific radloacuvn%/ of extracellular arginine.

It would, therefore, appear that there was a decreasé in the rate of transport of
aggmme Jer bacterium,_measured over a period of 20-60 min., as the cancentration
of bacteria increased, The reasons for this decrease are not. clear. The obvious
possibility that arglmme became limiting at the higher bacterial concentrations is
uled out'by the following considerations, The initjal concentration of [UClarginine
In the medium was 100 |fg (1-11x106d|smtePrat|ons or 67,000 counts/min.)/ml.;
from this and the data of Fig. 2 it can be calculated that at the lowest bacterial
concentration (equiv. 0-21 mqbdr wt. bacterig/ml.), just l_f|q.r(1 %) of the labelled
ar(%mmewasta en up by the'bacteria/ml. medium in 60 min, "This implies that only
10% of the %14: arginine. contained _orlglnall in the medium would have been
consumed in 60 min, had the bacteria at thé maximum concentration of equiv.
2-1 mg. dry wt. bacteria/ml. used in most experiments taken up labelled arginine
at the'samé rate as was taken up by the bacteria at the lowest bacterial concentration

used. The actual uptake of arginine by the bacteria at this concentration (equiv.,
- mg. (fry Wt bagt_eria/ml)% bx, } f j ation (eq

L mg. dr [.) n 60 min. was only 3% of the [ Jarginine present
originally in the medium (Fig. 2). Thus, the concentration of arginine in the medium
was sufficiently high to allow 1t to sfag practically unchanged in 60 min. at all
bacterial concentrations studied. The results obtained with léC][uncose (Fig. 0),
which was present in the medium at 20 mg/ml., also indicate that the decredse in
the rate of transport of the nutnenhs obfained with increasing bacterial concen-
tration was ot due to this nutrient becoming |m|t|ng. _

One possibility would be that contact between Dacteria, the frequency and
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extent of which would increase with increasing bacterial concentrations, might
decrease the permeability of the cell surface to Some nutrients for the duration”of
the contact. 'In several mammalian cell systems cell contact has been shown to
influence the visible movement of the membrane (Abercrompie & Ambrose, 1958)
and it is conceivable that it may also affect the functional actm# of the membrane
In respect of the transRor_t of riutrients. A cell concentration effect similar to that
reported here for Escherichia coli has been observed with mammalian cell sus-
pensions (Bhargava et al. 1959; Bhargava & Bhargava, 1962; Bhargava, 1964)

The authors are grateful to DrJ. Mandelstam for agift ofthe culture of Escherichia
coli 160-37 used in this work, and to Dr S. Husdin Zaheer, Director-General,
Council of Scientific and Industrial Research, New Delni, and Dr G. S. Sidhu,
Director of this Lahoratory, for encouragement.
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INTRODUCTION

Smith & Sasaki %1958) showed that the vrabrlrt ofsome rXcoplasmastrarnswas
much less affected by the osmotic pressure of the suspending medium than had been
supposed. Butler &Knight ‘1960 confirmed this observatron and showed also that
metal-chelating agents {diethyldithiocarbamate, ethylenediaminetetra-acetate, &
hydroxy, urnolrne% manganesé dioxide. and the use” of de-tonjzed water of hi h?h
quality increased the degree of survival in suspensions in dilute buffer solutions
contrast, Ca2+ ions have'a marked stahilizing effect on bacterial spheroplast suspen
srons rn hypotonrc solutions (Tabor, 1962) and sgermrne spermiding, streptomycin

[ysine were ver effectrve stabrlrzers while monovalent cations, Mg2+and
te a ines 14-diaminobutane and 15dramrnopentanewerereIatrverrne ective.

Razin &Argaman (2963) co gare the susceptibility of mycoplasmas, bacterial
L -forms, sphefoplasts” and grot lasts to_ lysis by oSmotic shock, by alternate
freezing and thawing and by surface- actrve compounds The mycoplasmas and
bacterial L-forms were more resistant to osmotic shock than were the bacterial
protoplasts and spheroplasts but, like the grotoplasts the m coglasmas Were Very
sensitive 1. lysis by strface-active substances. Mycoplasia, strains differed in
their_ sensitivity to” lysis by osmatic pressure changes strarns of M coplasma
mycoides berng among the.more resistant ones (Razin, "1963). azrn6 4) showed
that the Mycoplasmd strains he examined resisted osmotic shock at 0°, but under-
went rapid lysis at 3r°. Divalent and polyvalent cafions, in concentrations as low
as 10~5m, protected Mycoplasma laidlawii from osmotic lysis.
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METHODS

Organisms. The strain v5_ of Mycoplasma mycoides and the strain n of M. caPn
were Used. The latter strain has béen found naf to form detectable amounts of poly
saccharide (Plackett, Buttery & Cottew, 1963). The organisms were grown in
supplemented BVF-OS medium (Plackett et al. 1963) and harvested When the
turbidity of the cultures had increased to between one quarter and three quarters
of the maximum expected value. Within this turbidity range, the orgam_sms were
highly filamentous and the ratio of colony count of viable particles to furbidity was
apBrommateI constant, , N
e_a?ents. e salts used were of AR quality; the water was glass distilled, but no
specia Bnrecautmns were taken to prevent ‘metal fon contamination. Spermine
Fgrade % and spermidine (grade Aﬂ were obtained from the California Foundation
 Biochemical_Research, and 1,4-diaminobutane from E. Light and Co. (Coin-
brook, Bucks., England). Sucrose ](m solution) was freed from Cations by passage
throutqh Dowex 50 (H+) column. The solutions containing etWIenedmmmetetra—
acetate and divalent metal ions were adjusted to pH /-4 with NaOH.

Procedure. Ten-ml. volumes of culture were chilled, and centrlfu%ed at 15,000
rev./min._for 20 min, ﬁSpmco, model L, rotor 40). The supernatant fluids were
poured off and the walls of the tubes wiped dry with filter paper. The deposits of
or?amsms were then washed twice bg resusgensmn In 10-ml. volumes of the test
sofutions. The entire process, which occupied about 35 hr, was performed in the

Counts of viable Spartic,les determinations were made bg a plate colony count
methqd after the suspensions had been kept about Lhr at 0-2°, and again n most
experiments after a further period of 1-3 days at 2°, The results are expressed as the
% of the colony count of the original culture. Turbidity measurements were made
at 650 m/i (Beckman Model DU, Lcm. light Rathz on“samples of the suspensions
gwarmed t0 room_te_mperatureg at the end"of the storage period, and are expressed
s % of the turhidity of the original culture, Leakaﬂe_ofu.v.-absorbmg aterjal
was measured at 250 my in bothof the supernatant fluids after washing, and also
in the su;%ernatant fluid obtained after centnfugmg a sample of the suspension after
s,torage. he sum of these measurements, cqrrected where necessary for the, extinc-
tion 0f the washing fluid, are expressed as % of the extinction of an alkali lysate.
For this, the upwashed pellet from 10 ml. culture was incubated at 37° with™1 ml.
N-NaOH for Thr and the Tysate diluted to 50 ml. for measurement,

The volumes of packed cell Eellets were measured after centrifugation in graduated
capillary-tipped tupes at 18 Og for 18 hr af 2°, PonvmyISpy[rohdone_ 1%, Wiy,
In the spendln? ﬂwdg Wali used as an indicator for meastir ercellular
volume (Wetherell & Pollack, 1962). _ N

Electron microscopy., Nine volumes of a solution of the same composition as that
of the suspending fluid but contamm% In addition either 4% (wiv) formaldehyde or
5% éw/v?fglutaraldehyde were added to_1vol. of suspension of organisms. “Phos-
phate ouffér was used in the suspending fluid to avoid pH changes. Afterstandmg
overnight at 2°, the organisms were washed and susPended In water, Droplets wer
aw-dne? on electron m|crosc_o?e f%gds befc%re mﬁ -shéidowm No gnger nces in
morphology between material fixed In formaldehyde or ehyde were

Ing the in

lutaral
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detected, but the impression was formed from dark field examination in a light
microscope that both fixatives resulted in some shrinkage, and in an increase in the
number of beaded filaments.

N RESULTS _ _
Effects on turbidity, loss of ultraviolet-absorbing material and survival

Mg+ Caz+and EDTA. There was a decrease in turbidity, a loss of u.v.-absorbing
materjal from the orpamsms and a decrease in the colony count after washmg the
organisms In dilute fris or phosphate buffers (001 m, pH 7-4). The magnitudle of

Table 1 The effect of Mg2+and Ca2+on the stability of Mycoplasma mycoides
Viable count (%[) after

. , . Extinction  stated period'at 0-2
Divalent cation salts*  Turbidity  at 260 mp

Expt. (mconcn.) (%)t (%>: Lhr 70 hr
1 None 0 44 13 0-3
Mg304(0 001) 18 28 15 (-2
Mg304 (0 01) 84 24 60 21
MgS04(01) 9% 25 o 1
2 NonF 60 35 49 8
S A S S S &
a |
CaCl2(01) 88 23 45 19
* Salts added to 0 01 M-tris HCL (pH 7-4). f Percentage of culture.  } Sum of 260 m/t extinc-

tion of washings as % of alkali lysate.

Table 2. The effect of Mg2+and Ca2+and EDTA on the stability of

ycoplasma mycoides
. Viable count (%2 after
o _ Extinction stated peripd at 0-2*
Additions* Turbidity at260mp r A
Expt. (m concn.) (% )t 1% )t Lhr 70 hr
1 None 3 31 56 21
EDTA (0001) 1 30 96 23
EDTA (001 60 9 20 001
M Ig804 001 89 29 69 59
EDTA (0 001); M%SO460 001) 89 29 48 45
EDTA (001); MgS04(002) 82 32 8 0-8
2 EDTA (001 3 81 10 0-2
M I9804 0-01 83 21 48 22
EDTA (0-01); MgSO, (0 02) 80 33 2 21
CaCl2(0 0%? ! 24 47 2
EDTA(0Q1); CaCl2(0 02 gg 28 28 22
MBSO’ 0-01); CaCl2(0-01 22 48 4
EDTA (0-01); MgSQ4 (0 01) 83 28 kil 24
CaCl2(0 02)
* Additions to 001 Mtris HC1 ng 7-4?{ f Percentage of turbidity of culture, f Sum of
260 mfi extinction of washings as % of alkali lysate.

these changes was about the same for either buffer. Tris buffer was used for most of

the experiments to be described. The effect of pH value was not nvestigated. The

addition of MgS04 or CaCl2in concentrations of 0-01 » or higher dchAe_asebd these
. VICron. XL
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changes (‘Table 1), whereas ethylenediaminetetra-acetic acid §EDTA) at 00
Increased them. ifs effect on the loss of viability being greater after storage (Table 2).
At one-tenth this concentration, EDTA had’no efféct on survival, but increased
the leakage of u.v.-absorbing material. M?ZK(}Olg |ons/1L prevented almost
completely the decrease of turbidity, and the Toss of uv.-absorbing material which

Table 3. The effect of polyamines on the stability of Mycoplasma mycoices
Polyamine* Turbldlty Extinction at

(m’conen.) (%) 260 m/i (%)}
None 21-4
Spermine (0 00001 80 18-7
S ermine (0 0001) 86 135

ermme 0001 89 117
S ermme 0005 9 117
S erm| Ine (00001) 8 170
el ;b

idi -
Pie e 005 B i3

* Added tfo 001 m tris 1IC1# H74} f Percentage of turbidity of culture. J Sum of 260 m/i
extinction of washings as % of alkali fysate.

Table 4. The effect of Mg2+ Ca2~and spermine on the stability of
Mycoplasma mycoides

Viable count (%) after

, . Extinction stated period at 0-2°
Catjon additions Turbidity at 260 m/t
Expt. (m conen.) (%)t (%)t 2 hr 24 hr 48 hr
1 None 59 3 21 1 -
MaS04(0 01) 9 19 39 43 -
Ca IZSO il 87 17 21 25 —
Spermine (0 002) 82 14 2 3 —
2 None 68 32 42 19 11
MaSO, (001) 90 20 15 81 10
CaCl2(0°01) 92 16 41 47 41
Spermine (0 002) 9% 15 50 10 4
3 None 16 30 41 12
M S0, (001) 83 2 60 28
ermme 0001 9% 18 49
gﬁ 01 104 17 3B — 2
rmme
* Added to 001 . tris HCL -4). f Percentage of turbidity of culture. £ Sum of 260 m/i
extmcﬁon o% was lmgs as % ofg L-lalzl Iysate. ! Y

occurred in the presence of 0-01 m- EDTA alone, but only partIIy prevented the
effect of EDTA EOOlm ).on survival Table2 Ca2+(0-01 1ons/T) ‘almost comp-
Iet%YprevenJedt eIethaI effe%tofED (1001m a%well as preventmg effects on
dity and on loss of u.v.-absorbing material

Pol yammes Spermine (0 0001 m) had about the same effect as (}01 at- M|9804or
001 a| -CaCl2 on turbydity and the loss of u.v.-absorbing materla S ermid |ne
fo » had about the Same effect as 0 0001 M- spermme 1.4-diaminob utane had
itle effect at 0,005 m (Table 3).” Spermine, in contrast to MgS04and CaCl? did not
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increase the. survival of viable particles during storage, aItho%gh the organisms
survived in ifs presence when MgS04was also added (Table 4). Spermine (0-001 m)

was as effective as CaZfr%)-Ol ? jons/L.) in preventing t(he effec)[éo 001 m-EDTA 0N
the loss of u.v.-absorbing material and on turbidity (Table 5)

Table 5. The effect of Ca+, EDTA and spermine on the stability of

Mycoplasma mycoides
SJCrrigse: 0-01 M-tris HCL (pH 7-4); P = 001 M-NaH P04+ KHP 04 (pH 7-4); Sue = 0-4 M

' Composition Turbidity  Extinction at

(m cONEN.) (%)* 260nyt (%)t
Tris+ CaCIZ(O—O%} 93 2
Tris+ EDTA (001 % 43
Tris+ EDTA (0-01) + CaCl2(0 023 80 23
Tris+ EDTA (001) + spermine (0 001) 16 23
P+EDTA (0 1} _ 49 43
P+EDTA (0-01) + s&ermme (0002) 6 2
P+3uc+EDTA EO 11 , 34 a1
P+ Suc+EDTA (0-Ol)-t-spermine (0-001) 13 pal

* Percentage of turbidity of culture, f Sum of 260 m/t extinction of washings as % of
alkali lysate.

Table 6. The effect of sucrose, NaCl and KCI on the stability of Mycoplasma mycoides

ME o T S
u . | a
(m conen.)* (molal) Turbidity) (%» E ﬁ)r at 8£
None 0-03 18 22 45
Sucrose (0-25) 0-30 6/ 30 32
sucrose (0-4) 0-50 ol 25 36
NaCl (0-15 0-30 09 3 1
NaCl (0-25 0-50 65 3 30
KCI (0-15 0-30 10 34 o8
KCI {0-25 0-50 61 3 30

* Added to 0-01 M-tris HC1+ 0-01 M-MqS04. f Percentage of turbidity of culture. } Sum of
260 m(i extinction of washings as % of alkali lysate.

Tonjcity. |n the absence of stabilizing cations, the decrease in turbidity and the
loss of u.v.-absorbing material were gréater when the organisms were wgshed and
suspended in solutions contalnmgi_ sucrose. (0-4 m) than” they were in hypotonic
solutions. In the presence of stabi |2|n|g cations the addition 0f sucrose made little
difference. The etfects of adding suciose (0-25m, (-4m) and of NaCl and KC
0-15m and 0-25 mz to tr|s+M% 04 (0-01 m) solution are_shown in Table 6. The

ecrease In turbidity and the loss of U.v.-absorbing material were shghtlg greater,
and survival about the same,. in the presence of these solutes as they weré in the
suspension in hypotonic solution.

_ Effects on morphology
Observations were made b?/ dark field microscogR/ and by electron microscopy of
formaldehyde-fixed or glutaraldehyde-fixed SUSF sions. of Mycoplasma mycoies,
The cultures examined Contained & high proportion of filamentous organisms, but

15-2
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other forms were also_present. The filaments were preserved after washing and
fixing In solutions having, a total solute concentration of 0-8 or 05 molal (dilute-
bufter + sucrose or NaCl) followed by washing.in water. There were no filaments in
suspensions, of organisms washed and_ fixed in hypotonic (0-08 molal) solutions,
EIectron micrographs of these suspensions showed electron-dense almost spherical
forms Iattene forms and other materral The addrtron ofstabrlrzrn% cations or of

DTA had no marked effects on the morph o%ggo th eorganrsmswen suspended
erther in sucrose (0-5 molal) or in hypotonic (0<03 molal) solutions.

Table 7. Effect oftonrc ht/Y of suspending medium on the packed cell
volume of Mycoplasma straim v5 and ,

Organisms were washed and sus ended in 05 molal solution. 1vol. suspension was
adde§ fo 10vo| squtron ofmoahg 3or 05 and#he suspensions were then centri-
gra uated capr lary- rppe tubes at 1850q for 181 at 2°. The cell volumes
recorded re the pellet volumes from which the rnterceIIuIar volumes (as determined
by the amount of PVP in the pellets) were subtracted.
_ Age of culture  Molal solute Cell vol.
Strain (hr) concentration* (AY)
vh 40 007 41
0-50 23
V5 18 0-07 18
0-50 85
N 18 007 9-6
0-50 54

* Composition of solution: 0 01 M-tris HCL (pH 7-4). +0 01 M-MgS04+1 % w/v polyvrnnlpyrro

lidone gPVPP]+sucrose 002 m (total solute concentration = 007 molal), or 0-4 M (total solute
concentration = 0-50 molal).

The effects of the tonicity of the susPendrng fluid on mor hology, and the reversi-
bility of these changes, aré illustrated in P1."1, figs, 1-3; figs, 12" and 16 show the
organrsms after they had been washed and resuspended in 0-01 M- -phosphate + 0-0L
MgS04+ 0-001 M-spermine + 0-4 M-slicrose solution (hypertonic Solution); qu 2a
and 26 show their appearance after they had been washed n the hypertonic solution
and then suspended 1n a solution of the same composition but lacking sucrose
(hypotonic solutiop); frgs 3a and 36 show thejr appearance after they had been
suspended successively in hy%ertonrc hyzootonrc and agarn hypertonrc squtrons
The flattened forms seen in 3 a and dlsy hen spherical, in
suspension and have collapsed during trying on the gnas. Dar redexamrnatron
of the unfixed suspension'in a light mrcroscoge showed onIy what Topeare {0 e
Rherrcal forms of various diameters with a maximum of about 1 ji. The rapidity
the shape changes was evident from the complete. absence of streamrn bire rrng nce
In the, susp ensron In hg/#otonrc solution an rts immediate re%ogearance when the
organrsmswereresus ded In hypertonic solutions. Measurements of cell volumes
rXusrng nolyvi g pyrrolidone to measure the volume of the intercellular space in
the cell eIIesar shownrnTabIe7 Organrsmswere harvested from an exponential
phase cu lture of M IJoasma mycoidesstrain v5 which contained numerous fila-
ments from a stationary phase cultyre of v5 strain which did not contain filaments
and from an exponentral phase culture of the M. capri strain » which consisted
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mostly of short rod-like forms. The cell volumes were, in each case, about twice as
([]Orﬁflct g\(/)ip&tnl OtRe organisms were suspended in hypotonic solution as when in hyper-

DISCUSSION

These observatins su&oort those of others (Smith & Sasaki, 1958; Butler &
Knlght, 1960; Razin, 1963) that Mycoplasma organisms survive well in hypotonic
solutions. They differ from those réported by Bltler & Knight (19602 who found
that, within dn optimal concentration range, metal chelating agents, mcludmg
EDTA, increased survival, In the exRen ents reported heré, EDTA decrease
survival and turb|d|t¥ and increased the loss of u.v.-absorbing material, whereas
Ca2+and Mg2+had g stabilizing effect. These conflicting results may be due to differ-
ences In concentrations of toxic metal lon impuritiés. The st |I|_zm_9 effects of
divalent cations and of polyamines for Mycoplasma mycojdes are simifar to those
described by Tabor (1,96Flf0,r bacterjal protoplasts and spheroplasts and by Razin
(1964) for M. laidlawii. Razin found that any of a series of divalent and trivalent
cations as well as spermine and spermidine at 10-5 m and even lower concentrations,
grevented lysis durmg incubation of susge_nsmns of M. ladlawii at 37°. S ermmg
t 10-5 Majso prevented death ina hyﬁot nic medium. In the experiments reporte
here, spermine did not prevent dedth of M. mycoides. The observed interactions
between Ca2+, Mg2+; spermine and EDTA may be'the result of a competition between
EDTA and the cell membrane for Ca2+ and Mg+ on the one hand, and between
Ca2+, Mg+ and spermine for common binding sites on the membrane on the other.
MP(copIasma mycoides resgonds to changés in the topicity of the su J)endmg
solution by changes in shape and volume. The volume chan%es for individual un-
dama%ed or%amsms may be larger than those measured for the whole suspensions
becauSe. many of the organisms may have been damaged and their property of
responding ta osmatic préssure changes destroyed during'the manipulations. 1 the
case of thé highly filamentous orgariisms of thie v5 strain harvested from the 18 hr
culture, the volyme changes mayhave been considerably larger than the measure-
ments shown in Table 7for another reason. M. mycoides Syntfiesizes a Iarqe amount
of polysaccharide which is believed to form an extracellufar caﬁsul_ar or Slime layer
closel surroundmg%the organisms in young cultures and later shed into the medium
(Plackett et al. 1963). The suspension of organisms harvested from the younger
culture would therefore contain a much larger-amount of this extracellular material.
The ratio of the volume to the number of turb|d|% units In the samples centrifuged
was about four-fold %reaterforthe suspension from the 18 hr culture than it was for
the suspension from'the 40 hr culture. The filaments have a very large ratio of sur-
face area to volume. If a filament 0-1 a in diameter and 7// in Iengt and hounged
by a membrane 85 A in thickness were transformed to a sphere ofthe same surface
areq, the volumes within the external and internal surfaces of the membrane would
Increase by factors of 55 and 8, resfr])ectlvely' the diameter of the sphere would be
(-3/1, This;is about the diameter of the Iarger,form,s qbserved by dark field examina-
tionina I|ght microscope In unfixed suspensions in h¥poton|,c solution, The plastic
filamentous mycoplasmas therefore have the potential to increase thejr volume
several-fold 'b?]/ dilution of their contents (that is to decrease their-inernal ostmotic
pressure) without an increase in surface area. This may help to explain their
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relative tolerance to osmotic pressure_changes compared W|th bactenal protoplasts,
whose volume, within a narrower tonlcny fange, is inversel ){ related to the osmotlc

ressure of the medium (Webull, 1955) but which undergo sis in dilute solutions.

