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Foreword

This book 15 a record of the proceedings of the second symposium
on psittacosis held 11 New York Caty on February 16-17, 1956 Lake
the first symposium of 1933, this second sympostum was carried out
under the auspices of the New Jersey Agriculeural Experiment Station,
Rutgers University, and was made possible through the generosity of
Mr. Gustav and Mr Max Stern, and Mr William Qdenwald of the
Hartz Mountain Products Company of New York.

Dr F R Beaudette, who arranged both symposiums, and who was
the guiding spirit responsible for their ultimate success, died before
he had completed the editing of the proceedings for this second volume,
and before 1ts foreword had been prepared. Because of this, Dr. Morns
Pollard was asked to complete the task of editing and arranging the
proceedings [or publication, and I have been asked to write the fore-
word, which Dr Beandette would otherwise have wntten 1 attempt
my part of the assignment with a large feeling of inadequacy to do the
job as Dr Beaudette would have wanted 1t done

Thas second symposium on psittacosis constitutes a natural extenston
of the matenal reported 3 years eathier 1n the first volume The matter
of the duagnosis comes m for extensne connderation, as well as does
the relanvely new public health hazard posed by arnithosis infection
n domestic fonl, especially the curkey With the recognition and de-
Lineation of this new health hazard for man has come an increased
nterest 1n the p lity of ¢ lling avian both 1n psst-
tacine birds and 1n domestic fowl, by the judictous use of the vanous
broadspectrum anubiotus Several imestigators report on the use
of chlortetracychine - successfully treating avian nfections  These
findings, together with Federal control measures that have been pro-
wulmied. male 1 appear hikely that progress 15 bemng made in handhing
the human health hiard presented by infected birds, and that the situ-
aton 1s not hopeless




vi Foreword

While the first symposium was rather strictly limited to a discussion
of pstttacosis, the second one embodies a broadening of interest into
the field of ecology of disease in general. Presentations by Drs. Dubos,
Huebner, and Shope deal with these broader considerations and, to my
mind, the inclusion of these more general topics enhances the over-all
interest of the Sympostum Dr. Baker's report on the infections of
mammals with members of the psittacosts group of viruses serves to
relate the more general ecologic papers with two dealing specifically
with the epidemrology and ecology of avian psittacosts given respec-
tively by Drs. Steele and Scruggs, and by Drs. Meyer and Eddie.

To me, and [ believe to other participants n this second symposium
on pstttacosis, one of the most stimulating aspects was the active par-
ticipation of Dr Karl F. Meyer His colorful and exhilarating presenta-
tions on the ecology of avian psittacosis and on the chemotherapeutic
control of psittacosis i parakeets were hugh points of the sympostum
Dr. Meyer has done such a t dous amount of ling and
original work in the field of psittacosis as to make him, by all odds, our
greatest authority. Though the pre-emnent posttion of his work in
this field is well recognized, it takes on force and clarity by being pre-
sented by Dr Meyer himself and, 1n this regard, participants in this
Symposium gamed much in having him there to take an active part
m the discussions

When one considers that had this symposium dealt with the viral
encephalitdes, syhatic plague, the leptospiroses, or botulism, Dr
Meyer could have played the same leading role that he did in the
Psittacosts Sympostum, one can only wonder at the breadth of anthori-
tative hnowledge and experience he has achieved during an extremely
active hifeume of research 1n medicine His accomplishments n so
many different fields can only amaze a person who does not hknow Karl
Meyer well Howeter, to be with lum, even for a period as brief as a
montiy, as I was prrvileged to be on a trip to Russia 2 years ago, enables
one ta understand at least partially how he has accomplished so much
of scientific importance He is tireless, possessed of terrihc drive and
energy. and above all has great eagerness and enthusiasm for new
Lnowledge and original 1deas It 1s little wonder that in the laboratory
his wnterests have been diverse and that he has excelled wherever his
interests have led him And with Karl Meyer, discovery is an ever-
conunming process—~not static, but going on and on His curremly
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continuing work on ormithosis will make stirring subject matter for
reporting to any subsequent symposium that the Hartz Mountain
Products Company's generosity to science may prompt them to organ-
ize in the future,