azin (1963) found that the sen3|t|vm{ of certam Mycoplasma strains to osmatic
lysis decreased with the age of the cu ture The oIder cuItures would contain few
filaments. Changes in S|ze shape, | g composition of membrane, and internal
osmotic pressure are doubtless important also in determining stability. Al of these
may change with age of culture,

| am indebted to Mr A, Abhot of the Walter and Eliza Hall Institute of Medical
Research for the electron micrographs.
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EXPLANATION OF PLATE

Figs. 1-3 illustrate theeffectofthetonmp/ of the suspending medium on the s apeofMycoBIasma
mc0|deso rganisms |g b are of o%amsmswshed and suspended in a solution 0f 0 01 m
BO% phate (p H74Q+0 1MMRSO4+000 ?Bermlne+04Msucrose (hy He onic solution). FI%S
are 0 organl ms washed | hyﬁertonlc solution and then suspend d olution of the sa
composition but lacking sucrose {Rypotonic sojution). Figs. 3a, b are of rganlsms suspended
successwel¥ in h¥8erton|c hgotonlc and then hﬁgeronlc solutions. The organisms for figs, 1-3
ixed

were then r 18 hr at"0° in solutions of the same composition but containing 5% (wlv
%Iutara eyde angwas e% and susgended In water. Go?d paII%dlum shadowed. Flgsgla Zdana
a, X 15001 Igsl 26 and 36, X 8600
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INTRODUCTION

The effect of post-treatment with white light of ultraviolet (u.v.)-irradiated cells
has been studied in bacteria (Boudnev & Haas, 1958). Post-treatment has been
shown to produce. a decrease in the number of prototrophic revertants amongst the
survivors of u.v.-irradiation. Changes of ?enotype dunnP mitosis in diploid yeast
may be_due to one of three events: muta on remproca recombmatlon and gene
convers|on or non-reciprocal recombination (Roman, 1956« b). = Gene conversion

geastwas reviewed by Roman %1963& and Hollida (19643 'Both gene conversion

reciprocal recomb atlon de ecte gthe formation fhomo 0us recess|ve
coomes In a_ heterozygous diploid, have been demonstrated to increase with U.v.-
irradiatjon (James & Cee-Whiting, 1955; Roman, 1958), and it has been shown that
a correlation exists between the”occurrence. of gene conver3|on and reciprocal re-
combination EFogeI&Hurst 1963; Kakar, 1963). Roman & Jacoh (1956) showed,
however, that the proportion of reciprocal recombinants recovered among cells in
which gene conversion had occurred decreased with increasing dosage of u.v.

a |at|I

0Id Saccharomyces cerevisiae wh|ch |s heteroallehc at the aden|ne2 locus
n = ad2t «%ch reJ ang requires agenine or% The symbols used here and
throu%houtt e text are those agreeq to at the Carhondale Yeast Genetics Confer-
ence, 1963 The subscri ts|nad21 andadacmdlcatethat the mutations are indepen-
dently isolated recombining alleles of the ad2 locus. Gene conversion may occur
dunn mitosis to glve h%terozy%ous diploids of either adafil + or ad2js +( enw
with 2 carresponding change” in phenotype from red adenine-requiringto white
prototrophic. The double nutant heterozygote, 2n = ad: | ad2tJ + has not been
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found (Cox, 1963). The present paper reports an investigation of the effect of white
light as a post-treatment to u.v.-irradiation on gene conversion in such a hetero-
allelic diploid, on reciprocal recombination at outside markers from a heterozygous
to a homozygous recessive condition and on mutation to prototrophy.

METHODS
Strains. The Saccharomyces cerevisiae diploids Used were composed as follows:

9S12d X 111\1d = ala, ad2 Jad 2, hij+
320-10x 126W5a = ala, ad2 Yad2x, hlj+ gt mcz + Isev indtrx

The haploids used were:
W 71lla — a, ad2Csev trX;
J20-10 = a, ad2tCrne2, sev tr2;
126 W5a = a, ad2l hi,try

All strains are derived from cultures orrgrnally provided b}/ Dr D C. Hawthorne.
The markers ad2, sev and his are linked on chromosome X1 as follows:
centromere-S0- mers set-25-ad2 (Carhondale Yeast Genetics Conference, 1963).
Media. The complete medium used was described by Cox & Bevan 91962) 111

ayeast extract+p Ijptone medium with 4% (wi /)ﬁluc 5 added g The mini-

mal medium was Difco Yeast Nifrogen Base without amino acids, solidified with

Olilro%dYIonagar supplemented with growth factors as necessary and adjusted to

Treatment Before u.v.-irradiation, strains were grown for2d%¥s op Com Iete
me rum afgar and suspended In saline at_a titre of 107 organisms/ml. Sa
this suspension were u.v.-irradiated in a Petri dish at 25 cm., rom a
anovra Model 11a ultraviolet lamp, generatrng almost entrrely monochromatic
radiation at 2537 A, All manipulation3 were dane in red light to avoid photo-
reactrvatron For exposure t0 whrte light, S5ml. samples were taken from the
treated susgensron and put rntoa ol rn%tube The botling tube was immersed in
a 000 edw fe \A)acket with 59 ﬁ JCu 04as a heat filter. The white light source
was two 200 W. Phillips Photo ood lamps set at right angles to each other. The
foIIowrng treatments were applied.
Diploid 4 20-10 X126 w54, Ultraviolet treatment for 0-90 sec., with and
wr hout Ipost -treatment with white Irght for 5 min. The treated samples were scored
Fre esron to adenr\ae independence, tryptophan independence, homozygosis at
other locl and surviva
2) Diploid 9s8/2dx 11119, U.v.-treatment for 60 sec.; post-freatment, with
white Irgiht from 0 to 40 min. The treated samples were scored for reversion to
adenine Tndependence and survival.

Haploid w 71/ja. _U.v.-treatment for 60sec.. post-treatment with white
light from 0 to 40 min, The treated samples were scored for reversion to adenine
Independence and survival.

Haploids J 10-10 and 126 wsa. U.v.-treatment for 0-90 sec, The treated
samples Were scored for reversion to adenine independence and suryival.

Method of testing for_reversions and homozygosis. REVESIQNS t0 adenine ingepen-
dence or tryptophan independence were de?ected hy. pIatrnfq treated samples on
minimal medium agar supplemented with amino acids but without adenine or
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tryptophan. No attempt was made to distinguish between reversion and Suppres-
sion que to mutations at other loci. Homozygosis was detected by replicating the
colonies formed on cgmmete medium agar by treated samples on”suitably supple-
mented minimal medium agar.

RESULTS

The data on the survival and reversion to adenine independence in strain J 20-10
X126 W 5a IS expressed in Figs. Land 2. F|/q. 1 shows that the effect of post-treat-
ment with white light was to"increase the % survival. Fig. 2 shows that the effect
of post-treatment with white _|I(rJht_ was tq_decrease the % of revertant colonies
amongst the survivors of u.v.-irfadiatign, These results indicate that the effect of
white light post-treatment was to diminish the effect of u.v.-irradiation, whether
measured as survival (about a tep-fold increase in the survival t u.v.-irradiation
for %0 sec.g or as the frequency of revertant colonies (a decrease from about 0-2 to

0T revertants % survivors at"60 sec. u.v.-irradiation).
i U.v.4dark
incubation
2 U.v.+dark ® \
o incubation o
= +5Ur.1'\1/i‘nt.r\:;ll\ti::ee?i;ht E 02 ~ E BT
< g
R Z 01f %002
= £ £
R M Uk min.ighe Uk min.
> 2 d
e ) 1 { 1 1 2 0-01 i | 1 1
VIR F 0 15 30 45 eo a 0 15 30 45 €0
Time of exposure t Time of exposuye t Time of exposure t
u.v.-radlatPon (secS u.v.-radlatFon (secS u.v.-radlat?on (sec.%
Fig. 1 Fig. 2 Fig. 3
Fig. 1. Survival values at various exposures to u.v.-radiation with and without 5 min.
ost-treatment with white light in Saccharomyces cerevisiae diploid J 20-10 x 126W ba.

he vertical bars show the 95°% probability limits.

Fig. 2. Reversion frequency expressed as % reversions to adenine independence/survivor
at varipus exposures to u.v.-radiation, with and without 5 min. Eost-treatment with
white light; Saccharom*_ces cerevisiae diploid strain J 20-10 x 126W 5a. The vertical bars

show the 95 % probability limits.

Fig, 3. Reversion frequency, as % reversiop to tryptophan independence/survivor, at
varlous exposures to u.v.-radiation, with and without 5min. post-treatment with white
light: Saccharomyces cerevisiae diploid strain J20-10 x 126W5a. The vertical bars show
the 95 % probability limits.

Table 1 illustrates the effect of u.v.-irradiation on the parent haploid strains
126 W5a and J 20-10. These results inglicate that in strain 126w 5a N0 increase in
reversion frequency was measurable. [n strain 3 20-10 reversion to adenine inde-
pendence was Increased from 0 to 0-0042 +0-00L % bR/ 3 sec. exposure to UV,
radiation. Thus the Increase In reversion to adenine independence in the diploid
strain 3 20-10.X 125 w5a_could not be accounted for on the basis of a sum of the
fEeq_uenues of mutation to adenine independence at the ad2 loci of the component
strains.
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The effect of post-treatment with white light for 5 min. on t:ie number of cells
revertant to tryptophan independence is shown in Fig. 3. White I|?ht produced a
decrease in the"number of revertant colonies at the various doses of u.v.-radiation
(from approximately 0-02 to 0-01 revertants % suryivors at 60 sec. u.v.-irradiation.

Comparison of Flgs. 2and 3 shows the close similarity between the effect of post-
treatment with white light on the reversion to adenine independence and to t_ryPto-
phan independence. In"the reversion to adenine independence the process is that
of gene conversion; reversion to tryptophan independence is by mutation.

Table 1. Survival and reversion to adenine independence in
Saccharomyces ce"evisiae haploid strains J 20-10 and 126 Woa.

Ultraviolet

~irradiation Survival Revertants/100
Strain (sec.) (%) SUrvIvors
126W5n 0 100 0
15 32-7+40 0
30 16-6+0-35 0
45 0-63+0097 0
J20-10 0 100 0
15 50-5+11-8 0-00146 +0 0002
30 9'06 + 1-02 00042 +0-001
45 2-49+019 0
60 0-23+0049 0

Table 2. The frequency of recessive homozygasis in S,accharomzces Crevisiae diPIoid
strain J 20-10 x 126 Whaoccurring after u.v:-irradiation, with and without post-treat-
ment with white light

U.v.-irradiation only. U.v.-irradiation+ 5 min.
. . white light
Ultraviolet  Colonies Homozygotes Homozygotes

irradiatjon  tested
(sec.) (no.) (no.) (%) (ho.) (%)
Homozygosis for ser, and his, summed

0 250 0 0 0 0
15 250 2 0-8 1 0-4
30 250 8 32 3 12
45 250 18 1-2 21 10-8
60 250 3l 124 39 156

Homozygosis for all markers, summed (his+ sel + mef)

0 250 1 0-4 1 0-4
15 250 3 12 4 16
30 250 18 %2 13 52
45 250 21 10-8 42 16-8
60 250 62 24-8 7 30-

Table 2 shows the occurrence of homozygosity at the seLand his loci on chromo-
some XI| and the me2 locus on another chromosome. The results from all three
markers have been summed. There were no significant differences between the
results for each marker. These results show that inCreases in u,y -irradiation produce
an Increase in homoz %osnyb reciprocal recombination (from 0 at 0'sec. u.v.-
Iradiation to 24-8% of Survivors at 60 sec.). Post-treatment with white light had
no significant effect on reciprocal recombination: after u.v.-irradiation for 60 sec.
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there were 24-8% homozygotes without white light post-treatment and 30-0% of
homozy%otes with post-treatment. o _ _

The effect of a constant period of u.v.-irradiation followed by various periods of
white light post-treatment on haﬁlmd,and diploid strains is shown by Figs. 4 and 5.
An incréase in the duration ofw_lte-llqht treatment from 0 {0 40 min. produced an
Increase In the number of surviving colonies. In the_case of diplaid strain 9822d x
11111d, survival increased from 3-70 £ 0-57% at O min. to 23-8+2-01 % at 40 min,
post treatment. In haploid strain W71/la survival increased from 0-475 +0-092 %

30 0-4 F
Survivors
, 06 2 -
£ S
z B4
; 05 20 = % 03| Survivors 7
@ 2 o
g o4 e = :
g o\ué, é Revertants
203 10 £ 02+ -
§ Revertarts %
é 02 H- : < -
! |
01 L 1 I 1 1 0 01 L ] 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Time of exposure to Time of exPosu_re 0]
white light (min.) white light (min.)
Fig. 4 Fig. 5

radiation, with post-treatment by exposure to white light: Saccharomyces cerevisiae
dipIoEd 98/2(L X 111/1d. The vertical bars show the 95% p obab|sllty |éllmlt8¥

Fig._ 5. Survival and reversion to adenine independence at 60 see, exposure to_u.v.-

radiation with post-treatment hy exposure to white light: S. cerevisiae haploid W71/la.
The vertical ba?s show t%e 9% %yprogaf)lllty limits. ! d

Fig, 4. Survival and reversion to adenine indegende,nce after 60 sec. exposure to y.v.-

at 0 min. to 6-93+0-737 % at 40 min. post-treatment with white light. Reversion
frequency can be seen from Figs. 4 and 5to be decreased after 5 min. white I|ght
Bost-treatment from 0-5+0-025% to 0-2+0-1% In 9812d x 11111d and from 0-3+

-01% to 0-2+0-02% in W71g|a. Increases in the duration of light treatment
above 5min. did not further d

crease the % of revertants amongstthe surviving
colonies.

DISCUSSION

The frequencies of reciprocal recombination, gene conversion to adenine inde-
Bendence and mutation to tryptophan and adenirie independence were all increased
ultraviolet-irradiation. Both gene. conversion to adenine independence and
utation to fr gto han or to adening independence were decreased bX post-treat-
ment with white light. This decrease In reversion to prototrophy was ccomPamed
bry an increase In survival. This contrasts with the absence of ‘any effect of post-
treatment on reciprocal recombination, where the same frequency of recombinants
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was obtained with and without post-treatment with white light. This difference in
response between reciprocal recombination and gene conversion was also ohserveq
by Pittman 19_61}|nad|pI0|dyeast he_teromousfor adenine requirement ADgad
and heteroallelic for the gene Controlling melezitose fermentation (MZ). Fogel
Hurst (1963) concluded from their results that reciprocal recombination and"gene
conversion were interdependent; but the present results indicated that the procésses
are distinguishable by their response to Rhotoreact;vatlon oy white light. There
are three possible explanations. One is that there is some reversible damage by
u.v.-irradiation which is responsible for 90% of killing, 50 % of rgene conversion and
mutation events and for no reciprocal recombination. Reciprocal recombinatjon
and the remaining 50% of gene conversion and mutations are due to irreversible
u,v.-irradigtion dama([;e. Thé second possibility is that photo-reactivation does not
directly affect any of the processes involved iri the changin genoty#]e of the yeast
cultyres, but only survival. The results might be explained by asstming that'u.v.-
irradiation leaves g tEJoPuIatmn of organisms with {hree comgonents—ahve _dead
and those moribund but capable of revival by white light. At 60 sec. u.v.-Irradiation
the fraction capable of revival is about fourtimes the"size of the living fraction, but
may contain & lower propartion of %ene conversions or mutations. “As organisms
are’recovered by photoreactivation, the proportion of revertants among all srvivors
would decrease. Reciprocal recombination, by contrast. may be aSsumed to be
Induced b[%/ u.v.-irradiation in a similar proportion of all fractions of the treated
populatiorf, and therefore white-light reactivation will have no effect on the pro-
portion of homozygous recessives recovered as the degree of survival increases.
. The third OSSI_bI|I'[¥ IS that gene conversjon and mutation re%mre post-irradia-
tion dark incubation for maxinium expression, whereas reciprocal recombination
does not. Witkin $_1956, 1964) reported such an effect in the yield of back-mutations
after post-irradiation treatment of bacteria, After 5 min."white I|?ht post-treat-
ment of Saccharomzces_cerevmlae strains 98)2)glx_llllld and W71\a, a constant
value of revertants/Survivor resulted with further increases in Iqht treatment, even
though the degree of survival continued to increase. This suggests that u.v.-irradia-
tion Induces & fixed frequency of revertants at a given dase, which we may call
a+h), where a is the frequency present after 5niin, post-treatment with white
ight and b is that frequency which requires dark incubation. The frequency (a+h)
will be distributed betweeri survivors and non-survivors in the same ratio of a/b.
After 5 min. post-treatment with white light, b revertants are lost and_do not appear
amon%st the survivors. Further mcreas%s In the duration of white light treatment
Increases the number of survivors with a_subsequent recover){ of a revertants
amon% them. Thus Increases in survival with white light post-treatment greater
than Smin. will Produce a constant percentage of revertants, since survivors are
gerlg eﬁgﬁ%/%ﬁg rom the reversibly-damaged fraction of the sample which has
These results show a remarkable similarity in the respanse of the processes of
gene conversion and of mutatign to u.v.-irradiation and photoreactivation, Gene
onversion js usually thought of as a process of recombination and therefore distint
from mutation. 1t will be Tnteresting to determine whether or not there is any basic
similarity In the two processes,
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One of us (J.M.P.) is indebted, to the Department of Scientific and Industrial
Research for a Research Studentship, during the tenure ofwhich this work was done.

REFERENCES

Carbondale Yeast Genetics Conference (1963). Microbial Genet. Bull. 19, Suppl.

Cox, B. S. (1963). Mitotic recombination m_geast. Proc. 11th int. Congr. Genetics, 1, 15.

Cox, B. S. & Bevan, E. A, (1962). Aneuploidy in Yeast. New Phytol. 51, 342, _

Doudney, C. 0. & Haas, F. L. (1958). Modification of ultraviolet-induced mutation
%eql#]enllc aggg survival in bacteria by post-irradiation treatment. Proc. nat. Acad. Sci.,

ash. :

Fogel, S. & Hurst, D. D. (1963). Coincidence relations between gene conversion and
mitotic recombination in Saccharomyces. Genetics, 48, 321,
Holliday, R. (1964). A mechanism for gene conversion in fungi. Genet. Res. 5, 282.
James, A, P. & Lee-Whiting, A. 1955%. Radiation induced genetic segregations in
vegetative cells of diploid yeast. Genetics, 40, 826. o _
Kakar, S. N. (1963). Allelic recombination and its relation to recombination of outside
markers in %east. Genetics, 48, 957, o ,

Pittman, D.D. (1961). Photoreactivation of ultraviolet-induced reciprocal and non-
reciprocal recombination. Bad. Proc. 97,

Roman, H, 1956a}. Studies of gene mutation in Saccharomyces. Cold Spr. Harb. Symp.
quant. Biol. 21, 175, _ _ _ _ o

Roman, H. (19566). A system selective for mutations affecting the synthesis of adenine in
yeast. C.r. Trav. Lab. Carslberg,, Sér. physiol. 26, 299. N

Roman, H. (1958). Sur les recomBinations nonréciproques chez Saccharomyces cerevisiae et
sur les problémes posés par ces phénomenes. Annls Génét, 1, 11, _

Roman, H. (1963). Gene conversion in fungi. In Methodology in Basic Genetics. Ed. by
W. J. Burdette, p. 209. San Francisco: Holden-Day Inc. o

Roman, H. & Jacob, F. _‘1958r). A comt)arlson of spontaneous and ultra-violet induced
allelic recombination with reference to the recombination of outside markers. Cold Spr.
Harb. SEymp. qluant. Biol. 23, 155. , , _

Witkin, E. M. 3_956). Time, temperature and protein synthesis: a study of ultraviolet-
induced mutation in bacteria. Cold. Spr. Harb. Symp. quant. Biol. 21,123,

Witkin, E. M. &1964). Photoreversal and ‘dark repair” of mutations to prototrophy
induced by ultraviolet light in photoreactivable and non-photoreactivable strains of
Escherichia coli. Mutation Res. 1, 22-36.



J. gen. Microbiol. (1965), 40, 243-253 243
Printed in Great Britain

The Synthesis of p-Aminobenzoic Acid and Folic Acid by
Staphylococci Sensitive and Resistant to Sulphonamides

By P.J. WHITE* and the 1ate D.D. WOODS
Microbiology Unit, Department of Biochemistry, University of Oxford

(Received 26 February 1965)

SUMMARY
mnmnmmmﬁ

Fnobenzorc acid .and folrﬁ
our substrains res Ides

g

COCCUS, QUFEUS r.122) WRICh. wa E ? osuI onamrg Pre g%d

micro rog 0gica as g} o measure. the
ano

was, also examine
synthesis mInQbenzoic acl urrn of org rs srna
rta me Ium. reusr1 uttwng s
mrno enzo dp c]rd as danP/ heo er strains, a ng
tesr owe 0N sma vararo aln asn greatly ece
8 eor am 8r senﬂe sU e,
Irc acld was as a ? c,g US Case he res onseucsure\)/(e

eassa Er(r)er aanrse bgterf(r{af% § {evewhe F%'”o%‘ée {OH(IYO faims of
acrq Ive m err

W oting activit for
Stoc Cl rov I tre occu c 1. Was spenr
ococcus a rs rme mes as muc
aren ram ob nz0a an mae
esu mr res an Sa orme mor acrd
urrn q ver ascon rs an acrssu ram

r{h rttemore gi and g en ur gs
sn eswa am un o acr srmrIr ha orme CIIS

er strains (S. aureus n an Tﬁ rso ol1c

ey

? aS n?q rncreasg when re rst NCe Was ac ed Sus nsron
oal e sulphona eresrstantsn frains aﬁ tosyn srze

In resence of higher concentrations o sup raz Ie than were
sensrtr e strains.