RicHARD E. SHopE
New York, N Y.
June 12,1957
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Ecologic Factors in Disease







RENE J. DUBOS

Infection into Disease

Dming Tudor times, England was visnted on several accasions
by peculiar epidemics, still umdentified, which came to be known all
over Curope under the name of “English sweating sickness” The
distemper ran an extremely acute course, 1ts morbidity and mortaluy
rates were extremely fugh, but 1t did not strike with equal violence
in all groups of the exposed populations In his celebrated treatise
A Boke of Counseill Agamst the Discase Commonly Called the Sweate
or Sweatying Stckness published m 1552, John Cawus assured tus readers
that the persons most susceptible to the disease were those who led a
dusstpated life, and those either 0o well fed or poorly fed In fact, Caius
was so impressed by the differences in suscepubility among persons
lining in the same locahties that he paid little heed in lus essay to the
degree of exposure to the disease, he emphasized instead the state of
the mdividual at the time of exposure In quaint and prophetic words,
lie expressed hius conviction that there had to be something peculiar
m the bodily constirution to make st fall victim to “the Sweate™: “Our
bodies cannot . be hurt by corrupt and infective causes, except ther
be in them a certan mater apt to recenve 1t, els if one were sick,
al shuld be sich *

Elaborating on John Cams, T shall attempt to discuss before you
tonight the problem of susceptituhity to infection—the factors which
determine whether *our bodtes . are apt 10 recene” the disease

Needless 1o s1y, the clissic mechanisms—humoral and cellular—
mohed m acqured immunity and n allergie veactions play a large
part i decrding the issue between host and parisite, but they do not
account for all the vanations 1o susceptibility and resistance The
physiologic and metahohic state of the mfected indiadual seems at least

3



4 Infection into Disease

as important as his immunologic state in determining whether the
parasite will produce the signs and symptoms of disease.

The case of herpetic fever blisters serves well to bring out the main
aspects of our problem. As is well known, the herpes virus, the micro-
bial agent associated with this common ana trivial Jesion, usually enters
the body early in life and elicits an tmmune reaction which mamifests
itself by the production of neutralizing antibodies. These antibodies
can be detected in the serum of the infected individual throughout his
life, and yet the virus also persists in the tissues often throughout life
Under ordmary circumstances, the viral infection does not manifest
1self in disease because the immunity mechanisms hold the virus in
check; they prevent it from multiplying even though they allow it to
survive. But all kinds of nonspecific stresses can upset this equilibrium
Excessnve exposure to sunhght, nutritional disturbances, menstruation,
fevers of various origins, and many other stresses can cause the virus
to become activated despite the presence of neutralizing antibody in
the serum Thus, stresses can convert the Iatent herpes infection into
the disease, herpetic blisters

The central topic of your conference, psittacosis, provides another
illustration of how physiologic disturbances will often provoke a latent
infection into acuvity It has long been known that the psittacosis virus
can be widespread among flocks of wild or domesticated birds without
causing obvious disease In aviaries of parakeets, for example, the state
of inapparent infection can be achieved by separating the sexes On
the other hand, catastrophic outbreaks of fatal psittacosis have been
observed after male and female birds were brought together, as if the
phiysiologic stresses assocrated with breeding and egg laying had been
sufficient to break down reststance to the virus.

Alany other well-documented examples could be quoted to illustrate
that viruses endowed with potential pn(hogenicity often exist and
persist m susceptible hosts without causing disease, unttl some non-
speaific stress upsets the equihbrium, Furthermore, a similar state of
affairs obtains n the case of infection with many bacteria. fung, pro-
tozoa, and Ingher parasites There 15 no doubt, for example, that 2
very large percentage of the normal population harbors at all umes
virulent tubercle bacilli and Staphylococer Yet disease caused by these
bacteria 1s only sporadic. More often than not it occurs in a severe
form as a sequela to some unrelated dxsturbancc: ‘be 1t uncontrolled
drabetes, von Gierke's syndrome, gross malnutrition, or emotional
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distress Similarly, skin tests with specific Toxoplasma antigen suggest
that 30 to 60 per cent of the normal urban population becomes in-
fected with this p Yet severe toxopl is is rare, occurring
chiefly in the form of abortions, miscarnages, stilibirths, and various
defects in the infants who sunvive, In these cases, the disease is con-
tracted from the mother who is almost imariably in good health during
pregnancy, and who remains a healthy carrier of the protozoan.