INTRODUCTION

The study of the properties of drug-resistant staphylococci is valuable because of
the frequericy with which such strains occur in clinical infections (Jawetz, 1956;
Harington, 1957). Resistance ~o0 sulphonamides was chosen for investigation be-
cause there is more detailed knowledge about the biochemical mode of actjon of
these drugs than Is the case with many of the antibacterial agents used in chemo-
therapy, oods 1952, 1958)r Such rnformatron drrects attentr N to the metabolism
of p-aminobenzoic acid and olic acid, and sur[rgostst at the development of resist-
ance may be related to changes, in the metabolism of these comnounds Some

rPhonamrde -resistant strarns of bacteria produce greater amounts of *-aming-

zoic acid during growth than do their sensitive parent strains (MacLeod, 1940;

* Present address: Twyford Laboratories, Twyford Abbey Road, London, N.W. 10.



244 P.J. White and the late D. D. Woods

Landy, Larkum, Oswald &Stre|%htoff 1943) aIthouHh this behawour 5 not found
inall cases, of sulphonamide-resistanee (Lemberg, Calfaghan, Tan R/ Goldsworthy
»Yaniv & Davis, 1953).. Lascelles' & Woods (1952 studied t eblosynthe5|s of
folic acid (Lactobacillus casej factor) by Staphylococcus lactis 2102 and @ sulphon-
amide-resistant substrajn 2102it. Folicacig Was synthesized by washed suspensions
of these organisms in g buffered soution ofPIuco e- fglutamate+p -aminobenzoate,
In this mixture, and durmq growth, the sufphonamide-resistant strain synthesized
about ten times as much folic acid as did the Rarent strain, and this syrithesis was
Iess sensmve to inhibition by sulphathiazole than was the synthesis by the parent

In the present work, the synthesis of folic acid and of p-aminobenzoic acid in
several strains of staphylococCi has been examined to establish whether changes in
the biosynthesis of p-aminobenzoic acid and/or folic acid generally accompany the
development of resistance to sulphonamides.

METHODS

Or%amsms Staphylococcus, aureus strain jhm Was isolated fromab0|lby DrJ. H.
Marshall in this [ab rator from thlsasuﬁstram (jhm r) Was developed Which was
resistant to sulp hathlazo " Strain v was the ‘Oxford staphylococcus’ (ncte 6571);
strain h e was a sy ZD onam|de re3|stant substram developed from it by Dr June
Lascelles. Strain rl was a sulphonamide-resistant strain isolated from a patient
3/the Put% ic Health Laborator¥ IS)Trwce Oxford. The sensitivities of these strains
td sulphathiazole are shown In Table

Table 1. Relative resistance to sulphathiazole of various strains of staphylococci
Organisms (about 105 were incubated for 50 hr_at 37° in medium B 55 ml.) con-

ining_ various concentrations of sulphathiazole, in tubes (150x19 mm.) sloped at
a%out eﬁ)ove the orqzontap P ( P
Relative
resistance
nghest concn of compared
ern%t%tnlaz?o%vth \{avrlgmt
Organism P g ! pstram
Staphylococcus lactis |0-5
R 5x 0“4 50
2102Rr?2 5x 10~4 50
S. aureus jhm 5x 10~
J!hmr |8'ﬁ 20
S. aureus H 5x 10"
H IO-% 0
S. aureus 12 5% 10 4 Resistant
“when
isolated

Staghglococcus |actis 2102 was a laboratory strain, rewous caIIedS aureus 2102
by Lascelles & Woods ( 1952? The or anism formed qolderi coloured colonies on
solid med|a hut |twas coa% ase afive and did not Terment mannitol. In these
respects and In the Joro uction of acid and not acetoin from glucose It resembled
more closely the characters ascribed to S. lactis n.sp. by Shaw, Stitt & Cowan (1951).
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?trarns lOfrt and 21022 weres ghonamrde -resistant substrains of 2102, the
ormer developed by Dr June L asce

All resistant. substrarns were obtained by serial subculture of the respective
parent strains in lots of medium B+|ncreasrnrlr concentrations of sulphathiazole.

At each stage, a set of tubes contarnrn a serial 12 difution of sulpnathiazole was
inoculated from the tube, of t eprecedrn serres contarnrn the highest congentra-
tion ofsulphathrazolewhrch permitted ?r wth m -3 days. The resistant strain was
final| Y plated out and an isolated colony selected. esrstance developed more
readi %w en only a small increment of congentration of sulphathiazole was used
at each subcul trvatron after a short r7>er|od of Incubation,

Escherichia coli 273/384 (atcc 9723a) was an X-ray induced mutant which
required p-aminobenzoic acid for growth.

tock cultures of all the above organrsms were maintained on slopes of tryptic
meat a?ar subcultured monthly, incubated for 15 hr at 37° and stored at 2",

Streptococcus faecalis r (atcc 8043): Lactobacillus casel 6he|vetrcus) (attce, 7469);
and Leuconostoc citrovorum (PediococCls cerevisiag; atce 8081) were maintained in
Tryptose 8Iucose agar stah cultures, subcultured monchly, iricubated 24 hr at 37°
and store ith all organisms, four subcultures’ were taken at monthly
Intervals: each subculture was tsed as source of further subcultures,

Medium. Al strains of staphylocogei were grown |n medium B whrch was hased
on acid- hydrolysed casein and modrfred romthat of LasceIIes &Woo o 1952 b
the replacement of DL-Cysteine b L%sterne g/roch orl e% %2
Increasing the amount of H230 to 7 nd of NaHPU412H olO
This medium was prepared at double strenqth In glass-distilled water, and was
broug\ht to the desired volume with glass-distilled water and other addrtrons before
autoclaving for 7 min. at 115°. Glucose solutions were autoc ave separatel dy

Eberrmentswrth Suspensiqns oforganrsms Medium B (25 ml. after aIIad tions)
in a 180 x 32 mm. tube was inoculated with about 2 x 10 or%anrsms from an agar
slope. The tube was mcubated for 14-16 hr at 37°, the tube Deing sloped at abqut
o above th e orrzonta Or anrsms were centrrfuged and washed once with
002 osg hate buf er%p g Because of the large inoculum used
the rowt fnone of th strarns ofstaphylo occi was Inhibited By sulphathiazole
at th e highest concentration used (mu),

erture F for experiments on the synthesis of folic acid by suspensions of organ-
isms was that described by Lascelles'& Woods (1952). It contained glucose, glut-
amate and p-aminobenzoic acid In phosphate buffer and was prepared. at dotble
strgn th and sobsequently brought to the desired volume with glass-distilled water
and 0 itions

mo%ro?o |ca? assay of p-aminobenzoic acrd The organism used was Escherichia
coIr 2131384 mutantwhr hnees -aminoh enzorcacr as anutrient. The nutrient
requrremenf |s decreased tepresence of methronrne xanthine, thyming and
vitamin B12 (Lampen, Jone$ & Roepke, 1949; de Haan, 19502 it was sfiown In the
present work that these compounds were not present in material under assay in
amounts sufficient to interfere. The minimal medium of Davis &Mrnorolr (1950) was
used, modrfred[b]yautoc aving the glucose in the medium. The sample, of standard
amount of p-anfinobenzoate; was “added to double strength medium §2 mI)f
150% 19 mm. tubes, and the volume was made to 49ml. with wa erb Atter
G. Microb. x
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autoclaving for 7min. at 115° the medjum was inoculated with a suspension (0-L ml..
about 2 x 10® orqamsmsz of Escherichia coli 273/384 from an agar Slope. The tubes
were incupated $ %oed at about 5° above the horizontal for 48 hv at 37°; growth was
assessed in an EEL photoelectric colorimeter (Evans Electroselenium Co. Ltd
Halstead, Essex) with'a neutral density filter: the uninoculated medium being used
0 r%nve the zero Setting. Each assay included a standard response curve forE)-amlno-
bezoate and each sample was assayed at two or three dilutions; every tube was
set up in duplicate. The effective range of the assay was from'5 to 50 pymoles
p-aminobenzoate, with an accuracy of +20% (FI_%._l. » _

The precision of the assay was found by determining the statistic C, which meas-
ures the reliability of the assay sIoRe (BliSs, 1956); a value of 1-03 was obtained. The
more nearle( C apgroaches _un|t¥_t e more precise Js the assay, while an assay with
avalue of Cgreater than 2is oflittle value. The validity of the assumptions that are
made in this factorial analysis, namely, a linear relation between the response and
the logarithm of the dose, and agreement in slope of the response curve for different
samples, was confirmed statistically. _ _

Samples for assay were obtamed by heating the cultures, of staphylococci for
bmin. at 100° and” removing the organisms b%/ centrifugation; the Supernatant
fluids were usually diluted tenfold. When sulphathiazole“was also present in the
samRIes It was separated from p-aminobenzoate by descending chromatography
(12 hr at room temperature) on Whatman no, 1 pdper, with w-outanol saturated
with water as solvent. The position of p-aminobenzoate on the chromatograms was
found by running a marker stnR which was cut off and examined b b_|oautography
with EscherichiaColi 273/384, The part ofthe chromatogram that contained p-amino-
benzoic acid was eluted with water. Recovery of known amounts of p-amino-
benzoate was only about 50%. O _

Assay offolic dcid. Material for assay of folic acid was prepared by autoclaving
the reaction mixture (including orgamsmsz)for 10 min. at 115° with an'egual volume
of the appropriate assay medium™at double strength. The supernatant fluid after
ggggnfgrg%ta%r}n \évas used for the assay of various forms of folic acid by using three

T[)\/e tegchmqrue of Lascelles & Woods (1952) was used for assay of Lactobacillus

casel factor, This assay organism responds to (Pteroeylglutamm acid, dpteroyltn-
?Iutamlc acid and leucovorin (N5-formyltetrahydroptéroylglutamic acid), but ex-
racts of all the staphylococci tested gave response curves which diverged in a
S|m|lair manner fro t?response curve to pteroylglutamic acid SF'%' 2); Conse-
quently the amounts 8 L.,ca§e| factor Pre ent n gxtracts Wwas assessed against
a reference extract as described by Lascelles & Woods (1952).

The assay for Leuggnostoc citrovorum factor was that of Sauberlich & Baumann
f1948) with the modifications Infroduced hy Lascelles & Woods (195%). Synthetic
eucovorin was Used as a stand?rd. L. p rovorum does not respond to pteroyl-
glutamate and other unreduced forms of folic acia. o

Streptococcysfaecalis r responds to pteroic acid and N0-formylpteroic acid %rhlzo-

terin) as well as to pteroylglutamic acid and leucovorin. The medium was that of
abinowitz & Snell (1947). “Extract or rhizopterin solution was added to double-
strength medium 22- ml) in 125x 16 mm. tubgs, the volume brought to 4-4ml.
with Water and the tubes were autoclaved for 7 min. at 115° pyridoxal (0T ml.,
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25 u? sterilized bg Seitz- frltratron was then added. The inoculum was derived
from 4 fresh stab Culture m gptose glucose agar which was subcultured into
Tryptose ?Iucose broth and incubated 15 hr at 37 this culture was diluted /100
and’ each Tube of the assay inoculated, with 0-5ml. (about 2 107 organisms). for
Incubation the tubes were Vertical in air for 40 44 hrat 3r°. Standards containin
rhrzo terin (0T-I- Om//moles?]were setup ineachassay; the curves for the response 0
the assa or anrsm to_syntnetic rhizapterin and t0 staphylococcal extracts were
simifar E 0. 1 The effective range of the assay was from 1 to 5///imoles rhizo-
Eterrn he' values for S. faecalis-factor activity are expressed in terms of this

Ct?emrcals Pteror(lglutamrc acid and Ieucovorm were gifts from Dr E. L. R
Stokstad and rrzogo ef|n was provided by Dr K. Folkers. Stilphathiazole was a gift

from May & Baker Ltd, Dagenham, Essex.
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F? 1. Response of Escherichia coli 273/384 to p- amrnobenzorc acid and to a culture
filtrate (of Staphylococcus aureus hrZ]) prepared as described in Methods. O = p-am
penzoic acid; « "= culture filfrate. The assay organism was incubated at 37° for 48hr
before Its growth was assessed.

Frg 2. Response of Lactobacrllus caser to ptero Iglértamrca id andto extracts ?fStaphy-
lococcus au eus Hand nr2 prepare as descfibed in Methods. pteroylglutamic
acid: v = S. aureus n extract: « = S. aureus nr2 extract. The assay organism was
mcubated at '37° for 20 hr before its growth was assessed.

Fig. 3. Response of Streptococcusfaecalis Rto rhizopterin and to extracts ofStaghoncoccus
aureus n and nr 2, prepared as described in Methods. Q = Rhizopterin, aure
extract: » = S.'aureus hr2 extract. The assay organism was incubated at 37° for 40 hr
before its growth was assessed.

~RESULTS
Synthesis of p-aminobenzoic acid

The synthesis, of p-aminobenzoic acid durrn% rowth of the various strains of
Staphylacoccus |n medium B was investi atedr epresence and in the absence of
sulphathrazole ncubatron was for 141 3/ which time growth had just
reached the end of the logarithmic phase. The most striking featre of the results
(Table 2) for growth in thé absence of sulphathiazole was thé very high synthesis of

162
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p-aminobenzoic acid by Staphylococeus aureus r 122; its concentration in the medium
after growth was justover 10/;m. The resistant strains of S. aureus jhm and n did
not synthesize a reuablg different amounts of p-aminobenzoic acid than their
gz)arent_ (sensitive) strains. Still less p-aminobenzqic acid was synthesized by S. lactis
102; in one of its resistant substrains ([2102r2) the amount of synthesis was the
same as for the parent, whereas In the other substrain 62102 r) there was a five-fold
Increase. However, the extent of synthesis by strain 2102 r was no greater than was
found for the sensitive strains of S. aureus.* _
Possibly the remainder_of the resistant strains synthesized greater amounts of
p-aminobenzoate than thejr sensitive Parent strains only in the presence of sulphon-
amides. Organjsms were therefore cultured as before but in the presence of sulpha-
thiazole; p-aminobenzoate and sulghatmazole were separated In the extracts b
chromatographg and the amount Of p-aminobenzoic acid was assayed (Table 2).
However, Sensifive and resistant pairs of strains of Staphylococcus aureus synthesized
rather similar amounts of p-aminobenzoate. . Although the accuracy of the figures
I low because of the paor recovery of p-aminobenzgate from the chromatograms,
a ten-fold or %rea_ter difference in Synthesis of g-ammobe,nzoat_e between sensitive
and resistant Strains (such as would be required to explain resistance) would have
been detected easily.

Synthesis offolic acid
Lactobacillus caseifactor, After harvest,mg from medjum B, the content of Lacto-
bacillus casel factor was about the same in all of the sulphonamide-sensitive strains
(Table 3). In two of the resistant strains %Staphylococ,cus lactis 2102r, S. aureus
r122) there was about five times as much factor; but in the other three resistant
strams little more factor was present than in the corresponding parent strain.

Table 2. Synthesis of p-aminobenzoic acid by sensitive and resistani strains of
staphylococci

Organisms were grown in medium B (25 ml.) for 14-16 hr and the cultures prepared
for assaY as described in the Methods section. The values for p-aminobenzoic acid

with cultures containing suIPhathla,zoIe (mMP have been corrected for the known
IS%\évt_BenSovery (about 50%) of p-aminobenzoate under these conditions (see Methods
ion).

Yield of p-aminobenzoic acid

mhfg.'mg._

dry wt, of organisms),

when cultures grown with
Sulphathiazole

Organism absent present
Staphylocaccus lactis 2102 35 -
2102R 150 -
2102r 2 33 —
S. aureus jhm 110 420
jhmr 180 450
S. aureus n 210 120
HR 2 240 50

S. aureus r122 4900 1400
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Table 3. content of and synthesis of Lactobacillus caseifactor
by suspensions of staphylococci

‘Normal’staphylococciwere harvested from medium B (25 ml. (after growth for 14-16 hr.
For ‘depleted’ o gan,lsms the medium also contaiped sulprﬁithlazole (5 lym for sensitive
strains; 50 fiM for fesistan; strains). The content of Lactobacillus casel factof was measured
mmaIIY after suspension in mixture F._*Depleted’ organisms (0-2 mg. dry wt./ml.) were
Incubated at 37° for 5 hr in mixture F gfmal volume, 2-5ml,) upright i 130 x 16 mm.
tubes and the content of L. casel factor of the whole Suspension again assayed.

. casel factor 1s expressed below as pterolyglutamic acid.

L. casei factor (m”g./mg. dry wt. organisms)
‘Depleted” organisms:

‘Normal’ . After
i orgiam_sms: N incubation in

Organism nitial Initial mixture F
Staphylocaccus lactis 2102 35 3 18
2102+ 200 8 110
2102R2 50 4 30
S. aureus jhm k)| 4 10
jhmr 33 6 15
S. aureus n 28 6 13
HE?2 28 b 12
3, aureus r 122 130 8 80

L ascelles & Woods (1952) found that synthesis of L. casei factor by washed suspen-
sions of s. 1actis 2102 and 2102 occurred only in organisms ‘which contajned
initially only small amounts of the factor; such organisms ("depleted ') were obtained
bﬁ’ growth in the presence of sub-inhibitory. concentrations of sulphathiazole, In
the present work normal organisms of all strains showed very slight synthesis of the
factor. The finding of LasCelles & Woods (19522 that ‘degleted’ S. lactis 2102r
synthesized_about ten times as much L. casei factor as did Its parent strain was
confirmed (Table 3). s 1actis 2102+ 2, the other resistant substrain, also synthesized
mgmﬁcantr more of the factor than did its parent, thougi,h the increasg 61—7-fo|d
was much less than with strain 2102r. s. aureys r 122, Tike s. 1actis 2102r, ha
a relatively high content of factor after growth in medium B suspensions of ‘de-
leted” organiSms also synthesized g com arat;veI?/ large amount in mixture F
Tanle 3). "No (sensitive) parent strain was available fo comP_anson In this case.
he resistant strains of §. aureus jhm and h, even after depletion, synthesized no
more factor than the small amount formed by their parent'strains. 1ncubation of
the suspensions for longer periods in mixture_F, growth of cultures in a richer
medium, and trg,atment with hlgher_ concentrations of sulphathiazole (up fo 1 mM)
?#erslggs tgroafgth id not appreciably increase the synthesis of the L. casei factor by
Ins,
,Lascel?es & Woods (1952) found that the s%/nthesm Of Lactobacillus casei factor in
mixture.F by staphylococeus lactis 2102 and 2102 ¢ was inhibited b suIPhathlazoIe.
Synthesis by the resistant strain was eight times more resistant to sulphathiazole
than was that of the parent strain; thé difference was 50-fold when growth was
the ,cr;ten%n of sensitivity, It was pointed out that such g comparison was only
realistic when it is knowr that all the substances necessary for the synthesis of the
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Table 4. 1nhibition by sulphathiazole of the synthesis of Lactobacillus
caseifactor by staphylococci

‘Depleted’ staphylococci were obtamedd(as in Table 3) and incubated in mixture F
gas In Table 3) in the presence of the stated concentrations of sulphathiazole. p-Amino-
enzoic acid was 10fin throughout. o _

_‘20), ete. Is the anrommate percentage inhibition as compared with the control
Wi

hout sulphathiazole.
P : Sulphathiazole (m)

0 106 105 104 103
L. casei factor formed after 5 hr in mixture F

Organism (m/ig.*/mg. dry wt. organisms)
[
Staphylocaccus lactis 2102b 122 128((118} %1 {883 %883 o)
2102r2 0(100
S. aureus jhm 5 6 06 3(40 2{70} 0 (100)
e 3 My st sug B0
S. aureus n 7 6 (20 5(30) 4 (50 0(100)
i
s O (471 R S 41 A 1)

* Expressed as pteroylglutamic acid.

factor by suspensions of organisms are present in optimal amaunts. Ir_ the ﬂ_resent
work thé sensitivity of the s%nthesm 0f L. casej factor to inhihitign byrsmghat lazole
In suspensions of s lactis 2102 r 2 resembled that ofs. 1actis 2102 r (Tabl 4%. In the
exgerlments WIth staphylococcus aureys jhm and n. and their resistant substrains,
the amounts of the L. casei factor synthesized were low, but there was a gro ressive
Inhibition of this synthesis by Increasing concentrations of sulphathiazole and the
{%S|gltan4t) strains were less sensitive to this inhibition than were the parent strains
able 4).

Table 5. content and synthesis of Streptococcusfaecalisfactor by suspensions
of staphylococci

Normal and depleted,staphgflococu were obtained as in Table 3 and suspended in
Mixture F. After removing a amEIe for assay of the Initial S. faecalis factor, the organ-
Isms were incubated in mixture | (das In Table 3) and re-assayed for S. faecalis factor.
The values In brackets were obtained after acid hydrolysis of the samples (see text).

Normal organisms Depleted organisms
_ After . After
incubation incubation

in In
[nitial ~ mixture FInitial  mixture F
S. faecalis factor (m/ig.*/mg. dry wt. organisms)

Organism

Staphylococcus lactis 2102 6 9 10 15
2102r 20 100 13 53

S. aureus jhm 0(8 2
JJrIIIMR 0( ) 55 g
S. aureus 0(14 0 1 2
o p ; i 5
S. aureus r122 3 8 2 9

* Expressed in terms of N10-formylpteroic aeid.
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streptococcus faecalis factor. A possible reason for tlie apparently low content of
folic acid n extracts of staphylococcus aureus jhm and h and thelr resistant sub-
strains s that some of e folic acid might be present in a form to which L actobacillus
casei (06S not respond. streptogoccus faecalis responds to two compounds of the
folic acid group, pteroic acidand rhizopterin, which are not active fort. casej; these
compounds do not cqntain a glutamic acid residye. Results of determinations of
the Initial amounts (in organisms grown in medium B) of factors active with s.
faecalis, and the amounts Synthesized by washed suspensions are shown in Table 5.
Only in the case of staphyiococcus lactis 21023 was there a stnkmg synthesis bY’
washed suspensions. The very low activity of most of the extracts of ‘norma
or%amsms Is noteworthy, sincé all the organisms had activity for L. casei (Table 3)
Since there was good récovery of added rnizopterin from staphylococcal extracts it
Was unhke,k thal these extrdcts inhibited the assay organism.” Most probably the
folic acid I the extracts was a form to which s. faecalis did nqt respond althiough
L. casej did. One_such compound I pteroyltriglutamic acid, which on a molar bais
IS ten times as active for L. casei as fors. faecalis (Jukes & Stokstad, 1948). Extracts
of two of the sensitive staphylococci were diluted with an equal volume of n-HCl,
autoclaved at 115° for 10:min. and neutralized with N-NaOH; the activity of the
extracts was considerably increased (Table 5). A quantitative conversion of material
present in the extracts into factors active for s. faecalis Was not attemRted. _

Leuconostoc citrovorum factor. Laseelles & Woods (1952) found that typical
extracts of staphylococcus lactis 2102 r were much more active in supporting the
gFOVVth Of Lactobacillus casei than the growth of Leucopostoc citroyorum. THIS Was
onfirmed in the present work, and it was also found that none of the extracts of
any of the strains of staphylococeus aureus (lwhether sensitive or resistant to sulpha-
thiazole) had detectable activity as a growth factor for L. citrovorum.