Thus, it is clear that the event of mnfection 15 often less decisive as
a determinant of disease than are the varied factors that condition
the manner of response of the host to the presence of the microbial
agent These factors can be considered from many difterent points
of view. Depending upon his interests, background, and experience,
the students of disease will place emphasis in thewr description on the
ecologic, physiologic, or biochemical aspects of the problem I shall
attempt to 1llustrate some of these different approaches with examples
selected from the wide Tange of circurastances that can affect the out-
come of host-parasite relationships.

Nonmicrobial Determinants of Microbial Diseases

‘The Hippocratic teachings have long made clear the importance of
“Arr, Water and Places” 1n the genesis and evolution of disease Ever
since the of the era, these i 1
factors have been of interest to epidemiologists and physicians almost
uniquely from the point of view of transmussion of infectious agents.
Lietle more than hip service has been paid to the influence that they
may have on the receptivity of the host. The well-recognized evocation
of the herpes virus by overexposure to the sun or wind 1s too trinal
and too common an accident to arouse interest and stmulate guestions
Radiation disease, howeser. 1s a more glamorous subject, and its siudy
has once more mide imvestigators and physicians <oncerned with the
fluence that envtronmental factors have on the response of the body
to microbnal agents

Recent experiments have shown that n mice exposed to excessive
radtation the blood and organs are commonly insaded by the bacteria
of the mtestinal tract Indeed, a certan percentage of radiztion deaths

ean b neacenied by the amnla avnadisne of seansine sl ceendoaead
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ances other than radiation: by exposure to trritating smog or to allergic
stimuli, for example. In dogs, there is very suggestive evidence that
abnormal proliferation of the autochthonous flora of the tissues and
intestinal tract can occur as a tesult of extensive hemorrhages or
trauma; this secondary bacterial mvasion probably plays an importans
part in changing the shock condition from the reversible to the irre-
versible state,

Through an irony of fate, it is the use of antumicrobial drugs which
has provided some of the most striking examples of enhancement of
susceptibulity to bacteral mnfecttons, As is well known, vigorous treat-
ment with these drugs not uncommonly results in infection with
various fungi and bactersa of types which are always present in the
ussues but rarely cause disease Moniliasis and staphylacoccal enteritis
are among the most widely recogmzed of these manamade diseases.
Thus, antimicrobial drugs, Iike many other agencies, can upset the
ecologic equilibrium of the body and thereby allow unrestrained and
disastrous multiplication of some components of 1ts normal flora

According to tradition and to testbooks, famne and pestilence
always ride together. Yer 1t has not been easy to obtain objective and
comvincng evidence that a poor nutritional state results in suscepti-
bility to infection It 1s true that the hfe span of infected animals can
be shortened by feeding them vitamun-free diets, but in general en-
hancement of nfection 15 observed onty when the vitamin deficiency
is so profound as to have luttle bearing on what is observed in ordinary
Infe

Oddly enough, there are many well-documented circumstances in
which nutritional deficiencres result not 1n an increase in susceptibility,
but contrariwise i greater resistance to infection. For example, ma-
laral parasites fai to multiply in the rat (Plasmodium bergher) or 1n
the monkey (Pl knowles:, Pl cynomologi) if the dret fed these aniumals
is defictent 1n para-amimobenzoic acid This result 1s not surpnising
since tie plasmodia require the acid for thesr proliferation Although
the parasites may persist 11 vrvo 1 the absence of the vitammun, they are
unable to muluply and to produce discase under these conditions. It
has been suggested that the apparent 1esistance to malania of breast fed
cinldren 1n certain parts of Africa mayv be merely a reflection of the
low concentration or absence of paa ammobenzoic aad m the mik

There are many examples among infections caused by filterable
wiruses 1 which the extent of multphication of the pathogen 1s hmited
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by the hest’s nutritional deficiencies Mice fed diets deficient in thia-
mine, in pyridoxine, or 1 protein arc more resistant, respectively, to
experimental poliomyelitis, to preumonia sirus of mice, or to swine
influenza virus than are muce fed a complete diet. Similarly, the vac-
cima virus does not grow well mn rabbits 1 a poor state of nutrition
or in mice fed a diet deficient in pyridoxine These facts may account
in part for the long-held clinical view that ill-nourished ndividuals
often possess unusually high resistance to certamn viral diseases
It is difficult, of course, to telate 1n a precise manner yvirus multipli-
cation in the mammalian host to a nutnitional defiaiency, since the
deficiency can affect resistance through many indirect mechanisms Of
particular interest, therefore, 1s the fact that the nutritional composi-
tion of the medium can also condition virus multtplication in tissue
culture Thus, competitise analogues of methionine completely mhbit
the development of certain viruses in witro Similarly, the psittacosis
virus can persist for many days without multiplying in tissue cultures
grown in media of certamn composition, viral multiplication begins
rapdly after the proper substance has been added to the deficient media
While 1t has been difficult to obtain objective evidence that speaific
nutritional deficiencies are of much 1mportance m increasing suscepti-
bility to bacterial infection, the role of other types of nutritional dis-
turbances 1s easier to establish, In mice, the mortality caused by tubercle
baalli, Staphylecoccr, Salmonella, or Triedlander bacills 1s very much
greater af the animals have been deprined of food for 30 to 48 hours
just prior to infection A simulir enhancement of susceptibility 1s
brought about when the daly food mtake 15 reduced to 60 per cent
of normal for the same length of tune. or when the complete diet is
replaced by one deficient i some essential amino acid
One of the most mnguing aspects of the change i susceptibility
caused by nutritional disturbances s 1ts rapd development and its
transient character The increased ressstance to siruses, and the -
creased susceptibility to bacteria, which can be induced by food him
tauon or by ammo aad deficienaes, have both been shown to be
rapidly reversible  The response of the ammal to the nfectious agent
returns to normal within a few days 3f the proper amuno acid 1s added
to the deficient diet, or within a very Tew weeks 1f the ammal 1s merely
allowed to achieve some sort of metabolic ady o 1ts 1
food intake.
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Thus it is apparent that the criteria commonly used in nutritional
studies—~composition of the dret, weight and growth rate of the animal,
etc.—are not sufficient to account for the influence of the nutritional
state on susceptibility to infection It is prabable that the effects ob.
served are often extremely indirect and result from transient altera-
tions, of metabolic origin, in the local biochemical environment that
the parasites find 1 the tissues, Whatever the precise mechanisms in-
volved, the fact that breakdown of resistance can occur so rapidly can
probably throw light on many obscure epidemiologic situations, for
example, on the problem of losses incurred during shipment of animals
or following abrupt changes in conditions of husbandry.

There exists the possibility, indeed the likelihood, that sudden nu-
trittonal and other disturbances operate m part through hormonal
channels The effects of cortisone and other adrenal corticoids on
fection have been so frequently emphasized during recent years that
they need not be discussed further at this time. Instead, 1t may be
worth while to point out that other hormonal systems are also involved
1 the response of the body to microbial agents

It 15 well known, for example, that patients with uncontrolled dia-
betes are Inughly susceptible to tubercle baaili, to Staphylococci, and
to other bacteria In contrast, the diabetic individual receiving an
adequate nutritional regimen and wnsulin therapy possesses a normal
resistance to these organisms Thus, the susceptibility of the uncon-
trolled diabetic patient seems to be related mn a reversible manner to
the bwochemical mantfestations of diabetes, these manifestations prob-
ably create an in vivo environment favorable for the survival and mul-
tiplication of microorganisms Let it be mentioned in passing that the
enhancement of mfection caused by intensive cortisone therapy may
also have a biochemical basis By interfering with the inflammatory
response, the hormone certainly affects mdivectly but profoundly the
physicochemical environment that microorganisms encounter at the
site of infection