DISCUSSION

The resistance of staphylococcus aureus r122 to sulphonamides may be due at
least in part to the synthesis of relatively large amounts of p-aminobgnzoic acid.
This orqamsm synthesized twenty times as miuch p-aminobenzaic acid as did s.
aureys S1raing jmh and h, and its Agrowth was about one hundred times less sensitive
to inhibition by sulphathiazole. A better comparison would be with a sensitjve sub-
strain of s. aureus r.122 but this was not obtained. s. 1actis 2102 r showed a four-
fold increase inp-aminobenzoate synthesis over the parent strain while its resistance
to sulphathiazole had increased 50-fold. [n other work where an increased synthesis
of p-aminobenzoic acid was, accompanied by sulphonamide-resistance there was not
always a rogo_rtlonal relation between increase jn p-aminobenzoate synthesis and
change In resistance. For instance, the suIBhonam|de-res_|stant staphylococc
described b Landg_et al, 194? synthesized about seventy times, more p-aming-
benzoic acid than did the parent strains, but showed a thousand-fold decrease in
sensitiyity to th? dug. . _ -

Al thg staphg 0 oc?al strains examined here produced material which r_?lac_ed
folic acid for growth of Lactobacillus casei DUt Which gave a response curve difering
from that to Synthetic pteroylglutamic_acid (or othér forms of folic acid availabl2
for testing; Laseelles & Wogds, 1952). This L. casei factor may be a conjugate of
folic acid With glutamic acid because it was not active in supporting the growth of
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streptococcys faecalis (Which does not respond to kngwn con%ugates) in a mediym
deficient of folic acid, though it did support growth after hydrolysis with acid.
Staphylococeus lactis 21021 during growth and when incubated ‘with_p-amino-
benzoic acid 4-glutamate + glucose,” did form appreciable quantities of material
whmh_supported the growth of s. faecalis, and which gave a response curve re-
sembling that to synthetic rhizopterin (NI-formylptefoic acid). Possibly this
responsg of s. faecalis represents the inefficient utilization of the L. casei Tactor
synthesized bP/S' lactis 2102 r. 1t seems more probable, however, thaf this s faecalis
factor was formed by the staphylococcus n addition {0 the . casei factor; extracts
of s. aureus r122 Which were“also rich in L. casei factor had low activity for s.
faecaljs. i

Only staphylococcus lactis 2102r and s. aureus, r122 Synthesized much more
Lactobagjllus casei factor than did the sulphonamide-sepsitive strains_of staphylo-
cocel gither durm? growth or when suspended in a solution containing p-amino-
benzoic acid + glufamate + glucose (mixture F} Nevertheless, in all the resistant
sbtramls tﬁet hsynt Ie5|s OfL. casei factor in this solution was less sensitive to inhibition

sulphathiazole.

,ySevaEJ & Ishii (1958) gave evidence for a changed pathway of folic acid synthesis
induced by sulphathiazole. Growth of a p-aminobenzoate-requiring mutant of
Escherichia coli IN the presence of sulphathiazole enabled the organisms to synthe-
size folic.acid from 2-am|no-4-hydrox¥-6-carbox pterin and p-aminobenzoi¢ acid.
This ability was also shown by resistarit organisms grown In the presence or absence
of sulphathiazole, but not by sensitive organisms grown in the absence of sulpha-
thiazole. It has not been shown whether this new pathway In Escherichia coli IS
less sensitive to inhibition by sulphathiazole, ,

Growth ofor?amsms In the presence of sulphathiazole was necessaP/ inthe present
work in order 1o ontain appreciable synthesis of folic acid by washed suspensions
of organisms. The organisms were depleted of folic acid by growing with” sulpha-
thiazole; (they may accumulate precursars of folic acid); o,nlrx glucose was required
85 an essential for synthesis of folic acid by these suspensioris.” Lascelles & Woods
$l95,2 found that addition of 2-amino-4-hydroxy-6-formylpterin increased syn-
hesis of folic acid by staphylogoceus lactis 2102 and 2102 r m mixtyre F, but it was
rather less effective’than a mixture of aming acids which ae{)rommatelgl doubled
the synthesis of folic acid; other pterins, inclyding 2-amino-4-hydroxy-6-carboxy-
pterin, had no effect, There is however n evidenCe that sulﬂha hiazole alters the
pathway of folic acid synthesis i Staphylococcus. Althou% 5. lactis 2102r syn-
thesizes about ten times more folic acid than Ifs Rarent train, 1t does so from
the s_?m exogenous substrates, and the difference in t %_amciunt of folic acid formed
15 still shown”during qrowth In the absence of sulphathjazole.

In general the resilts of the %resent work suggest that even within a group. of
closely related organisms there may he more than” one mechanism by whi¢h resist-
ance fo sulphonamides is achigved, and that even two mechanisms may exist In the
same organism. Thus one resistant strain (Staphylococcus aureus r122) was able to
synthesize abnormally large amounts of p-aminobenzoic acid.and was also able to
convert this to folic”acid” more efficiently than were sensitive strains.  Another
strain (s. lactis.2102r) showed some (though less marked) increase in ability to
synthesize p-aminobenzoic acid as compared with the parerit (sensitive) strain, and
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had a more marked ability than had s. aureus r 122 to form folic acid, The other
resistant strains (S. aureus jhmr and nr 2,5, 1actis 2102 r 2) did not show significantly
?reater ability to synthesize p-amingbenzoic acid nor increased ability to convert it
0 folic acid.” It seems likely, therefore, that yet angther mechanism of resistance
may operate in these strains. Some of these possibilities will be considered in the
next paper (White & Woods, 1965).

One of s gP.J.W,.) IS indebted to the Medical Research Council for a training
scholarship held during the period of this work.
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INTRODUCTION

The s%/ntheses of p-aminobenzoic acid and of folic acid, Lactobacrllus Casel factorg
have begn studjed in three strains ofstaphylococcr sensrtrve tos ganomre dru
and. in five resistant strains (White & W oos r) In only one of the resistant
strarns Sta hylococcus aureus r 122) was synthesis o pamrno enzoic acd stnkrngly

ert a In the sensitive strains, and nly |nt IS and_ one other resistant strain
hyocoecus actis 102r ) Was gnt esis o folic acid increased %bovet eva ue
sensrtrve strains. All'the reSistant strains were able to s esrze folic acid
rompamrno benzoate, glucose and glytamate |n the presence ot higher concentra-
tions " of sulphathiazole™ than were” the sensitive strains.  Several biochemical
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mechanisms might contribute in the resistant strains to, the decreased sensitivity to
sulphathiazole ot folic acid synthesis and of growth QDaws&Maas 1952: Davis, 1957).
To investigate some of theSe possibilities, the uptake and metabolism of sulpha-
thiazole were examined. Other Propemes of sensitive and resistant strains were
also compared to try to reveal further biochemical differences accompanying
resistance.

_ _ METHODS _

Organisms. The organisms and methods of cultivation were those used by White
& Woods (1965), Staphylococcus lactis 2102r, 2102152, S. aureus jhmr dnd he?
were sulphonamide-resistant substrains of S, lactis 2102, S. aureus jhm and h,
reﬁpec_twlel d S. aureus r 122 was a strain which was resistant to sulphonamides
when isolated.

Media. These were prepared at double strength and broulqht_ to the desired volume
with water and other experimental additions before autoc avm? for 7'min, at 115°
Medium B was the semi-defmed medium based on acid-hydrolyzed casein, which
was, described by White & Woods (1965). For anaerobic growh of staphylococcl,
medium B was su9 lemented with (m_g./l.): NaN03 170; urdcil, 5; sodium pyruvate,
220; NallCO,, 1700. The sodium biCarbonate and pyruvate, sterilized Gy Seitz-
filtration, were added to the autoclaved mediym. _

For the determinatjon of amino acid reﬂuwements, the medium of Glagstone
(1987) was used. To allow the amino acid content to be varied, each amino acid was
made’up in concentrated solution so that the addition of (T ml. of each gave the
final concentration required in 5ml. of the completed medium. o

Aerobic growth conditions. Inoculated medium (10 mI.R was incubated in optically
matched 150 x 150 x 16 mm. 1-shaped glass tubes which were clamped in a rocking
device and shaken at 87° in 2 water bath at 85 oscillations/min. with an excursion
of 10 cm, (Morris &Woods, 1959). The inoculum was 02 ml. of a suspension in water
of organisms. (about 2 x 109ml.) derived from an agar slope. _

Semi-gerobic growth conditions, Medium %5 mlg inoculated as above with 0T ml.
of a similar suspension of organisms, was incubated at 3/° in 150 x 19 mm. tubes,
sloped at about. 5° to the horizontal. This was the usual procedure for growth
experiments, which were always set up in duplicate. _

Anaerobic %rowth conditions.” The usuial conditions for growth experiments were
followed, with the tubes incubated uEr|ght in a glass Mclritosh and Fildes jar, in an
atmosphere of 95% (v/vﬂ hydro?en 5% W carbon dioxide. The early stages of
8ro th were ol%servedt rou%h he sides of the jar, which was not opéned at all

ntil the end of an experiment, _ _ _ o
. Assessment of growth. Growth was estimated routlneI_Y by visual examination af
intervals of aboyt 12 hr durmg Incubatiopn, When quantitative results were required
the turbidity of cyltures waS measured in 6 mm. diameter tubes with an EEL
photoelectriC colorimeter (Evans Electroselepium Co. Ltd, Halstead, Essex) with
a neutral density filter; the uninoculated mediym was used to give the zero settmg.
The cross-arms of the 1-tubes were made to fit the, instrument, so that the tubés
could be read in the colorimeter without withdrawing samples. Measurements of
colorimeter readm(_is in 1-tubes or in Gmm. diameter tubes on the same culture
agreed well. The rélation between colorimeter reading and dry weight of organlsms
I water was linear for each strain of Staphylococcus, up to"a reading of 3-0-3-5;
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a reading of 1-0 was equivalent to 0-2 mg. dry wt. bacteria/ml. Very roughly, 1 ml.
of a suspension reading 1-0 in the colorimetér corresponded to 108 Colonies on pep-
tone agar. _ _ _ _ y

Growth of organismsfor experiments with washed suspensions. Smaller quantities
of or(ianlsms viere grown in:medium B (25ml.) in 180 x 32 mm, tubes from large
inocula as described by White & Woods (19653. Larqer quantities were grown on
the surface of tr}/ptm digest of casein or peptone water, Solidified with 2% (wiv)
agar in Roux hottles, foi"20 hr at 37°.

Chemical estjmation of sulﬁhatmazole. The method of Bratton & Marshall (19393
was used to estimate sulphathiazole at concentrations of 107iM or h|?her. A standar
curve was established relating concentration of sofute to EEL coforimeter readmg
with green filter %OGRI). Samples were usually diluted to give readings from (-
to 3-0°on the scale of the colorimeter, N _

Measurement of radioactivity. - Solutions contammgi [35]-sulphathiazole were
evaporated to dryness under “an infra-red lamp on 15mm. (internal diameter)
planchets 1- mm: deep. The planchets were stamped out from aluminium_sheet
(0T mm. thickness) and were washed in acetone and water. A disk (15 mm.
dlameterg of Green’s lens tissue No. 105 was put into a planchet before the Solution
was added. The disk caused the solution to dry evenly over the bottom of the
planchet so that no correction for sample 1geometr WS necessary. Counts were
measured with an Ekco automatic scaler, Type N530.D_(Ekco Works, Southend-
on-Sea, Essex). An end-window Geiger-Miller tube Type EHM?2/S (General
Electric Co. Ltd, Magnet House, Kingsway, London) was connected to the scaler
throu?h a quenching probe unit, Ekco' Type N558. There was no detectable effect
of self-absorption provided the We|?ht ofdried sample was less than about 0+5 m?.;
when necessary, samples were diluted to n%uve weights on the planchet not ?rea er
than this. The relation between counts/min. (¢.p:m.) and concentration of [&5]-
sulphathiazole was linear up to 3000 ¢.p.m. Sufficient counts were recorded for eac
solution to ensure that the probable error of the count was less than 2% (Francis
Mulligan & Wormall, 1954). Standard solutions of L%]-sulphatmazolewere counted
daily So that c.p.m. could’he converted to m/imolés sulphathiazole,

The positions of radioactive substances on chromatograms were determined with
an unshielded mica end-window Geiger-Muller tube which was connected to a scaler
unit through a prabe unit. The end-window,of the Gelger tube was covered by a thin
Pthhene disk with a hole 2 cm. square in the centre. Squares of this size were
ightly drawn down the whole length of a chromatogram and the radioactivity of
edch Square was measured for 2 min. by applying the counting tube window to

the_paper.

Cﬁrgmatographg. Descending chromato?rams were run on Whatmap No. 1 o
No. 3 paper”af room temperatre. The solvents (parts by vol.lwer_e: (1) w-butanol
80+ water 20 (i) w-bytanol 80 + sp.gr. 0-88 ammonia 3+ \water 17, with mixtures (j)
and Fn)zafter |xmg the upper organic layer was used: ém methanol 35+ n-arnyl al-
cohol 17-5-1-benzen 35+sp.%r.0 ammonia 4+ water 8-5; (lv)methanol 35+ n-amyl
alconol 17-5+ benzene 35+ 2 N-hydrochloric acid to saturation. Mixtures (iii) and
(|v)r formed smgzle Phases Ekman, 19482.

0 detect didzotizanle amines, chrom toqrams were allowed to dry after develop-
ment, and the paper was then exposed for 10 min. to nitrous fumesgenerated from
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sodium nitrite + hydrochloric acid. After a further 10 min. in air the chromato?rams
were spraged with a solution of N-(l-naphthyl)-ethvlenediamine dihydrochloride
(100 mg./IO0 ml. water).

Measurement of U taeofsulghathrazole The method was srmrlar |n rrnc Ie to
that described by Mitchell (1953) for measurement of the permeabil |(¥ fstaph
coccl to phosphate. Q %anrsms Were Tgrown In Roux hottles, harvested, washed and
suspended in water. The rz Wi, 0 tesus(ijensron Was determrne d, a measured
volume taken and the orqanr ms centrifuged down, then resuspen ded to, a measured
volume to give a concentration equiv, toa out 100 mg, rywt bacteria/ml. in the
solution (af double strengt ) used or Investigation of ermeabr Ity. This suspension
(L ml.) was pipetted int0 a 125x16 mm tube, and sulphathiazole and other test
solutions addled to_final volume of 2ml. The tube was mcubatedurrg\ht at 3°
and then weighed. The organisms were centrifuged and the, supernatantiquid B)
was removed as completely. as possible with a firie Pasteur er ette into a Clean tu
The tube containing bacteria was rewerﬁhed after removing the excess solution from
the inner wall withilter paper. In eac exBerrment a tube was incubated in which
the sulphathiazole was similarly diluted by the constitugnts of the incubation
mixture, but without the organisms. The concentration of sulphathiazole in this
solution’ (FR and in the sui)ernatant Irqurd E was estimated by measurement of
radioactivity or occasionally by the method of Bratton & Marshall (1939). The
amountofsulphathrazole assocratedwrththeo nrsmsatthe en 0 t he incubation,
Zcpm., isgiven b —AeVe—JVpAg where A Ar are secrfrc
activities (c.pm./ml. ofsupernatant liquid E an squtronF respectrve VEan
VFare the volumes (ml.) of E and F r sectrvel VPrstevoume T)o the
centrifuged pad of organisms. The vqumes of Fan E were calculated from the
wer%hts and reIatrve density &l 012 of these liquids. The interstitial volume for
closely packed spheres was taken 1o be 25% of the total volume of the pad of
organrsms Conwa &D owney, 1950), which was also calculated from its weight
and relative density V(

Biochemical tests. Varjous biochemical tests were é)erformed on the staR/tltcylococcr
usrn the methods described instandard works of bacteriology (Mackie &McCartney,

1931, Kolmer & Boeer, 1945),

Chemicals.. These were of Analytical Reagent qualrty when available. Amino-
pterin (4-aminopteroylglutamic acid) was a gift from Lederle Laboratories Division
of the American Cyanamide Co. (Pearl River, N.Y., US.A.; DrE. L. R. Stokstad).
et ) e et o

uvate Wi | in Wi
Egsce ?es rfntho }(/tescrrbedb Lascelles 9563 PIEQArEc Y

Synthesrs o 3] (sulphonyl)-su #1 at lazole. pAcetamrnobenzene [&BA Sul-
phanyl chlonde Acetanrlrd mole) was reacted with [35]-chlorostlphonic
acrd 30 m-mole, 7-2m )under condrtrons described by Gilman (L 22 The product

s dwrthout further urrfrcatron for the next step; yield 1¢. (14% conversion
o 3o]-ch orosup onic. acid)

.~ Néacet 3[%;nsul honyl)-sulphathiazole. p-Acetaminobenzene [%A Sul-

homll chl rrdeg ole) was mixed at ropm temperature wrchamrnothrﬁ le
mole) In 13 ml. dry ethyl acetate (Fosbinder & Walter, 1939). After 18 hr at
room temperature the ethyl acetate was removed at 80°. Water (0-25ml.) was
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added and stirred thoroughly. To_decompose any remaining p-acetaminobenzene
sulphonyl chloride, 80% (V/v) acetic acid (0-21 ml.) and water (T9 ml.) were added
and the mixture was warmed'to 50° for 80 min. The suspension of N&-acetylsulpha-
thiazole was_ cooled to room temperature and left for 4 hr before the Splid was
collected and washed wrth coId water Yield 09¢. (70% conversion of p-acet-
amrnobenzene su ony chloride).
3. Sodium L % gsu hon I%sulphathrazole Sodium hYdroxrde 03631
dissolved inwater | m. tube: Néacetyl-[35] G(su phony?]sulpha |azoIe
g.) and ‘Norite’ actrve charcoal EéOm ), were added, and"the volume was
ads up to 35ml. The mixture was boiled vigorously for an hour aIIowrng the
volume to fall to_3Y ml. The mixture was filtered and the charcoal was ed with
water (0Y5 ml.). The frltrate was brought to 80° and sodrum chlorrde g Was
added. The mixture was cooled to 20°,and the precrrntateo 50 me r] f
th(;%z?de3was collected and washed twice with cold saturated sodium chloride solu-
|
4 Purification and isolation of {363] rgsulphonyl -sulphathiazole. Damp. sodrum
Su aP athrazoewas drssolved in wa erand the volume. made up to 7ml. ‘Norite’
harcoa % was added_and the mixture was stirred for an hour at room
em erature hetore filtering. The charcoal was washed twice with water (0-3 ml.).
Concentrated h}/drochlorrc acid was added to the filtrate, until the initial precipitate
redissolved. Citric acid_(15 mg.) and “Norite’ 815 mg.) were added and the mixture
was stirred for an hour. The ch coalwasfrltere offand washed with water (0-3 m
A solytion of ammonia was P]repared from.sp.gr. 0-88 ammonia_ (64 ml.) and watgr
(12 ml.), and was added to the filtrate until 1t"was alkaline to Congo Red, but acid
10, litms. The suspension of [¥S]-(sulphony!)-sulphathiazole was cooled and filtered.
Yield 0-45 g, E58° 0 CONVErsIon 0 4acetyIB J-(sulphonyl sulphathrazolel Mixed
meltrnq point with authentic suI‘ohathraz le "198-200°.” The '[35]-sulphathiazole
resembled authentic sulphathiazole on chromatography with butanol+ ammonia
and with methanol + benzene + n-amyl alcohol + ammonia (RF values 0-45 and 0-40
rn the two solvents, respectively.) The [35]-sulphathiazale (him) inhibited growth
of Sty gococcus aureus. jhm In medium B. This inhibition Was overcome bg
p-aminobienzqic acrd OYrm after 40 hr incubation. Similar results were obtaine
wrth authentrc su h) at lazole
orosu onrc acid was obtained from the Radiochemical Centre, Amer-
hm Buckrn ams Ire. 2Amrnothrazo|e (spectally purified material) was a gift
from May and"Baker Ltd, Dagenham, Essex.

RESULTS
Effects of inhibitors

Sulphonamrdes The sensrtrvrtres ofthe various strarns of Staphylococcus towards
sulphathrazoe Su bp anil amr e Su f adiazine and sulphap)(rrdrne were determrned
In medium B (Table 1). The |gh st concentrations of syiphadiazine and sulpha
pyridine that could be used weré limited by the low solubilities of these substances
I water. All the strains were most sensitive to S Iphathrazole sulphadiazine was
the next most potent nhibitor and sulphanilamide the least effective. Resistance
was not specific to the drug used to develop the resistant strain. The sensitivities
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of the organisms to sulphathiazole were unchanged at the end of 2| years, durm%
which tinie all the strains have been subcultured once every month, a fotal of abou
thlr%_transfe_rs in the absence ofdru?. L
Aminopterin. None of the strains of staphylococci was inhibited in medium B by
aminopterin, even at the highest concentration tested (0-1 mi).  Aminopterin was
still inactive in the presence of just sub-inhibitory concentrations of sulphathiazole.

Table 1. Sensitivity of the various strains of staphylococci to sulphonamides

‘Organisms were grown in medium B at 37° in a Set of tubes containing a serial 1/2
dilution of each drug, under the semi-aerobic conditions described in Mefnods. Values
In brackets are time$ of incubation (hr) before growth occurred in the highest tolerated

concentration of sulphonamide.
! ‘P ! Highest concn (m) of drug permitting growth

Organism Sulphathiazole Sulphapyridine Sulphadiazine Sulphanilamide
Staphylococcus lactis 2102 10~5(90) *10-4(90 *104(90)  5x10°4(90)
%]i%ZZRZ 55x %8"1(@8} *2x10-4(20)  +2x104(20) *10~3 (20)
r X

S. aureus jhm 5x 10 6(80 *10-4(80)  2x 10 5(80)  2x 10-4(80
R X*10_1 560} *¥2 X IO“4E40} *2x10 4540} *10-3 E40}

S. aureus 10-5 (80 10“4(70)  5x 10~6(80)  *4x 10-4 (70
e A3 o ) 58 g

S. aureus r122 5x10-4(40) *2x 10-4(30)  *2x 10*4(30) *10~3 (30)

* Highest concentration tested.

Table 2. Sensitivity of the various strains of staphylococci to p-nitrobenzoic acid

_Organisms were grown in medium B at 37° in a set of tubes contai,niné; a serial 1/2
dilution of p-nitrobénzoic acid, under the semi-aerobic conditions described in Methods.

Highest concn (m) of p-nitrohenzoic acid
permitting growth after:

Organism 20 hr 30hr 40 hr 50hr  80hr
Staphylococcus lactis 2102 i0-4  3x10-4 i0-3 - -
2102R 10-4 10-3 10-3 - =
210272 3x 10"  3x10-5 10"3 — —
S. aureus jhm 10-0 10-4 10-4 0*3 -
JHMR 10-6 10-4 10-3 10-3  —
S. aureus n 10-4 10-3 10-3  2x10"3 -
hr? 10“4 s 2x10-3  2x103 -

S. aureus r 122 <25x10 4 < 25x10-4 < 25x10“4 2-5x 10~ 10“3

ch 1 nhibitory to Some organisms especially in the presgnce of aspartic acid
Davis, 1951). In‘medium B_(Which contains asBartlc _audg none of the strains of
staph?llococu was very sensifive o Inhibition by p-nitrobenzcic acid (Table 2).
Development of sulphonamide-resistance did not Iead to any marked change in
sensitivity o E-mtrobenzom acid; Staphylococcus aureus r 12 ghe sulphonamide-
resistant wild Strain) was the most sensitive, Inhibition by p-nitrobenzoic acid (mu)
was prevented by p-aminobenzoic acid, though the final amount of growth” was

IE)_—Nit_robenzo_ic acid. p-Nitrobenzoic acid is.an analogue of p-amincbenzoic acid
Whi
(
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lower than in the absence of the inhibitor. There was no improvement of growth
by_addition of p-hydrozybenzoic acid, alone or together with p-aminobenzoic acid.
_"The Inhibition index {Shive, 1950) Is a useful concept in consuder_ln_([l competitive
inhinitjons by analogues of metabolites. The value of K, the Inhibition inaex, is
9|ven_ b¥ K= [l , Wher S_L Is the metaholite. concen%atlon and u is the
nhibitor_concentration. which gives 3 aefineg Inhibition within a constant period
of time. The concentratjons [I] and [S] must be great enouph not to be appreciably
altered durln? the Ren_od_o_ the experiment by the mefabolic activities of the
_blologlc_al system. The inhibition by Sulphathiazole of the ?rowth of staphglococm
In médium’B was completely anndlled by the addition of p-aminobenzoate. The
inhibition indices were calculated from“the concentration of p-aminobcnzoate
needed to permit half-maximal growth in mediym B c_ontamm? mM-sulphathia-
Z0le after 40-45 hr incubation AT_ ble 3). The iphifition indices ofthe varjous strains
were roughly proportional to their degreees of resistance. As the time of incubation
Increased so'the congentration of p-aminobenzoic acid needed to overcome inhibition
decreased. Growth in these lower concentrations of p-aminobenzoate was as heav%/
as when sulphathiazole was absent, though there was a longer lag before growt
began. With hlgher concentrations of p-aminobenzoic acid growth'in the presence
of Sulphathiazole was as rapid as in the absence of the drug’

Table 3. Relation between inhibition index and resistance of strains
of staphylococei to sulphathiazole

. Organisms were grown at 37° under the semi-aerobic conditjons described in Methods
in medium B containing 2 mM-sulphathiazole, together with serial 1/2 dilutions of
?-ammobenzmc acid. The lowest concentration of p-aminobenzoate was determined
hat allowed at least half-maximal growth in 40-45 hr.

Inhibition AK in
Index (K) resistant Degree of

Organism after 40 hr strain resitance*
Staphylococcus lactis 2102 20 — —
2102 r 200 X 10 X25
2102Rr?2 200 X 10 X25
S. aureus jhm 15 — —
JHMR 330 X20 X20
S. aureus n 10 — —
HR2 1000 X 100 X100
S. aureus r122 660 X66f X100f

* In medium B without p-aminobenzoic acid, f Compared to S. aureus .

Metabolism of sulphathiazole

Cultures of the sensitive and resistant sfrains of staphylococci were qrown from
large Inocula, in medium B 525 ml.) n the presence of sulphathiazale (50 pmg.
After incubation (14 hr) the 0 ?amsms Were centrlfu%ed down and the supernatant
liquid heated in boiling water for 5min SuIPhat lazole was estimated at the
begmnm and at the end of the incubation by the method of Brattan & Marshall
(1939). These experiments showed no disappearance of sulphathiazole during

rowih. . : : :
’ %upernatant liquid from cultures grown in the presence of squhathmzoLe (mit)
iy G. Microb. «1
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Fig, 1. Radloacuvnr% on chromatograms of culture filtrates of Staphrlococ_cus aureus H
and ne 2 grown in medium B for 14 hr in the presence of [¥S]-sulphathiazole, &mM).
Solvent: methanol+_am¥l alcohol + benzene + water + ammonid, (a) S. aureys h filtrate;
th) S. aureus n e 2 filtrate; (c) [BS]-sulphathiazole (nim) autoclaved in medium B then
incubated 14 hr at 37°.

Table 4. Chromatography of amino compounds related to sulphathiazole

Descending chromatograms were run on Whatman No. 1 paper
for about 6 hr at room temperature.

Rt value in:

Substance Solvent 1  Solvent2  Solvent3  Solvent i
Sulphathjazole 0-43 0-43 0-55 0-53
p-Aml_noben_zo_lg acid. _ 0-24 0-23 010 010
4-Amino-5-imidazolecarboxamide 0-30 — —
Sulphanilic acid 0-28 — — —
Sulrl()hanllamlde 0-49 — — —
Unknown compound 019 0-22 0-15 013

Solvent 1: methanol + amyl alcohol + benzene + water + ammonia; solvent 2: methanol + amyl
a+Icoh?I+ benzene + hydrochloric acid; solvent 3: butanol + water; solvent 4: butanol + ammonia
water.

were also testTd for their [potency n |nh_|b|t|r%g %rowth ofa suIPhathlaz?I -sensitive
strain _StaPh ococcus aureus n)‘In medium B: The concentration of sulphathiazole
In the diluted culture filtrate was taken to be the same as that of a standard solutiop
of sulphathiazole which inhibited growth of the test organisms for the same length
of time. Results from two or three dilutions, of the filtrate gave values in very, close
agreement for the concentration of sulphathiazole in the undiluted filtrate. Wit all
the sensitive and resistant strains of st ghylococu tested there was o change in the
Inhibitory effect of the sulphathiazole after organisms had grown in its présence.
Chromatograms from cultures which had grown In the présence of sulphathiazole
(usuall mmhshowed two spots of a similar brownish-red colour when diazotized and
sprayed with the Bratton & Marshall reagent. The larger spot corresponded in
position to the spot given by sulphathiazol itself (Table"4). The smaller spot was
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chromatographlcally distinct from . 4-amino-5-imidazolecarboxamide, . p-amino-
benzoic atid, sulphanilamide and sulphanilic acid: it was not present jn cultures
which had grown'in the absence of sulphathiazole nor in autoclaved sulphathiazole-
containing ‘medium immediately after inoculation, or after incubation (14 hr) of
uninoculdted medium,

Table 5. Radioactivity ofL g ulphathiazole and unknown
compound on chromatograms

Organisms were grown in medium B at 37° 114hr) in presence of F{ES] suIPhathlazoIe
(mM). The unknown com ound and [ES]-sulphathiazole from_culture filtrates were
separated on chromatograms, and th epa[oerwas scanned for ragioactivity, as described
In'Methods. Solvent: methanol + amyl alcohol + benzene + water + ammonia,

% of total
activity
¢.p.m. ¢.p.m. ¢.p.m. due to
‘Unknown” Sulphathiazole  Total unknown
Staphylocaccus lactis 2102 22 265 294 7
2102 14 313 333 4
S. aureus jhm 82 423 512 16
JHMR 173 436 517 14
S. aureus H 155 457 687 23
HR 2 204 404 666 3
S. aureus r 122 95 181 289 33
*Sulphathiazole 2 611 699 3

* Incubated in uninoculated medium B at 37° (14 hr).

When i rﬁmd from cuItures grown in the presence of LSSSe] -sulphathiazole (mm)
were chro atograohe radioaCtivity was found in the s posmons 8 the two
spots revealed By the Bratton & Marshall reagent, and nowhere else (Fig. 1). Only
one Beak of radtoactwtty Was found after [35]-sulphathiazole was autoclaved and
incubated in uninoculated medium. An apo]rowmate estimate of the proportion
of the sulphathlazole that was converted to the unknown compound by the various
strains during growth was mae comparing the number of counts found in each
of the two peaks (Table 52 aaphyococcus lactis 2102 and 2102 r formed much less
of the unknown matenal han qid'the strains of S. aureus, but there was no correla
tion petween the activity found in the peak due to the unknown com oun and the
sensitivity of the strain’to sulphathiazole. For this reason, the chemical nature of
the unknown compound was not investigated further.

Uptake of sulphathiazole by washed suspensions of staphylococci

The amount ofsulphathtazole taken up by organisms during r%;rowth In medium B
was 0 smaII as to be barely detectable even when p%]-sulphathiazole was used.

gta e Was brought t ameasurable value_h usm washed uspensions to
|ncrea the concentration of orgamsms uspen5|o swer incubated In medium B
or hr usually in the gresenceo t Asu 8 hathiazole ( 5m and the uptake of
rug determin das described Iin Metho hromatograp zofmatenal extracted

0| Ing water rom Staphylococcus aureuShrZafter Incupation with sulphathia-
20l sh owe the presence of only one diazotizable amine, which was sulphathiazole
itself. The uptake of sulphathiazole by all the strains, sensitive and reusta% Was
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about the same ( Table6 The uptakeb S. aureus jhm and h and their resistant
substrams was roughl Ly 8roport|ona to the concentratton of sulephathtazoe in the
medium durmﬁ the Incupation; the ratio: m/imoles sulphathiazole/a; ml. organisms:
m/imoles sulp athtazoea ml. medium was fairly constant at drferent concentra-
tions of sulphathjazole. A value greater than unity for this ratio indicates that the
concentratton of drug associated with the orgariisms Is higher than that in the

The vaIues obtained for the uptake of sulphathiazole were compared with the
amount of sulphathiazole that could be recovered from the organisms by washing
with water or with a solution of sulphathiazole. The organisms which"had been
incubated for L hr with LES& sulphathiazole (4 him) were Washed twige, either with
water (2ml,) or with unlabelled sulphathiazole (mil). Each washing procedure
removed a similar amount of [35]-sulphathiazole from'the organisms. This amount
was the same as had been calculated to be taken up by the organisms (from the
dilution of the [[551 sulphathiazole at the beginni (T; f the eXperiment). These
findings indicate that the sulphathiazole taken Up by the organisms was not bound
firmly; but exchanged very easily with the external mediun.

Tahle 6. Uptake of sulphathiazolefrom medium B by
washed suspensions of staphylococcl

Suspensions of organisms were mcubated for Lhr at 37°.in med| m B with [¥5]-
ulphathiazole. Uptake was assesse bhxmeasurementofthe dilution o the radloacttvnly
by the suspension of organisms (see Methods). Values are averages of duplicate dete

minations.
Uptake of sulphathiazole (rap.moles/mg. dry wt. bacteria)
Sulphathiazole () during incubation:

Staphylococcus strain - 5 X103 4% 103 2-5X10-3
S. lactis 2102 20 El 3}
2

102r 34 (1-5 - -
S. aureusjhm 23 (1-8 15(1-6 10 (1-5

e BEY BEY B3
S. aureus h 20 51:5; - 10 Elzsg

HR?2 22 (1-7 11 (2-0

Values in brackets are for the ratio m/imoles sulphathiazole/® ml. organisms:in//, moles sulpha-
thiazole/® ml. medium.

Uptake of sulphathiazole in the presence of p-aminobenzoic agid

|ons were mcubated as before in medium B for an hour at 37° with
[r athtazoe 5rmi) and various concentrations of p-aminobenzoic acid.
e 01155 sulphathlazole by the or%amsms was calculated from measuyre-
the radioactivity of the supernatant liquid. No difference was found in
he Tgtake of sulphathiazole whether or not p-aminobenzoic acid were present

Growth in medium B

More complex media sych as tr xptlc meat broth Or peptone water d|d not glve
much heavier or more rapid growth of the staphylococei than was found in medium
B. In all the media tested taghylococcus I CtIS 2102 and Its substrains grew less
well than any of the strains of S. ‘aureus
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Table 7. Uptake of [mSysulphathiazole by staphylococci in
the presence of p-aminobenzoiC acid

Suspensions of organisms were incubated 1 hr at 37° in medium B containing L%S]-
sulphathjazole (2-5 nim). Uptake was assessed by measurement of the dilution”of the
radioactivity by the suspension of organisms (see Methods). Values are averages of
duplicate déterminations. _
Concn of mfi moles
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Aerobic growth. Growth curves for the various strains were measured in medium
B, by using rocked 1-tubes. All strains of Staphylococcus aureus, whether resistant
or n0t, grew at about the same rate and fo about the same degree in the absence of
sulphathiazole. _Ty2n|cal growth curves, for S. aureus jnm and jiimk are shown in
F|g\. 2, S, lactis 2102 dnd its resistant substraing grew to a lower final valug;
S. Tactis 2102 r 2 consistently showed a lag before visible growth began, about 4 hr
longer than the lag of the parent or the other resistant strain (Fig.2).

hen mcreasm% concentrations of sulphathiazole were added to'the medium, the
Iaf? phase was pr %resswely_ Ien?th,ene . The final amount of growth was little
affected by sulphathiazole with strains ofSta'oh lococcus aureus; higher concentra-
tions of suIRhatmazoIe were required to Fpéo% g the lag phase with the resistant
0.

substrains than with the parent strains (Fig. 3). N

Semi-aerobic growth._|n medium B the Ia%phase hefore visible growth began was
rather Ionger, about 15 hr, than under aerobic conditions, and maximum tarbidit
was not reached until about 30 hr. The highest amount of growth of strains of
StaPhoncoccus %ureu_s gave a colorimeter reading of 2-0-3-0, and 1-5-2-0 for .
lactis"and Its suostrains. _ _ _

Anaerobic gﬁowth. Staphylococcus aureus is a facultative anaerobe. A defined
medium_ which supported the aerobic growth of S. aureus did not do so under
anaerobic conditions unless carbon dioxide, pyruvate and uracil were present
FFlIdes & Richardson, 1937); the presence of nitrafe was also advantageous. S.
actis 2102 and 2102 r girew very poorly anaerobically in several media (Table 8),
only in medium B supplemented with yeast extract was there appreciable growth.
Lascelles (fl956) described a strain of’S. aureus which grew_anaeroblcally( in the
presence of haematin. Flowever, addition of haematin to'medium B did not permit
anaerobic ?rowth of S. lactis 2102, indeed semi-aerobic growth was inhibited,

.An absolute re%uwement for the supplement of uracil, pyruvate bicarbonate and
nitrate was not found in StaphylocogCus aureus jnjc and, » or their resistant sub-
strains grown anaerobically " medium B, thougln addition of these compounds
improved growth (Table 82 In the ahsence of gltcose, however, anaerobic growth
was very poor, Both sensitive and resistant strains were able to grow anaerobically
in medium B in the presence of sulphathiazole [om and C-1 mi, respectively).

Nutrition

Amino acid requirements. Each amino acid was omitted in turn from a comglete
mixture which supported growtn. The amino acids that were most often needed for
growth were valine and argining, which were re_%uwed bg all the strains of sta h){_lo-
occus (Table 9). It was strprising that all strains were able to dispense with Cystine
and use sodium th|o%liyeol ate as mev]n source of sulghur, since’ Gladstone. 1?373
reported that the requirement of stapnylocacci for cystine was the, most difficult t
abolish by “training’, No changes In reciuwements for amino acids accompanied
resistance to sulphathigzole in strains of Sta hzlococcus aureus, aIthough there were
differences In the requirements of the variou grew
only after 30 hr when aspartic acid was omitted and after 60 hr in the absence of
glu ami acid, The growth of S. lactis 2102 r was as raP|d in the ahsence of ejther
cid as it was in the Complete medium (25 hr). When both amino acids were omitted
at the same time, S. lactis 2102 did not grow after 6 days whereas 2102 r grew after

parent strains, S. laclis 2102
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2 days. Staq|h¥lococcus,lact|s 2102t2 grew in the absence of aspartic acid as rapidly
as_tw_ thf dcomp ete medium, but glutamic acid was absolutely required for growth
within 4 gays.

Vitamin yre uirements. Each vitamin Em_cotmlc acid, thiamine, biotin) was
omitted in turn from medium B, All the strains of Staphylococcus aureus required
for growth nicotinic acid and thiaming, but not biotin, whereas S. lactis 2102 and
its Substrains required only biotin. These requirements were unchanged In the
presence of sulphathiazole.

Table 9. Amino acig requirements of Staﬁhglococ,cus lactis 2102, S. aureus
inn . n and 122 and sulphonamide-resistant substraing

Qrganisms were grown semi-aerobically at 37° (see Methods) with each amino acid
omitted in turn from an otherwise complate medium. _

+ Amino acid required for_gr_owth; — Amino acid not required for growth; (+)
grcwth,delayed when amino acid is omitted. . _ _ _

Cystine_(feplaced by thlogIYCQIIate); hydroxyproline; isoleucine; lysine and serine
weré required by none of the strains. Strain

Amino acid omitted 2102 2102k 2012it2 JIM  JHMR H hr2 RI122

Tryptophan +
Tyrosine +
Valine +
Alar.ine +
Threonine +
Leucine . +
Methionine +
+
+
+
+
+

+ +

—_

v
—
T o T e
—
—
R

~

—

[ s s e R AL

~———

,\
~

Phenylalanine
Arginine
Histidine
Aspartic acid
Glutamic acid

Il + 4+ 4+ + ++
[ I I A

| 4+ 4+ +

Proline
Glycine ; ; ; (+)  (+)

Biochemical tests. The strains were_examined by various biochemical tests used
routinely in- bacteriology: sugar fermentation; formation of indole, Voges-
Proskauier, methyl red t&st, nitrate reduction, gelatin liquefaction and hydroqen
suIPhlde formation. No changes accompanying Tesistance were found though the
different parent strains showed some variations_in their properties. All Straing
except St Wococ,cus lactis 2102 and its substrains w%re ga ulase positive, and
grew on solid medium containing 7-5% (wiv) sodium chloride.