One of the most mtngung examples of hormonal determmant of
an infectious process is provided by the susceptibility of certain strains
ot mice to mammary carcinoma  As 1s well known, the agent respon-
stble for thus disease among breeding female mice has all the character-
wsucs of a sirus This agent, the Bittner virus, can be present throughout
the ussues of mice and vet cause no sign of disease, and 1n partcular
no tumors, until lactatton begms Male mice never develop cancer
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cven if they carry or have ingested the virus, nor do female mice which
are not under the stimulus of continuous reproductive activity In other
words, the hormonal and other stimuh which accompany reproduction
and lactation are necessary and sufficient to induce the virus to manifest
1ts potenrial pathogenicity. These physiologic stimuli are the factors
which convert infection into neoplastic disease.

Biochemical Mechanisms of Susceptibility and Resi
to Infection

As we have seen, it 1s easy to show that the establishment and even
the persistence of pathogens in animal tissues need not become mani-
fest in the form of detectable signs and symptoms of disease. What
determines whether the infections process takes a severe form nstead
of remaining silent 1s usually some accident unrelated to the event of
infection, the nature of the accident may range from a sudden change
m the weather to an emouonal upset Whereas countiess examples
llustrating this phenomenon can be found 1n texthooks of plant, ani-
mal, and human pathology, there 1s unfortunately but little under-
standing of the precise mechanisms through which the pathogens are
held at bay or of the arcumstances which allow them to muluply
extensiely i vivo

There 15 no doubt, of course, that the dassic processes of acquired
vty play an mnportant Yole m Temistance to nfecnion, bur i s
equally certain that they cannot account for the rapid and reversible
changes caused by all sorts of nonspecific stresses in the response of
tissues to the presence of pathogens Only hypotheses tan be affered
at the present tnne concerming the nature of the other farces which are
mohed

Firse mught be mentioned the existence n tissue cells and body flunds
of a large vaniety of substances which are capable of macinating micro-
bial agents 1 vro Many of these sulstances have been recognized
by biologic tests and a few have been solated and desenibed chemicatly
The most talled about during the pist two years, because the most
recently and thoroughly studied, 15 the serum globulin known as
properdin In assoctation with complement, this substance s actine
o mro agunst a few strams of gram negatne baalle and vruses

Although there 15 some mdicaton tine 0 can alo evert an anti-
mfectious adnaty an 1o, the evidence on thus pont s far from clear
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Two other well-described antbacterial substances should be men-
tioned at this point, namely Iysozyme and phagocytin—proteins which
are active, respectively, against gram-positive and gram-negative bac-
teria. It is not without mterest that lysozyme and phagocytin supple-
ment each other in their antibacterial spectrum. And 1t is also worth
noting that both proteins are most abundantly, if not exclusively,
present in polymorphonuclear leukocytes, precisely the cells which are
responsible for the first defense reactions against bacteria In view of
the tremendous clearing power of the reticuloendothelial system for
all sorts of microbial agents, 1t seems legitimate to assume that the
crrculaung and fixed macrophages and phagoeytic cells also possess
powerful antimicrobral substances; but these have not yet been iden-
nfied
eedless to say, there probably exist other mechanisms through
which phagocytic cells can hold infectious agents in check It has been
well shown, for example, that these cells produce lactic acid through
a very active glycolynic system and that their intracellular #H becomes
acidic tollowing phagocytosss. These facts acquire added significance
from the results of experiments  vitro and in vivo which suggest that
most microorgantsms do not do well under the constellation of circum-
stances known to prevatl in inflammatory areas, namely, reduced oxygen
tension, local accumuiation of lactic acid, and shightly acidc rexction