[

,\
~

DISCUSSION

Few differences other than their sensitivities to sulphgnamides were found in
the present work between resistant and sensitive strains of Staﬁhylococcus. All the
strains took up similar amounts. of sulphathiazole from the” growth medium,.
Whether this uptake was at a particular site In the or%amsms was not estaplished,
hut since the presence of p-aminobenzoic acid had no &ffect on the uptake it is un-
likely that much of the sulphathiazole was combining at a sife where p-aminoben-
zoate also reacted. Noll, Bang, Sorkin & Erlenmeyer’(1951) found that the uptake
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of sulphathiazole by Escherichia coli was decreased by the presence of p-amino-
benzoic acid in the medium. There was, however, a limit below which the uptake of
sulphathiazole could not be decreased b% high concentrations of p-aminobenzoate,
therefore it was concluded that part of the sulphathiazole was free in the organism
and that part was in competition with p-aminobenzoic acid for a receptor site. In
the present work the method of _measurmg uptake of drug was not sufficiently
refined for changes to be detected in the uptake by different’parts of the organisni.
If mych of the”sulphathiazole associated with the or%amsm were, for instance
absorbed at the cell wall, this would mask differences in the uptake of sensitive and
resistant strains at other re%mns In the cytoplasm. _

Other workers have reported that sulphonamide-resistant organisms do not take
up smaller amounts of sulphathiazole than sensitive strains (Yegian & Budd, 1945),
Wacker, Trebst & Simon' (1957) found that a resistant strain of Enterococcys stel
took up more sulphanilamide than did a sensitive strain, although the binding of
the dru? was less firm in the resistant strain. In. the present work, suIBhatmazoIe
W?tsh rwatground firmly by any of the strains and was easily removed by washing

No evidence was found to support the view that the resistance of any, strain to
sulphathiazgle was due to the conversion of sulphathiazole into non-inhibitory
products.  Sulphathiazole was partly converted to an unknown compound b
?rovvmgi staphylococcl, but this took place in sensitive and resistant pairs of strains
0 similar extents. Also the proportion of sulphathiazole converted to unknown
material was too small to explain the degree of resistance found in the sulpha-
thiazole-resistant strains, Clear evidence was not obtained as to whether the un-
known material was inhibitory after separation from sulphathiazole on chromato-
grams erhaR_s because of contamination of the unknown with p-aminobenzoic

cid, from which it was difficult to get ?ood separation. Since culture fiftrates
showed_the full inhibitory effect of the su

_ fhathi_az_ole added before incubation, it
gﬁ?mhsatl#i(g%lghat the unknown material had inhibitory activity similar to that of

he rate of growth of suIPhonam|d_e-reS|stant staphylococci has been reE_orted to
be lower than that of sensitive organisms (Steers & Sevag, 1949; Beljanski, 1953).
This was not found with any of the strains of Sta hglococcus, aureus ysed in the
gz)resent work. S, lactis 2102 ¢ 2 showed a lag 4 hr lo ﬁ rthan did S. lactis 2102 and
102y, though the rate of IoParJthmw growth of all three strains was the same.
Another difference between strain 2102r and_strain 2102r 2 was that the former
did not grow as heavily as the parent strain in the semi-defined medium B. This
difference was not shown when strain 2102, was first used, but developed over a
perl? of three years Wléh monthly subcultivation. _ _
Althougn there were differences between one sensitive strain and another in the
nutritional requirements for anaerobic growth, no evidence was obtained that the
development of resistance or the gresenc of sulphathiazole affect anagrohic metabol-
ISm. Sevag&Steers (1949) found that a sulphonamide-resistant strain of S_taphoylo-
CoCCUS aureus was unable tg grow anaerobically, whereas the parent strain could
grow to a limited extent, Stéers &Seva9 819 ) also reported that two sulphon-
mide-resistant strains_of S. aureus suffefed a partial oss of ability to synthesize
amino acids in comparison with the sensitive parent strains. In the present work
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almost no differences were found between the amino acid re(iuwements of sensitive
and resistant strains of S. aureus. S. lactis 2102 grew only after a lag when aspartic
or glutamic acid was omitted from the medjum, whereas strain 2102 r grew normally
in the absence of either acid, though not of poth togOether. The greater ability of the
resistant strain to synthesize glutarmc acid might e refated t0 the increase in the
synthesis of folic acigl, which tontains glutamicacid in its molecule. Lam & Sevag

957). gave some evidence that sulphathiazole inhibited transaminase activity in
a sensitive strain of S. aureus, It may be that in strain 2102 r, transaminase activit
has jncreased with the development of resistance, resulting In an increased rate of
synthesis of aspartic_and glutamic acid from oxaloacetic and a-oxogilutanc acids
respectively. These interpretations, however, are not valid for . Yactis 2102r?
V\ah&ct& has a?_ absolute requirement for glutamic acid but is able to grow without
added aspartic acid. . :

Two pgssﬁe mechanisms of resistance that have not been explored are the
presence in the resistant strains of an increased amount of a p-amingbenzoate-
utilizing enzyme or a changed relative affinity of an_enzyme for p-aminobenzoic
acid and sulphathiazole in the resistant sfrains.” I an increased number of receptor
sites for p-aminobenzoate were present in a resistant strain, then all analogues of

-aminobenzoic acid should become Iegs effetctwe Inhibitors, and cross-resistance to
-nitrobenzoic acid would be expected. In fact, no appreciable cross-resistance to
p-nitrobenzoic aci¢ was observed in any of the sulphonamide-resistant strains,

The second possibility, a change inthe'relative affinities of an enzlyme for p-amino-
benzoic acid and sulphionamides, is compatible with all the experimental observa-
tions, It accounts for the increase in the inhibition index in the resistant strains
and for the decreased sensitivity of the synthesis of folic acid (White & Woods,
1965’2 in these strains to inhibition by stlphathiazole. A decreased affinity for
sulphonamidles might well be specific _T_Davjs & Maas, 195_22 and the affinity_for
other inhibitors of p-aminobenzoate. utilization, such as p-nitrobenzcic acid, might
be unchanged. The evidence for this mechanism of resistance i indirect, hut its
value is strengthened by the evidence that other mechanisms are not operating.

One of us gP.J.W,) is indehted to the Medical Research Council for a trainjng
scholarship held during the period of this work. We wish to thank May & Baker
L td, Dagenham, Essex for generous information_about the preparation of sulpha-
thiazole, and for a gift of specially purified 2-aminothiazole.

REFERENCES

Beljanski, M. (1953). Comparaison de souches bactériennes résistantes a des anti-
biotiques avec des Souches sensibles de méme espéce I11. Cas du sulphamide. Ann.
Inst. Pasteur, 84, 756. . _

Bratton, A. C. & Marshall, E. K. jr (19395). A new coupling component for sulphanil-
amide determination. J. biol. Chem. 128, 537. o _

COJnV\lea;yéE7J. &Downey, M. (1950). An outer metaholic region ofthe yeast cell. Biochem.

Davis, B. D. (1951). Inhibition of Escherichia coli by p-nitrobenzoic acid and its reversal
by_p-gy%oxybenzom acid. J. exp. Med. 94, 243. ° _ _

Davis,B. D, (1957). Physiological (phe_notyplcgmechamsmsresponsmlefordrugre5|stance.
In Drug Resistance in Micro-organisms. Ed. by G.B.W. Wolstenholme and C. M.
0’Connor, p. 165. London: J. and A. Churchill, Ltd.



Sulphonamide-resistant staphylococci 271

Davis, B. D. & Maas, W. K. (1952). Analysis of the bipchemical mechanism of drug
resistance in certain bacterial mutants. Proc. natn. Acad. Sei., V.S.A. 38, 775.
Ekman, B. (1948). Paper chromatography of primary aromatic amines. Acta chem. scand.

Fildes, P. & Richardson, G, M. (19375. The nutrition of Staphylococcus aureus: sulphur
requirements. Br. J. exp. Path. 18, 292, o o _

Fosbinder, R.J. & Walter, L. A. §1939). Sulphanilamido derivatives of heterocyclic
amines. J. Amer. chem. Soc. 61, 2032. _

FrEtr;](lsis, GFi E., Multigan, W. & Wormall, A. (1954). Isotopic Tracers. London: The

one Press,

Gilman, H. (1932). p-Acetaminobe.n_zenesulgohonyl chloride. Org. Synth. Col. 1, 8.

GI|3adthone, GP. Ft)h (%237 . The nutrition of Staphylococcus aureus; nitrogen requirements.

r. J. exp. Path. 18, 322. _ -

Kolmer, J.pA. & Boerner, F. E1945). Approved Laboratory Technic, 4th edition. New
York: D. Appleton—Century Co. Inc. _ .

Lam, G. T. & Sevag, M. G. (1957). Drulg-mduced depression of transaminases of drug-
sensitive Staphylococcus aureus. Bad. Proc. p. 35. _ _

Lascelles, J. (1956). An assaﬁ of iron protoporphyrin based on the reduction of nitrate
by a variant strain of Staphylococcus aureus-, synthesis of iron protoporphyrin by
suspensions of Rhodopseudomonas spheroides. J. (];en. Microbiol. 15, 404. ,

Mackie, T.J. & McCartney, J. E. L1_931). An Tntroduction to Practical Bacteriology,
3rd Edition. Edinburgh: E. and S. |V|n?st0ne. _

Mitchell, P, (1953?. Transport of phosphate across the surface of Micrococcus pyogenes:
Nature of the cel ‘mor%anlc phosphate’. J. qen_. Microbiol. 9, 273. o

Morris, J. G. & Woods, D. D. (195 ]1 Inter-relationships cf serine, glycine and vitamin
Bein the growth of mutants of Escherichia col. J. ?en. Microbiol. 20, 576. _

Noll, H., Bang, J., Sorkin, E. & Erlenmeyer, H. (1951). Uber die W_Irkungi eines mit
%S indizierten Sulfathiazols auf K ulturen von Escherichia coli. Helv. chim. acta, 34, 340,

Sevag, M. G. & Steers, E. (1949). The mechanism of resistance to sulfonamides V.
A quantitative study of the alternate metabolic pathways involving trythphan and
glucose metabolism, and aerobic_and anaerobic growth conditions in relation to the
mechanism of resistance, Archs Biochem. 24, 144, _ .

Shive, W. (1950). The utilization of antimetabolites in the study of biochemical processes
in living organisms. Ann. N.Y. Acad. Sel. 52, 1212. _

Steers, E. & Sevag, M. G. (1949). The mechanism of resistance to sulfonamides |V. A
comparative stud?/ of the aminoacid metabolism of Staphylococcus aureus in relation to
the mechanism of resistance. Archs Biochem. 24, 129. o

Wacker, A., Trebst, A. & Simon, H. (1957?(. Uber den Stoffwechsel des Sulfanilamids-
L%S] bei emgﬁndllchen und resistenten Bakterien. Z. Naturf. 12B, 315, o

White, P.J. & Woods, D. D. (1965). The synthesis of p-aminobenzoic acid and folic acid
by staphylococci sensitive and resistant to sulphonamides. J. gen. Microbiol. 40, 243.

Yegian,D. & Budd, V. (1945). The permeability of mycobacteria to sulphonamides and
sulphonamide-like agents. J. Pharmacol. 84, 318,



gen. Microbiol. (1963), 40, 273-281 273
Printed in Great Britain
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INTRODUCTION

Mutant strains of micro- organrsms resistant t various, agents have been fruit-
3/ a(p plied in drverse genétical and biochemical studies, However, the only
det studres of resrstance in Aspergillus nidulans are those of resistance to
acriflavine (Roper & Kéfer, 1957) fluorodcetate (Apirion, 1962) and p-fluorophenyl-
alanine (Morpurgo, 19616). The present work was undertaker! to extend the rarige
of resrstants rains ofthrs s ecres and to make initial investigations on their promise
as toosrnavarretyo studies. One-step mutants were deliberately selecte as one
pecto the work, However it would be of interest to compare one- step dg
istance with multigenic or non-genic resistance to the same stibstance. A. nidu-
ans is sujtable for the study of extrachromosomal inheritance by the combineq use
of heterokaryosis, the sexual cr(cle and parasexual cycle; it is.also a p otentrasy
favourabe organrsm for the analysis of muItr?enro Inheritance via mitotic analysi
At haploidizafion there | rssegreg lon, without crossing-over, ofwholechromosomes
for a first analysis this decreases the number of segregating units to the haploid
number of chromosomes. Attempts were made to InCrease résistance by proIon%e
exposure to non-inhibitory or slightly inhibitory concentrations of various agents.

* Present address: MRC Biophysics Unit, King’s College, 26 Drury Lane, London, W.C. 2
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METHODS

The general techniques used throughout this work were those of Pontecorvo

Roper, Hemmons, Macdonald & Bufton (1953 Incubation was at 37°.

Medra Minimal medium  (MM), Czapek-Dox with 2% Iucose Complete
medium (CM), a_complex_ meqium contarnrng yeast extract ern hydrolysate
hydrolyset ncleic acid, vitamins, etc. Solid media contained 2% agar.

Ini |tors Actidione. iodoacetate, fluoroacetate, fruorophenylalanrne from
Koch Light & Co. Ltd, Poyle Trading Estate, Colnbrook, Bucks.), acriflavine (from
British Drug Houses Ltd PooIe Dorseg malachrte reen from GT. Gurr L.td,
New King’s Road, London, S ? teoquil, a poly et lene bis rsoqurno injum
salt with anti-fungal properties ( CoI ler, Potter&Taonr 55 ) was Kindly supplied
by Allen, & Hanbtiry, Ltd. (Ware, Hertfordshire).

Organisms.  Straing were taken from laboratory stocks marntarned on complete

medium CM. Mutant alleles, and their locations, are given g Pontecorvo et al,
(1953) Roper & Kafer (1957), Kafer ﬁ1958) and Pontecorvo (1963a). Mutant types
Used Widely in this work were low Conidia, w, white conrdra pyro, D, paba
ribo, cys, s, an, nie, ad an ghen desrgnate respectively, requirement for pyridoxin,
bjotin; p-aminobenzoic aci rrbof aving, cystine, throsulphate aneurin (t |am|neg
nicotinic acid, adenine and phenylalaning; Acrl and acr resrstance to criflavin

Selection of one-step resistant strarns Resrstant strarns were se lected K/lsprea Ing
conidia at high density (10e to.2x 107dish) on C or su lemented MM with &
concentratron of inhibitor suﬁrcrent to suppress completel X /qermrnatron of sensrtrve
conidia. Ultraviolet (u.v) irradiation (ustally to a out % survival) was used In
most cases. Putative resistant strains were |soIate from the hrghest concentration
otlt rnhrbrtor to give colonies. To avoid clones only one colony was isolated from each

atin
p Pro%nged exposure to inhibitors, In an attemrpt to find multi-genic or non-genie
adaptation, conidia were spread % B0/dish) 0 aconcentratron of Inhibitor which
permitted full viability byt less t an fuII lingar ?rowt rate. In one series of experi-
ments a concentratron orvrng on 3/ 20% viabifity was used. Conidlia were taken
from a single colony, after ays, of rncubatron for the next subculture. At
intervals strvival curves were determrned for control and treated organisms.

Survival curves These provided the most accurate measurement of resistance.

They were determined b}/ (preadrn conidia gZOto 50/d|shg on increasing concentra-
trons of inhibitor. About 400 conidia were tested at each concentration of inhibitor,
w?tt?gtjt W.“? guere taken at 3 days and expressed as a percentage of a control
Genetrc anaaysrs Technrques of ananpsrs were in general those described by
Pontecorvo etdl Location of a mutant allele to'1ts inkage qroup via mitotic
t\f aploidisation gForbes 19591) was facilitated by the p-fluorophenylalanine technique

(Morpurgo, 1961a; Lhoas, 1961).

RESULTS
Prolonged exposure to inhibitor

The Aspergillus nidulans strain paba6 y; nie2 was serially subcultured on CM
with 0-27 mg: malachite green/L. Viability was 100%, but at 70 hr the mean colony
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diameter was 0-6 cm. as compared with 2-6 cm. on inhibitor-free medium. Many
hundreds of colonies were examined throughout the experiment but no sectors of
w%]orous growth were seen. Survival curves were determined for cultures taken
after 10, 20 and 30 subcultures; these were compared with a control serjally sub-
cultured without inhibitor. No significant difference in resistance was found between
the two lines at any fime. A further series of seven subcultures were undertaken
with the strain y; 's12; pyrod; nic2 on CM with 0-4 mg. malachite green/1. The
viahility averaged 20%." Survival curves were determined after each subculture
but aP In no slgmﬁcant chanlge In resistance was found.

.Only one serigs of subcultures was made with teoquil, with strain y; sI2; pyrod;
nic2 grown on 05 mg. teogun,!. The viability was 100%. After 15 Subcultures no
change in resistance Was found.

Table 1. Properties of some resistant mutants of Aspergillus nidulans
Maximum sub-

Inhibitory
concentration forf
. Mutant , P
Inhibitor allele* Location Sensitive  Resistant
Teoquil tel Linkage group 111; 25 units 15mg.  30mg.
1 promgmaq to F%IZ d ’
Malachite green mg1l Ulr;dg}elr\r/nined. Notingroups I,  06mg.  I*0mg.
lodoacetate _ lodi  Leftarm 11; 25 units distal to Act 1 1-5g. 300
p-Fluorophenylalanine P21 Lre_{)toalrm I} 0-3 units from 05 ¢. 504
[
Actidione Actl  Leftarm IH1. 8 units from 0-79. 259
phen 4

* Lower case initial for recessive, capital for dominant or semi-dominant, pf alleles numbered
from 21 to avoid confusion with mutants of Morpurgo (19616%. . , .
| Maximum amount/1. complete medium permitting growth by point inoculation of conidia.

One-step mutants

Five strains of Aspergnlus nidulans, each resistant to a different inhibitor, were
selected. Details of these strains are shown in Table L =~ _

Degree of resistance. With the exception of the teoquil resistant strain, all the
selected strains could be classified u_nequlvocallrx by point inoculation of conidia to
dishes ¢ontaining concentrations of inhibitor whiich cor_nPIeter suppress the growth
of sensitive strains. Early tests for sensmvw and resistance on teoquil werg often
ambiguous. This was due to fra?me_nts of mycelium in the inoculum_ gf sensitive
strains:such fragments have substantially higher resistance than do conidia; this was
shown as, follows. _Plates of CMwithout inhibitor were heavily seeded with conidia
of a sensitive strain gaba6 y; nic2. An appropriate quantl_tty of teoquil was added
at a series of marked places at 1 hr intervals during the first 10 hr of incubation,
After 2 da¥s the Inhibitian zones wer8 Mmeasured, There was a decrease in the |nh|b(]-
tion zone from the adaition at time 0 to that at 5 hr, when a plateau was,reached.
The sharpest decrease in_inhibition, between additions at 3and 5 hr, coincided with
the ugermmanon time. Satisfactory classification of resistance to teoquil could be
%'na e onIyI by testing drops of difute conidial suspensions which were almost free
rom mycelium,
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Genetic analysis. Meigtic anal¥3|s showed that in each strain, resistance is
determined by ‘mutation in a sin glne Both me|ot|c and mitotic analyses were
used to locate the mutant alleles {Table 1). Tests of dominance were made in hetero-
y?ous diploids and, |n the cases of od| and Act 7, In heterokaryons balanced with
nu nhonal markers. T ecomplete dommance oflod!, and semi-dominance of Actl,
held in both heteroz gaote and heterok arav

Resistance to more than one inhibitor, E4ch re3|stant strain was tested for increased
resistance to all five inhibitors. Acriflavine was also included since it was known
(Roper & Kafer, 1957) that mutations conferring resistance to acriflavine also confer
resistance to_malachite green. Fluoroacetate s Included for comparison with
lodoacetate. The only positive results were with ?ngl resistant to acriflavine, and
pf21 resistant to |odoacetate and slightly re5|stant t0 acttdtone |deally, to eliminate
the possible effects of resiqual tt;enotge such tests should be carried out on the
parent resistant strain and onthe r ant recombinants derived from a cross to
a sensitive strain. This wag done for mg but not for pf21.

Malachite green and acriflavine. Because of the cross-resistance effects it was of
interest to_determine whether acriflavine and. malachite green were additive in
%rowth inhibition. To test th|s 64 plates of minimal mediun were each seeded with
06 wilg-type conidia. The plates contained various amounts of malachite green
and acriflavine. At65 hr the plates couldbe sharply classified on the basis ofgrowth
or ng growth with the result shown in Fig. 1. The two compounds were additive
in effect
The possible interaction of mg) and acr2 Was aIso examined. Segregants from the
Cr0ss Y phend mgl; pyrodxadls pabal y; acr2 were tested by point inoculation
on comg lete medium with acriflavine: 10,75, 20, 25, 30 and 40mg./I. Of 68 segre-
%ants 9 were resistant, 19 sensitive. Thls was consistent witha 3:1 ratio and
egatlve interaction of acrI and mgzl 1S X uded The 49 resistant segregants would
avete enotgges acr2+mgl, acr2 mgl+ and acr? mg These segreqants showed
a uniform degree of resistance |nd|st|ngU|shabIe fromt at of the parents. Substan-
tial add|t|V|t of effect of acr2 and mg was, therefore, excluded.

Interacttons of resistance and nutrition. It was shown (Mellwain, 1941; Roper &
Kafer 1957 that certatn nutnents [Protect agatnst inhibrtion by acridine; this was
found to a h)y to malac |te green. Conjclia of sensitive and mgl straing were
suspended 1 supplemented ninimal medium with concentrations of malachite
ﬂteen lJust sufhment completely to suPpress growth. Various additions were made to

tes before incubation. * Annuliment of inhibition was read as +, + or —

accor Ing.to growth response around each addition. Re onses were: thymus

nucetc atid, biotin, riboflavine, ZnS04 Fe3S042and CuSO4 all +: j-cysteme,

¥ro ysed casein and MnSO4 all +,_ Many other nutrients, mcludmga ixture

% lgsatg”r]t(s) acids, gave no response. These results applied equally to sensitive and
|

%nl annuIImentb riboflavine was studied further. Contdlaofy, phend ggrod

hend mgL; pyrod were spread on dishes of supplemented minimal m ium
conta|n|n various Concentrations of malachite green OGmR J1) and ripoffavine
E- mg./1). Colony counts were made at)3 ays. ‘For both strains riboflavine
ompetiti eIY annulled malachite qreen Inhibition.

A different aspect of the interaction of nutrition and resistance was noted with
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pf21. The cross, pf2Lbil; wo; pyrod x riboly; Actl; ni8, yielded the following
segregants with respect to resistarice and requirement for nicotinic acid: sensitive,
nicotinic acid independent, 83: sensitive, nicotinic acid-requiring, 98; resistant-
nicotinic acid independent, 171; resistant, nicotinic acid-requiring; 0.
Segregation of resistance versus sensitivity was in the expected™1:1 ratio; among
the sensitive segregants, nicotinic acid requirement versus Independence segregates
as expected. Howaver, there was a total absence of the resistant and nicotiriic aci-

Malachite green (mg./l.)
Yellow conidia (9,)

\\
Y
40 -
WX\X\ /
g »
/
20 / 4

1 | ] L...J
0 200 400 600 goc o0
Acriflavine (mg./l.) Actidione (mg./1.)
Flg 1 Fig. 2

Fig. 1. Additivity of acriflavine and malachite %ree_n In inhibition of growth of wild-type
conidia of Aspergillus nidulans. Points represent limits of growth.

Fi?. 2. Asger?illus njdulans: adaptive response of heterokaryons. . O ribol,z' nig8 with
bif; w3; ¢ys2. q, riholy; Acti: nic8 with bil: w3; %32; ®, ribol y; nic8 with bil;
w3! Actl: tys2: x, ribaly: Actl: nie8with bil; w3; Actl’ cys2.

re umn_g class, The most likely explanation, in view of the otherwise normal gheno-
typic distributions, was suppression of nic8 by pf2L. Three resistant segregants
Eote_nnally carr mg nic8, were outcrossed to sensitive, nicotinic acid independent
trains. [n all thre& crosses a 1:1 ratio of sensitive:resistant was found among the
segregants. From two crosses there were no segregants which required nicatinic
acid. “In the third cross, the resistant s_egregants yieré all nicotinic acld independent,
while half of the sensitives required nicotifiic acid, _

Expression of Act| in heterokaryons. Jinks (1952) was the first to demonstrate
adaptive chan?es in the conidial Tatjos of heterokaryans in resPonse_ to changes of
media. The heterokaryons were synthesised from wild jsolates of Penicillium. “Some
relatively complex situations have been explored in heterokaryons of Aspergillus
nidulans (Pontecorvo et al. 1953; Pontecorvo, 1963?), but heterokaryons halanced
on nutritional mutants are generally unsuitable for the exploration of a gradual
%%%%%vc% change. Actl, because of‘its semi-dominance, suggested an alternative
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The following four heterokarvons were established on minimal medium:

1 riboly; nic8 +hil: w3; cys2:

2. 1iboly: Act1: nicB+bil: 1v3: cys2:

3. riboly, nic8 +hil: w3; Actl; cys;

4, nbol{y, Actl: nic8+bil: . 3; Actl’ 02 _ _

Each heterokaryon was subcultured by transfer of mass hyphal tips, to dishes of
minimal medium with various concentrations of actidione.” Conidial ratios were
determined for these heterokaryons at each actidione concentration.. Conidia were
randomP/ sampled from all areas of each. color%/; the ratio of white:yellow was
determiried by platmg at |east 400 conigia from each heterokaryon, The results
(Fig. 2) show'a clear adaptive response of heterokaryons 2 and 3. This response IS
reversed by subculture from actidigne back to drug-free minimal medium. Sl|ggt
differences’between heterokaryons 2 and 3 in their degree of response may well™be
due to differences in residual genot}/pe. The change in heterokaryon 4, at the highest
actidione concentration, s probably due to sam Ilng error. Thé plateau reachéd by
heterokaryons 2 and 3 presumably reflect the nu

_ _ ritional limits of each hetero-
karyotic Combination.

DISCUSSION

Multi-step or non-genic adaption. Malachite green was chosen for the major part
of this work, its.choiCe being dictated -bﬁ the faCt that one-steg muéants \Were avall-
able for comparison. Furthérmore, Wild & Hinshelwood £l95 ) and Bartlett (19593
had shown un?al adaptation to brilliant green whose structure is c.osely relate
to that of malachite ‘green. Polygenic rsistance is already known (Cavalli &
Maccacarg, 1952 Hotcfikiss & Evans, 1958). Non-genic resistance has been shown
for several inhibitors in a variety of organisms gee for example Dean &Hinshelwood,
952,1954)- although such adaptation has had a controversial history, it now appears
likely that the pneriomenon can be accommodated by ideas such as those of Pollock
(1953) and Jacob & Monod ,‘196121. _ L o

In the present studies with malachite green and teoqun, neither multigenic or
non-genic increase In resistance emerged at low conceptrations of inhibitor. 1t is
Impossible to draw any substantial conclusion from such negative results; since the
Investigations were laborious and unrewarding they weré not pursued further.
A moré profitable approach to multigenic resistance mqht well be through further
selection from the one-step mutants ut this has nqf yét been attempted. ,

One-step resistance.  Resistant strains of Aspergillds nidulans, each mutant in
a different gene, were readily obtained for each of the five tested inhibitors. Resist-
ance to.so diverse a range of substances shows one facet of the gotent_lal bigchemical
flexibility of the organism. Genetically determined resistance Is undoubtedlny
achieved through_any one of a variety of mechanisms; this is to some extenit
reflected in the differént dominance relationships found in mutatjons to different or
even to the same inhibitor (Roper & Kafer, 1957). No attempt has yet been made
to pinpaint the bioghemical effects of mutation in the present resistant strains
thoug Indirect preliminary evidence is avajlable in some cases. Resistance to
lododcetate Is of interest since iodoacetate inhibits a wide ranPe ofenzymes. Change
In permeability seems a likely mechanism. However, lod[ strains “did not show
Increased resistance to duoroacetate and they were able to use acetate as sole carbon
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source; an chan ein permeabrlrty would need to be very. hrthy selective. . Resist-
ance 1o rP |uoro envaanrne might arise through modification of an amino acid
activating enzyme (Yanofsky HeIrnskr&Matrng 1961 Lewis, 1963) and this might
also accaunt for suppressronb p21 of nie8” However, it seems reasonable™to
suppose that a mutation leading to such a change would be semi-dominant rather
than recessive. An alternative mechanism of suppressor action, invoking change at
the level of the ribosomes, IS suggested bK the work of Davies, Gilbert & Gorini

. Shikimic aciol is a precursor of phenylalanine and” nicotinic acid (Davis

955) and it is possible to suggest yet anothér mechanism of resrstance and nie§
suppression, hased on the Incréased productron of shikimig acid. Morpurgo (19616
|solated strarns of A. nidulans resrs ant to p-fluorophenylalanine and shiowed tha
some had a gartra requirement for tyyrosine. From a comparison of linkage data
(De Palma Morpurgo, 1963) it see 5 very likely that Morpurgo’s mutations and
ours which have no requrrement or tyrosrne arealelrc I 50, the pf locus pases
afascinating problem of pleiotropic effects differently expressed among non- |dent|cal
allelic mutants. Any explanation of resistance detérmined bar p mustaso take
account of the unexpected cross-resistance to lodoacetate an ctrdrone Actidione
ap ears to block either transfer of amino acids to ribosomes or po lymerisation of

Ino acids (Siegel & Sisler, 19632 Both pf21 and Actl show actidjone resistance
but do not yet give any pointers {0, the mechanisms of resistance. The A. nidulans
mutant alléle m%l and the mutations studied by Roper & Kéfer (1957), confer
resistance to both malachite green and acrrflavrne Malachrte green and acriffavine
are additive in mhrbrtron of wild tYean this mig trndrcateacommon sensitive
site, The non-al ercmutatronsmp and acr2 are srmr lar in the degree of resistance
that each confers but they do not show any interaction m double mutants; this is
In contrast to the sityation in hag gHesser 1963). Annullment of inhibition b
acriflavine or malachite green an be achieved wrth a varrety of nutrients and suc
effects should be mterprete cautrous % nnu mento acrrflavrne Inhibition by
nuclercacrdg cliwain, 1941; Roper & Kéfer, 1957) may be due merely to complex-
Ing of the nucleic acid and acrrflavrne outside the cell. On the other hand, competi-
tion between malachite green and ribaflaving, both for sensitive and mgl strains,
may reflect reIref of inhibition of flavine containing enzymes. Inhibition of such
enz mesb acridines is known [Haas, 1944: Hellerman, Lindsay &Bovarnick, 19462
and alterations mflavrne contarnrn enz mes |s assocrated with acriding resistanc
In pneumocacci (Gots & Sevag, evag 19484, h). Acridines have
now assumed importance as muta ens for ch omosomal and non-chromosomal ele-
ments and it would be partrcularly interesting to elucidate the mechanisms of
resrstance to them.

Th e marn a Iplrcatron of the Aspergrllus nidulans mutants in the present work has
been, for the esent in exploration.” All the mutants, except te 1 which is laorigus
t0 Classify, Erovr de good Selective markers for meiotic and, mitotic analysis. The
present work has shown the ease with which a variety of resistant mutants may be
Isolated: their differing dominance provides useful fléxibility in a variety of %enetrc
studies. Actl, a semi-lominant allele, has been used to show adaptive chaiges of
conidial ratio in heterokaryons. Such changes could result from differential éffects
of actidione on the production of conidia eythe component strajns. But, since
a plateau is reached in each adaptive responsé, it is far more likely that the conidial
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changes reflect changes in nuclear ratio. Balanced heterokaryons of A. nidulans
enefally achieve a particular nuclear ratio dependent on thé component strains
Pentecorvo et al. 1953: Clutterbuck, 1964). By use of the present system it should
e possible to explore the nutritional limits of particular combinatioris of nutritional
mutants, This could offer an approach, in Aspergillus, to the ideas of Kacser (1963)
on rate-limiting reactions.

“We are indebted to Dr B. W. Bainbridge and Dr A. J. Clutterbuck for valuable
discussion and advice on translocations and heterokaryosis. Messrs Allen &Hanbu&y
Ltd. kindly supplied teoquil. We alsp make grateful dcknowledgement ofa D.S.I.R.
Research Studentship to one of us (J.R.W.).
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INTRODUCTION

In preliminary communrcatrons Magnusson Doery & Gulasekharam, . 1962,
Doery, Ma gnusson ene& ulasekharam, 1963) Jt Was reported that toxic pre-
parations from a strai of Staphylococcus aureus (S Pyogenes strain b.s.m. 24
contained two enzymes whrch were separable by curtain electrophoresis.  These
enzymes hydrolysed the phosphatidyl inositols, (phosphatrdyl Inositol and lyso-
phasphatiayl inasitol) and’ sphingomyelin, respectivel )(] |t was also shown that'the
crude toxrcculture fluid hydrolysed lysophosphatidy[ choline. In each case, the mode

%/ rolysis of the phospholipids, was similar to that caused by phospholipase €.

The distribution of these actrvrtres In_toxic reﬁaratrons from a number of
strains of S. aureus was examined. Inositol phospholipase was found n all the
toxic culture, fluids which confained a-haemolysin, while sphingomyelinase and
Iysophospholrpase were found n_all toxic preparations which contained hoth a-
and /?-haemolysins. No phospholipase activity was detected in culture fluids from
non-haemolytic coagulase -Ne atrve strains.

ToxIc preparations from hacmoI%/trc variants of Staph Iococcus aureys which
had arisen from parent a-strains were then examined, |t was shown that the toxic
preparatjons from the at-variants had acquired both sphrngoomye inase and yso-
Phospholrpase activity. To examrne the possrble reIatronsh etween the phospho-

Ipase enzymes and thie a- and / aemo sins, the latter co Ronents were separated
byfractronal precipitation with NHYE 4andchromato %onhg roxyl-a atrte

resent communication describes the mode ofac lon, the pr é)ertr S 2 drs
trrbutr n of the phospholipase enzymes in staphylococcal toxic préparations. The
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relationship of these enzymes to the stathIococcaI haemolysrns will be_discussed.
Evidence is presented to”support the. conclusion that /-haemolysin, sphingomyeli-
nase and lysophospholipase are activities of one enzyme.

METHODS

Staphylococcal toxrc preparations. The toxic Preparatrons were culture fluids of
the orgganisms grown for 4days in saline within cellophane sacs suspended in Dolman’s
broth (Dolmar, 1934). The whole culture unit was agitated on a shake table In
awarm room at 37°:in a few cases, the shake table Was not used, a mixture of
oxygen+ C02(%, vjv 80+ 20) was gently bubbled through the contents of the sac.
ToxrcPreparatrons fromana strarn(Staphylococcusaureus strain s. n 24) made b
the latter method was used for the sep aratron ofenz /Mes b curtarneectr horesr

Toxic preparations forseparatrono te aemol ysrns on rox apatrte col umns
were prepared in cellophane sacs, bubb mgoxgg ;0 vv Arvvg carbogen
forstr)ar cn 96 (a strain) and air for strain 1061-17 (a/%- haemolytrcstrar ofbovine
origin

0 examine_the conditions which favoured the production of phospholipase A,
toxic preParatrons were made from strains %rown directly in Dolman’s broth. in
static cultures (2-7 days incubation at 37 ) a d In 2-4 day’ cultures through which
ar or oxygen + COanrbogen was gently b

Thiomersalate (0-01%, Wiv) was add dto aII toxic pre aratrons _

Buffers, For quantrtatrve estrmatrons of en N?/mes ammonrum acetate
adgusted to the desired pH valye with either 0-3 acetrcacr or -3 m-NHA0H was
used. For chromatography on hydroxylapatite, a stock solution of (-5 M-phosphate
buffer (pH 6-7) was prepared accordrng to Woodin %959) Buffers of concentratins
rangrng from 0-05 m- tg 0-25 M ?hostr ate were made X diluting the stock solution
In Wat ror 0T5MNaCI wrthou fur herp agjustment

apercromat 9%rapy pos|1_3 ipids the methods of Marjnetti, Albrecht,
Ford” & Stotz (1959) were used. For other comﬁounds contarnrn? phosphorus,
descendrn chromato raph mtheso venteth Imethylketone + (;-butanol saturated
with water+» utano n- rgn 100/ formic acid (9+5+1+4 by vol.;
Gerlach, Weber&Dorrng, 1955) was used.

Substrates

Phosphatidyl iiositol. Acommercral reparatron ofsoK bean phosghatrdyl choline
was used as t esource ofthrw F lipid. Thrswas owntg)yt}u nti atrv%g 8
C romatogr éj 2yto have the Tollow ngF rcentage (wiv) composition; p 058 fl r¥
et ano anine. 22%, phosp hatrlr//I choline 28%, ho phatidy [ inositol 20% and

fhosphatrd ino |to 3/0|( aqnusson eta ) For quantrtatrve estima-
tron the'soy b an phatid cornewas homo enrzed In an Omnimixer blender

00 rev./min. fo 5m|n e emulsion was ra sed against, water to remove
so ubIe 8h0 \A}%horus com ounds and the non- drffusr%/1 Phosgholrwused at a con-
centrafi rch reﬁres ntea ].0/(,9 soy bean phosphatid ne/m

SEhrng mze In. This wa?ﬁp %pare from a crude extract of beef heart ( Pang (?
195 rrfredb ethod of Rapport & Lerner (1958). When examirle
erc romah y, the product m ved as a srngle component and farled
nwrth ninhydrin.
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Phosphatrd I cholrne Crude e(_grsg7 hosphatrdyl cholme was purified by chromato
graphy on sil |ca8 Saunders, 1957), and held_in chloro ormsolutronuntr re uired,

Lysophosphatidyl choling. Phosphatrdgcomewaslu posrd tPaseA
prepared as descrined by Doery & Pears n&l%%)éandt eresultantl 50 oslr% atiayl
choline purified as de crrbedb Saun er atrons

sions of Ao o ”am'dart've sty
agueous emulsions of sphin omern osphati comean sophosphat
cﬁolrne were each uged ta%on entratPon op y OPICSPREEY

Human plasma. Thiomersalate (0-02%, wi /2 and erther cobalt or mar%;nesrum
salts were added to citrated human plasma o provide a concentration (0-02
0-04 m) of Co2+ or Mg+ n excess of that of the citrate fons,

Plasma Phospholr Ids, These were extracted from freeze drred crtrated human
plasma with successive lots of chloroform+ methanol The solvent
Was removed from the pooled extracts in a Craig rotary evapora or and the product
dried in vacug over phosphorus pentoxide.

Screenrnq of toxic preParatronsfor phos holrpase enzymes To detect inositol phos-
POl ase oxrc Ourep atrons were placed in'wells o~ 1% (w/v) agar plates con-
aini ? ? soy bean phosphatidylcholine (L%, Wiv) and thio-
mersalate (0 01 A) w/v) Plates’ were incubated dt 37° for periods up to 48 hr,
Opaque areas which surrounded the wells as well as control areas were removed and
extracted twice with 10 ml. chIoroform+methanoI (2+ 1, by vol.) by shaking for

The extracts were rnooe and evaporated tod ness at 45° ungér a stream of
air and reconstrtutedr chloroform + ethanol(l K . The extract was
analysed for phosphorus, and samples containin Pd phosphorus were examined
for Phosnholrprds by paper chromatography. The relative loss of phosphatidyl ino-
sitol in toxin-treatéd’ substrate compared with controls indicated specific ‘action
on_the phospholipia.

Todetectsphrngomyelmase n}/sophospholrpase and phospholipase activity, 05 ml.
of the toxic preparation was nfixed with 1 ml. human plasma. and shaken at 37°
for perrods UP to 48 hr.. The mixture was extracted twice with chloroform + methanol

1, by vol) by shaking for 1 hr, The pooled extracts were treated in the manner
descrrbed for'thé detection of inasitol phospholipase; loss of phospholipids indicated
the Ioresenee ofthe respectrve enzymes. Whena reIatrve Increase in lysophosphatidyl
cho Ine occurred, th epresence of phospholipase A was indicated.

Estimation_ of mositol. phospholipase, sphmgomsyelrnase and | sophos holrpase
activities, Mixtures of 0-2 ml. toxic Preparatron 058 olip emu sron and
(-5 ml. 0-3 M-ammonium acetate buffer ER Jcontamm 1% (wiv) thiomersa-
|ate were shaken at 37° for 25 hr. After the addition of 0-25 ml, albumin (5%, wiv
-5 ml. of trichloroacetic acid ;TCA 20%, wiv) was added. The precipitate wa
removed by centrifugation at OOOOg or 30mi. In apregaratrve ultracentrifuge
at 4°, Samﬂles were vaporated in g Doiling-water bath in a stream of air and ana-
lysed for phosphorus. Relative activities Were expressed as /;moles phospholipid

fydrolysed/ml. toxic preparation in 25 hr,

Determrnatron of the end products of inositol phospholipase, sphingomyelinase and

sophospholipase
1yhe product contamrrg phosphorus.  Inositol Phosphate was detected by paper
electrophoresis in the TCA supernatant fluid of the reaction mixture after removal
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of the TCA by extractron wrth drethglether Paper eIectrophoresrs wag done with
a Sp:nco hanging strip cell, t400V. fo errosupto hr, with pyridine
+acetic acid+ Water (54 l y vol ) as the puffer. Dextran was used as
a control for electro-osmosis. At the canclusion of the run, the paloer Was treated
orthe detection of phosphorus (Hanes & Isherwood 1949% Inositol phosphate and
th eroghosp hl choIrne were useq as markers. For sp rngomyelrnase and lyso-
ospholipase, i eac Case a zero-time reaction mixture and orie which had been
d owe 10 proceed to completron were freeze-dried, further dried in vacuo over
silica Pel then extracted with chloroform. The residues were exiracted with water,
Samples of the chloraform and agueous extracts were analysed for phosphorus and
examined by paper chromatography.
Livid, reaction products. Reaction mixtures which had proceeded to completron
were freeze-qried and the product extracted three times wrth3m| ight petroleum

h 40-60°). The pooled extracts were dialysed in a rubber mem raeagarnst

%t etroIeum as escribed by van Beers, de Iongh&BoIdrngh (1958). The diffu-
sdte was anayse or ester groups and free fatty acids. In agdition, m the case of
g ing omr)[/e Inase, the chl oroform extracts of both a zero-time and a completed

action rxture were anal sed for nitrog en In the case of | sophospho Ipase,
ester group analyses were carried out on srmr ar chloroform extracts,

Medsurement of haemolytic activity. Erythrocytes from crtrated rabbit blood. or
defibrinated sheep blood were washed 3 times with NaCl (0T5 ) and a suspension
of them (2%, v/v) prepared in this saline or the appro rrate diluent. For the
measurement of a-haemolysin, rabbit erythrocytes and crude toxic preparation were
diluted in saline, but when rpurrfred toxic preparations were examined, both the toxic
preparatrons and teeryt rocgtes weredrluted in saIrne ‘phosphate buffer (pH 7);
Jackson & Liftle (L | volumes (0-5ml,) of toxic preparatjon and, rabbit
erythrocytes (2% vv) were rncubated to%etherfor Lhr, then centrrfu%ed briefly to
removeunhaemo sed erythrocytes. One rop, of potassium ferricyanide (1%, wiv)
was added to each samp eofsu ernatant fluld, a dthe extinction read af 630 my.
A standard curve reIatrng extrnctron and [percentage haemolysis was obtained from
appropriate dilutions of blood in water.  For 5-hagmolysin sheep erythrocytes and
Clude toxic preparation were drluted in salime. Purified foxiC preparation was
diluted n bovrne serum albumin (0-2%, wiv) in saline, rvrng approxrmately SIX-
fold activation. Equal volumes o toxrc preparation and shesp erythrocytes were
rnoubated together forlhr then held for 30 min. rn an rce bath at 4Cbefore estr

t]nlgt epercentae aemol srf In the manner escrre fora a(emo(ysrn

aemo sins, trie_dilution of toxic Ipreparatronwrc produced 50% aemo
ysrs was determned. The reciprocal of this dilution was taken to be the number of
units of haemolysin/ml.

Staphylococcal antitoxin. This was a commercial rﬁroduct prepared inthese Labora-
hh”rese rt}rzusrngamrxtureottoxrr:preparatronstro a- and a/?-stra:ns as immunizing

Antr enic components. These were detected on Quchterlony plates in which toxic
pre arations at protein concentrations of 0-5-1 mg./ml. were diffused against staphy-
ococcal antitoxin at appropriate dijutions.

Protein concentration. The extinction w%s measured at 280 m/i and calculation of
the protein concentration was based on the assumption that was 1-0.
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Analytical methods. Phosphorus was estimated by the method of Brown (1954);
ester groups by the method of Shapiro (1953); nrtrogen bya micro- Kjeldahl procedure.
Fatty acid was estimated by titration against NaOH t L n), }/ using a Rey berg
ultrdmicroburette with thymol blue as indicator, Pro eolytrc ac vr was defecte
In toxic preparations byamodrfrcatron ofthe metho of evg oxrc repara-
tions were placed, in wells onoates contarnrn%ge atine (0-5%, wv ) in sal rnea ar
The plates were incubated at 37° for 24 hr, then asaturated solution of HoCI2in
10% HCL was poured over the agar. Cl ear 70n6S around the wells indicated proteo-
Iytic activity. Lrnase activity was detected by the yrolysrs of maize ail in‘agar in
plates by thie method oerc ou, Richou, Quinchon’& Pantaleon (1960).

Separatron ofinosito| g ospholipase and sphi gomyelrnase by curtain eIectrophoresrs

£ 10XIn from ta%g COCCUS aureus strain B.S.M, 24, was a?/sed agarnstverona
buffer H §-6; U ectro‘ohoresrs was carried out with th esame u fer, ina
Beckm nn/Sprnco continuous flow paper electrophoresis cell, Model C.P., for
44, at 4630 V and a current of 45 mA._ The Tractions were dialysed against
NaCl' (0T5 m) coptaining thiomersalate (001 %, wiv) and analysed for inositol
phospholrpase and sphingomyelinase.
Purification of a- and T-haemolysins from toxic reParatrons of strains cn 56 and
-7 respectrveIY Crude toxic preparation (culture fluid) was freeze-dried,
reconstituted in water to 1/10 of the orrgrnal volume and then centrifuged. By
a procedure essentrally that of Bernheimer & Schwartz 21963) the haemolysins
In the supernatant fluid were partrallu purified yreP fed "precipitation ‘with

(NH 25 Aand final ?Qo btained in a fraction which was soluble in 40% and insoluble
rn 60 0 saturate HA2S04 Th rs ractron was then dissolved in the minimum
vqume of 20% saturated (NHAZS04 and dialysed against 0-05 m- or 0T M-phos-
raate uf er( r067)a Enetedralysed squtron (ialysis residue) was held for chromato-

xylapati
e d{rox apatrte was nrepared by the method of Tiselius, Hjerten & Levin (19562
wrth the odrtrcatrons ofWoodrn 1959) and Jackson (1963). The hydroxylapatit
columns were 1-8 cm. wide and opfimum separations of comiponents were obtained
when 12-15 mg. protern were applied/cm. herPht of hy drox lap atrte column.  Elu-
tion was contifued with rncreasrng concentra onso p 0 rs&rate uffer, and rnaII
In the case ot/LhaemoI sinwith bufferin 0 10f eluates (2 ml. was
read then thiomersalate was added to each eIuate toOOl% (wvz In the case of
IJ- acmoIYsrn bovine serum albumin was also added (final concentration 2%, wiv)

as a stabilizer.

RESULTS

Mode of action of rnosrtol ghos holrpase sphingomyelinase
and lysophospnolipase
These enzymes were shown to have a common mode of action, With each enzym
phosphorus Wwas found in the TCA filtrate from the reactron mixture, With in srtol
Bhospholrpase the 8hosghorus W3S contrrbuted bg a single compound ang icentified
v paper electrophoresis as nositol phosphate. rncet IS enz me was Inactive on
wrrtr dphosphatrd Ingsitol, no uantrtatrve (g) sg orys halance was attemPted
both shrngom%/elrnase and’ lysophospholipase, all the phosphorus of the
chloroform extract of the zero-time reaction mixture was found in the aqueous
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extract of the reaction mixtyre which had proceeded to completion (Table |a),
indicating complete hydrolysis of the substrates. With hoth enzymes_the phos-
phorus i the latter extract was contributed by a smgle phosphorus-staining com-
pound, identified by paper chromatography as’phosphoryl choline.

Table 1 End-product analysis of staphylococcal sphingomyelinase
and Iysophospholipase action

(a) Distribution of phosphorus in zero-time and complete reaction mixtures (18 hr),
expressed as a % of total phosphorus of the zero-time reaction mixture.

Phosphorus (%)

Reaction ) ,
Enzyme time (hr)  CHC13extract Aqueous extract
Sphingomyelinase 0 96 4
18 2 93
Lysophospholipase 0 97 3
YSOROSPAOTP 18 8 100
@ Lipid reaction products. Recgvery of nitrogen and ester groups in chloroform
extracts of zero-time and complete (24 hr% reaction mixtures.
Reaction Nitrogen Ester
Enzyme time (hr) (%% (%:
Sphingomyelinase 0 100
2 110
Lysophospholipase 0 100
ysophospholip ol 8

When_ the reaction mixtures were dialysed against light get_roleum, esterified
fatty acids but no phosPhoru_s were found In diffusates OF reaction mixtures con-
taining the phosphatidy! inasitols or ysoRho_sphandyI choline. No free fatty acids
were found. In addition, with lysophospnolipase the ester group concentration of
the chloroform extract of the completed reaction mixture {24 hr) was unchanged
from that of the zero-time mixture (Table, 16).

In the case of sphmgomYeImase, he nlt_ro?en of the_chloroform extract of the
Zer0-time sample was com eteIY recovered in the_chlorofqrm extract of the reaction
mixture wh|ch|had roceeded fo completion. Since no free_fatti acid was found

and phosphoryl choline was the only reaction product containing phasphorus, the
total r_ecove% of the nltrog_en in the chloroform extract 1S in eeplng with the
formation of N-ac Islg)hlngo_me. No estimation of the N-acyl roulo was attempted.

From the above observations, the following mechanisms, each like that of phos-
pholipase C, are indicated:

phosphatidyl inositol +HD) - >diglgceride_+inqsitol ohosphate
sphm%om intH) =~ - >N-a gl sphlngosme+phosr£hort¥l choline
ysophosphatidyl choline + HA) ----- >mondglyceride + phosphoryl choline

Properties of the enzymes

Optimum pH value of reaction. Figure 1 shows the relationship between the
Jymoles phospho”}pm hydrolysed and "pH value for each enzyme. 1t can be seen
that the optimum activity of the inositol phospholipase was at pH 4-6, while the
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maximum activity of the sphingomyelinase and the lysophospholipase was at
pH_7-5.

Qptimym temperature of reaction. Inositol phospholipase showed little chan?e n
activity between 20 and 40° but rapid loss of activity occurred at temperatures
glc)a\\//etyztgear %ﬂh sphingomyelinase and lysophospholipase showed maximum

175
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Fig. L. Effect OfOpH valueofrncubatronmrxture on the activity of enzymes. 1, inositol
phospholipase; O, lysophospholipase; +, sphingomyelinase.

Fig. 2. Stability of enzymes held at 100°. Toxic preparation at pH 7-2, was held in
s led ampoules at 100 for the times indicated and enzyme activity then determined.
0, lysophospholipase; ¢, sphingomyelinase.

Q_’LQ

Stability to heat. Owrng to the limited amounts of fractions available from the
curtain electrophoresis of crude toxrc gregaratrons it was not possible to determine
the effect of heat on the inositol p lipase. Figure 2 shows that after 1hr at

33 and 20% of the sphrngom el mase and ysophospholrpase activity, respec-
trve fy of the unheated toxig preparatrons remained.

Effect of enzyme concentratjon and time of incubation, The relationship between the
concentration of enzyme and zhe /imoles phospholipid hydrolysed was linear for the
three enzymes over the ranges used for these experjments, “and ecame t grcally
enzymic, when excess en ryme was used.. A linear relatjonship was found between
trme ofrncubatron and //moles Ehospholr id hydrolysed, over the region where the
reaction was not limited ylac o f substrate.

Inhibition ?fenzyme activi y yylococ%al antitoxin. Figure 3 shows the effect
of commercial antrtoxin on the activities of the enzymes. In-all cases, the relation-
ship between the amount of antitoxin used to inhibit the enzyme and the resulting
enzyme aetrvrt was linear,

ect of metdl ions nactrvrtyofenzymes FoIIowrng the observation b Rotl)rnson
Thatcher & Gagnon (1958) that />-haemolysin was activated by Co+, the followin
tests were madg. Both the sphingomyelinase and lysophospholipase were activate
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% the addition of Co or M2+ Co2t being more effective than M92+ Ca+

Mg

maX|mum activation of the sph m om elinase an e5isop hospholipase betn% 111%

ibited hoth enzymes. thure 4 shows that with equimolar concent ations of
2 similar patterns of activation of both enzy mes were obtained, teaverage

(105, 105 124% and 113% (fl 122), respectively.” No such activation of the
|n03|to r%hosp ol |pase was oun Eqmmolar concentrations of Ca+ inhibited the
sﬁ Ingo %e Inase and the ysoP ospholipase to the same de%ree the average maxi-
um-inhibition being 63%," (51, 69, 73) and 58% (55, 58, 61), respectively.
1-75
1-50 o 150 —
§ 125 ‘g’é‘o 156
= 100 i ~
z 0-75[ < >
£ o050 g 0
0-25 :Ef«; 50
0 10 20 30 40 50 6]0 & 100 -
Units of antitoxin log. conz. (molax)
Fig. 8 Fig. 4

Coa
a

Coa

qu 3., Inhibition of enzyme activity b:y antitoxin, Toxic preparation (0-25 ml.), and
antitoxin (1 ml.:0-50 units) were held at 37° for 45 min. and enzyme activity determined.
D, nositol phospholipase; O, Iysophospholipase; «, sphingomyelinase.

Fig. 4, Effect of the concentratlon of Cag+and Mg2+on the sphingomyelinase and lyso-
phospholipase activities. #, sphingomyelinase; O; Iysophospholipase.

Table 2. Distribution of inasitol phosphalipase, sphingomyelinase and
lysophospholipase among strains of Staphylococcus aureus

_ Inositol Sphingo- L}/]so_-
S. aureus strain Source phospholipase  myelinase  phospholipase

%n ase-positive, haemolytic
aemol tic bovine (4)* + - -
aemogtlc Auman + - -
al7-Laem lytic bovine + + +
%tlase negative, non- _
olytic milk (1) - — -

air (1 — - -

human (3)

* Figures in parentheses represent the number of strains examined.

Distribution of enzymes in staphylococcal toxins

Table 2 shows the distribution of pho fhol Sneeltse enzymes in toxic preparations

from a number of a/i-strains and a-strain

hae

hylococeys ayreus, and also non-
molytic coagulase-negative strains. It can be seen that inositol phospholipase C
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was detected in strains WhICh produced 8- haemolysm while sphingomyelinase and
MSOp 0sp 0| ase were_found only In strains, which also produced /- haemoIYsm

hospholip ase activity was defected in culture fluids from the non-haemolytic
c0a uIase negat|ve strains.

Table 3. pistribution of enzymes in toxic preparationsfrom strains
of Staphylococcus aureus and their variants

_ _ Ingsitol Sphingo- Lyso-
S. aureus strain Haemolysin ~ phospholipase  myelinase  phospholipase
No. Il a + - .
Variant ak + + +
No. 1873 + - -
Variant ak + + +
Wood a + - -
Variant ak + + +
No. 2063 a + - -
Variant ak + + +

Table 4. Production ofphospholipase A in toxic preparations obtained under
different cultural conditionsfrom strains of Staphylococcus aureus

Culture conditions

Bubbled with Haemolysm activity
0o . elyinrotytes
S. aurels (0% +20%, v EVIDE ) ohospholi
strain ( \?/v) ; Air Not bubbled  Rabbhit Sheep\ osppdlpase
709 2;davb i 128 350 +
incubation
2 10 .

-da
incgbadon

2-day 8 40
inctbation
-day 12 150
inctbation
1061-17  2-day 128 350 +
inctbation
day 2 10 -
incbation
-day | 600 600 +
inctbation
2-day 3 40
incbation
-day 32 280
incUbation
600 +

day
incubation
Table 3 compares the d|str|but|on of phospholipase enzymes in toxic preparations
from parent a-strains and th e|r haemoIKnc varlants wh|ch arose during normal
subculturing. In all cases the variant w |ch acquired the / haemolyt|c charac-
teristic alsg™ acquired sphmgom elinase and sophosphohpase activity. The no-
sitol phospholipase was found.in toxic prepar tions from both parent and variant
strains. Phos hollpaseAacnwt m cu ure fluids of two strains %rown under
various conditions 1s shown in T The enzyme was detected only In culture
fluids which had //-haemolytic actmty equal to 0r greater than 350 units/ml;
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Separation of inositol phospholipase and sphingomyelinase by curtain electrophoresis
of toxic culture fluid from Staphylococcus aureus strain b.s.m. 24

The activity of inositol phospholipase and _sthgomyeImase in the curtain electro-
phoresis fractions is shown in Fig. 5 where it can be Seen that these enzymes were
separated from one another, with"some overlap. The fractions were not examined for
ly o?_hosphohpase act!wtg, but all subsequently examined prreparanons of sphingo-
myelinase have contained lysophospholipase activity also. The fractions containing
inositol phosiphohpase were used for all the quantjtative studies of this enzyme;

since 1t was found only In very low concentrations in crude toxic preparations.
30 —H12
2.5+ 410

sphingomyelinase.
pg. P/ml.[2-5 hr x 10~2 for

ug. P/ml./2-5 hr x 10-5 for

o~
Units/ml. x 10® for f-haemolysin.

3 N
0 10 20 30 40 50 60 70 80
Eluate fraction number Eluate fraction number

Fig. 5 Fig. 6

Fig. 5. Activity of sphingomyelinase and inositol phospholipase i
phoresis fractions. Electrophorésis was dong in veronal bytfer spH ﬁﬁl
|

n

pase.

and 45 mA for 4 hr at 4°. «. sphingomyelinase, 7, inositol phospho
h lgléﬁ)ZSM a

Fig. 6. Chromatography on hydrox Iafatite of 35 mg. protein of t eﬁ fr

from Staphylococcts aureus strain 1061-17. EIutm% buffer OOSM? ate FpH -
at arrows eluents were changed successively to 0075m, 010m, 015m and finally
0-25M- hosPhate ng 6-7)+ 0-15M-NaCl. A, protein; O, Iysophospholipase; «, sphin
myelinase; 1, a-haemolysin; i, [?-haemolysin.

C n
U002)a
ase

|

S

Purification of fl-haemolysin from toxic culturefluid of Staphylococcus
) . i aureus strain 1061-17 . ) o
Fractionation of /|’-haemol¥sm with (NH4204 resulted in a fraction containin

10,000 umts/mg. 1.2, 25% ofthe original activity. This fraction also contained 20%
of the original $p mgomyelmas_e ac_tmRI. F|gure63hows the results of the chroma-
tography of 35 mg. 0f this fraction in P osphate buffer (pH 6-7) on hgdrox |apatite.
THis procedure was very similar to the one used by Woodir _g1952 and Jackson
(1963) and resulted in 50% overall recover)(_ of the protein. This wag eluted In two
main peaks and some minor ones. Proteqlytic activity was eluted with the startm_g
butfer, in this case (Mbm, and the activity app(ommatel}g followed the protei
concentration. After the buffer was changed to 0075 m, a-haemolysin wes slowly
eluted and continued tq be eluted with slightly greater activity after the buffer was
changed tg 0T m, maximum activity being found in eluate fraction 42. When the
eluti q_buﬁer was changed to 0T5 m a minor protein peak occurred and low con-
centrations of a-haemolysin continued to be eluted.

lysophospholipase.
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The second main protein peak was eluted with 0-25 M-phosphate buffer in 0-15 m-
NaCl, maximum protein concentration occurring in eluate fraction 70. This peak
contained the /J-haemolysin, sphrngomyelrnase and lysophospholipase activities, all
three of_which followed symmet cal” curves, with maximim activity in_eluate
fraction 72 in each case. The Jhaemolysrn actrvrty of thrs eluate was 37,000 units/
mg. rePresentrn? a four-fold. purification. Sphingomyelin was hydrolysed more
readily than was fysophosphatidy! choline. When the homogeneity. of eluate fraction
12 wds examined”on Ouchterlon plates asrn%Ie line was ontained at a protein
concentration oflm ml., but fter7dasa econd drﬁuse line aﬁpeare Thus
a correlation, which had been indicated ga variety of arné)roac es, has been
established between hrn%omyelrnase lysophospholipase and a highly purified
preparation of /J-hagmolysi

hen the eluates in the mrnor ?rotern Reak eluted with 0-15 M-phosphate buffer
were berng studied, an additiona ghos oll ase was |dent|f|ed when the elyates
were incubated with plasma. [.oss of phosp atr | choline and an Increase in lyso-
phosphatidyl cholrne was readily detected wrth eIuate fractions 44-66, This indi-
cate phosnhoerase A activity and provided the first evidence that this enzyme
Was Rresen in the toxic preparation. All the eluate fractions subsequent to nd. 66
aIso ydrolysed phosphatidyl choline and, beginning with eluate fraction 68, hydro-
aycsﬁr Iof lysophosphatidyl choline also occurred In the region of /J-haemoalysin

It has not been é)ossrble completely to define the reqron of phospholrpase A acti-
vity. Slight hydrolysis of purrfred phosphatidyl choline was detected }/ aper
chromato aph after Incy atron for 48 hr with eluate fractions 44-60 wrhwea
but maxr um actrvrt with eluate fractions 53-56. Ester group analysis of this
system djd not rqrve consrstent results. Without further evidence dependent on
uantrtatrve ana Vi, It s sudgested that the hydrolysis of Phosphatrdyl choline in
plasma, by eluates which contdined Iysophos%holr ase (eIuaefractrons 68-78), was
due to the activation of trace amounts of phospholipase A by the continuoys re-
moval of the end-product b tehrghlzatrve Igso hospholipase. The possipilit
that the phospholipase A was producgd by a contaminantorg anrsmwasconsrdere
However, after exhaustive tests for bacterra urity_at each staqe from toxin
duction to the final stage of purification, thi possrbrlrty was eliminated. Li ase
activity was not found i any'chromatographic fraction,

Purification of cc-haemolysinfrom toxic ‘preparationsfrom Staphylococcus
aureus strain cnob

Fractionation of a- haemol¥srn with (NH42504 resulted in a fractron contarnrng
45,000 units/m 9 1.e. 25% of the orrgrnal actrvrt The |nosrto 0370 orpase WaS
dtecte d qualjtativel 3/ In thrs fraction, On ch omatograﬂ g this
ractron in OlM sphate ufer In the manner described Tor the separation of
- aemoI ysin, 50 ofthe haemo ytrc activit an 34/oo th eprotern applred 0
the coumn Were eIute in three Well separated peaks. Two of these were eluted
successrvegwrth the startrng ouffer an contarned roteolytic and a-haemolysin
actrvrtresrspectrve Lipas actrvrtgwasfound inthe third" peak, which appeared

on ¢h an%mg theeu( g uffer to
Consiterable puritication of a-haemolysin was achieved, the activity of eluate
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fractrons near the top of the peak berng 72 000 units/mg. When the eluate containing
the highest concentration of a-haemolysin was examined on Ouchterlony pIates
at a protern concentration of 0-5 mg./ml. a single reaction line was obtained: n
other lines appeared after 7 days. However, a second diffuse line was seen when aII
the eluates on this_peak were pooled, concentrated with some loss of activity and
examined In a simifar manner at 1 mg, ﬁrotern/ml

Exhaustive tests were made to trace the inositol phospholr ase actrvrt throu%
out the purification. The eluates of the three respective ea were pooldd, concen
trated and tested for this enzyme. No concentratrono t eactrvrt was detected
While the enzyme was detected in the elyates of the a-haemolysin cpea treated in
this way, the ‘activity bore no relationship to the a-haemoly srn a trvrty No_en-
hancement of actrvrt% was obtained when various mrxtures of these p paratrons
were examined for the enzr/me In the alsence of further purification and the
failure to obtain enzyme activity when E)urrfre ghosphatrdyl Inositol was used as
substrate, no further'work was done on this phospholipase

DISCUSSION

The properties, the distribution in toxi¢ culture fluids and the separation of the
enzymes described above Show that the rnosrto é)hosp olipase, sphrngom elinase
and lysophospholipase activities are those of two enzymes, each with a mode of
action like that of phospholipase C. Whereas the rnosrtol phos holrnase Was separa-
ted from sp rngomyelrnase bly curtain eectrophoresrs no separation of sphingo-
myelinase from’ lysophosph IEase has yet been achieved. The curtain electro-
phoresis fractions whrch C ntar d the Inasitol phospholipase were not homogeneous
and further attempts to_isolate this enzyme from toxic preparations by chfomato-
a hr( on hydroxylapatite were not successful. No.carrelation was fodnd between

e activity of this enzyme and that of a highly purified preparation of a-haemolysin
or of any Other component of staphylococcal toxic preparations.

The s prngomtye inase and lysophiosp ordase were Rresent in crude toxic culture
qurdsrnconsrde ably higher cancentrations than was the inositol phospholipase, and
purification_ of the_former enzr(mes by chromatography on hydroxylapatite was
readily achieved. The distribution of these enzymes in toxrc yreparations from
varjous sources and the effect of metal ions mdrcated a correlation between therr
actrvrtg and that of [Miaemolysin. Thrs was confirmed bX the rE)reParatron ofhi
purified /Miaemolysin which”contained shrnqom erns ase
actrvrty Further, the sphrngom¥elrnase and lys p 0sph orpase ac IVitl s o the
C romato?ra hg eluates closel olli)wed that “of /Miaem I:ysrn rather than the
concentration Of protein, whrc itself was heterogeneous 6).. Thus until /
haemolysin and sphrng1 myelinase and Iysophospholr ase actrvrtres have been
separafed from one another; these may be arded asatrvrtres of one protein. Th
0 ntrfrcatron of this enzymic actrvrt with™-hagmolysin is In_keeping with the
re erentraI haemoly srs o shee eryt rocytes vather than rabbrt ery throcgtes boy

|aem rr%/srn srncet eseeg esc?ntarnasrgnrfrcantg %her copcentration of

mgo ernthan otherb It ces(de Gler & van Deene
|pro perties of the staphylococcal phospholipase C enzymes ma @ interes tng
compa sons with the phosptolipase C enzymes from other sources. Unlike th
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phospholrpase C of CIostrrdrum wechii, no preferentral hydrolysis of phothatrdyI
choline or phosphatid g/ ethanolamine Cythe staphylococcal enzymes was observed
The oRtrma H valué for the staphylococcal enzymes sphingomyelinase and lyso-
phosp oIrpase Was in eac case nearP which happens t0 be’the optimumde-
scrrbed or the hos olipase C of Cl. welchii ((jMac arlane & Knight, 1941% The
rnosrto os o rpae which rn every case hydrolysed I_yso(grhosp atidyl inositol
as well ast edraoy compound, had &n optimum nearP close to fhat of the
enzyme Inrat live gH 54)9wh|ch also hydrolysed both these phospholipids (Kemp,
Hiibseher & Hawth

In a former communrcatron SMagnusson et al. 1962), a pho roholrpase A was
reported In a staphylococcal toxic pr ,oaratron from a ureastrar cn56 0 Stao
lococcus aureus. Thits qbservation could not be repeated and it was concluded nat
non-enzymic hydrolysis had probably occurred. The separation ofa phospholipase A
In fractions of a toxic preparation ffom an a/?-strain, reported in the present paper,
was therefore of rnterest In_the light of the correlation ,{USt established between
y haemolysin and lysophospholipase, a toxic preparation containing a strong /*
aemoI srn actrvrty would produce condrtrons favourable fo the activation of a
nhosph o]ase A econtrnuous yro ysrs of lysophosphatidyl choline by the
Xsophos olipase of /Lhaemolysin would vourthe production of a phospholipase

rovr mrq resh substrate for the lysophospholipase.

ally, Tike other phospholipase enzymes (Condrea, de Vries & Ma er 1962
ose studre here were more active on native substrates than on purifie POS o
Ipids, It mrPht well be that the relative activities, of these enzymes in vitro might
hear little refationship to those elaborated in the living animal.

Our thanks are due to Mr W. Dickson, Mr W. Gorski, Mrs |. Gunn, Mrs H.
Bennett and Miss P. Russell for their valuable assistance during this work.

ADDENDUM

We thank Dr A. W. Jackson of Laboratory of qu(ene Department of National
Health and Welfare, Ottawa Ontario, Canada, for rndl makrn avar abIe to us
asmal sample of purified /f-haemolysin rorepared ycromatog g
a atite, hrswsfound on assa oco tain 25 units, The phospholi ase ac vrty
trs sample was examined, wrt plasma as substrate. It was found to contain
both sphrngomyelrnase and Iysophospholipase.
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