1t 15 now well established that many types of nonspecific stresses, for
example. those resulting from exposure to raduauon or from uncon-
trolled diabetes, greatly diminish or entirely abolish the power of
pliagocytic cells to kil the bactenia which they have engulfed It would
be of much interest, of course, to know the mature of the changes in
the pliagocytes which are responsible for thus loss of bactericidal power,
but here again knowledge 1s meager In the absence of factual mforma-
tion, some possibilities can at least be mentioned One possibihty is
that the concentration or actnity of the antumicrobial substances in
the cells 1s lower under conditions of stress. The availability of glycogen
mmught also be considered a relevant factor Thes polysaccharide may
become unavarlable metabolically erther because the glycogen resenves
are depleted, as happens m the acute phase of starsation or m certain
toxic states, or because there 15 a biochemical block to its unlization,
as 1 von Gierke's disease Farlure of glycogen utthzation is very Itkely
to interfere with certain steps of phagocytosts, since phagocytic cells
use as source of energy cither this polysaccharide 1self, or glucose
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Increase in concentration of polycarboxylic acids or of Letone bodies
may also contribute to failure, or decrease in efficiency, of the clearing
mechanisms of the tissues, since many of these metabolites can, in vitro,
protect bacteria agamst toxic influences, and probably hase the same
effect in vivo,

It is not difficult to imagine how other types of physiologic and
metabolic disturbances of the host could alter the course of an infectious
process One needs only mention the influence of any change in the
vascular bed on the qualitative and quantitative aspects of the inflam-
matory reaction, or the consequences of activation or inhibition of
the plasma proteolytic system By attacking fibnin and collagen, proteo-
Iyuc enzymes certainly modify ndirectly the structure and physico-
chemical character of the lesion and consequently affect the fate of
the microbial agents that 1t contains It 1s known, furthermore, that
the tonus of the vascular bed and the fibrinolytic actnvity of plasma
can be altered by emotional disturbances Guing freedom to the
imagination, one can begin to visualize, therefore, how events which
have their seat 1 the mind can eventually condition the response of
the body to mnfectious agents

Conclusion

Tt is clear that the course of infectious processes 1s dctcrmmcd not
anly by the virulence of the § . and by
but also by the general state of the host at the tme of \nfection The
practical consequences of this obitous fact have not yet been explosted
because they do not fall teadily within the scheme of thinking and
experumental study based on the present formulation of the germ theory
of discase Most of the practal achievements i the control of n-
fectious diseases have come so far from the appliation and extension
ol the ponts of view developed durng the Pasteur—-Koch era of micro-
Iology These achicvements are the outcome of technics designed
to attack the microbial agents through public health practices, specific
fmmuntty procedures, and chemotherapy It 1s, of course, certain that
these technics of control will remain as frmtful and essential 1n the
future as they hive been i the past But 1t 15 also probnble that more
Tpud progress could be made lmm a broader basis of understanding,.
one 1 which the Pasteur—hoch philosophy would be suppl ted
Iy that assocaated with the names of Danuin and Claude lkmvd




12 Infection into Disease

Through evolutionary adaptation, man and animals have achieved
some sort of ecologic equilibrium with the microorganisms which are
ubiquitous in their internal and external environments. Successful
adaptation is a necessary achiexement for survnval. The equilibrium,
however, corresponds to the conditions under which host and parasite
have evolved together, and which might be regarded as the normal
state In general, therefore, the equilibrium can be expected to persist
only so long as the milieu intérzeur of the host remains constant or at
least within normal limits. Any change in the biochemical environ-
ment of the tissue is likely to provide local conditions which favor the
multiplication of potential parasites, at least for a while. By condition-
ing the composition of the internal microenvironment of the host, the
external macroenvtronment can, in other words, upset the operations
of the evolutionary forces which normally restrain the microbial agents
in vrvo Thus, it is not surprising that the disturbances caused in the
microenvironment by the macroenvironment often determine whether
infection remains silent, or expresses itself in overt disease,



ROBERT J. HUEBNER

Some Implications of New
Information on Viral Infection

Soon after the bacterial causes of respiratory illnesses were deline-
ated, 1t was realized that certan “filterable viruses” also caused such
diseases When the viruses of influenza, psittacosts, and Q fever finally
became known a few years ago, it seemed that the vest of the respiratory
disease problem would be solved without difficulty Only three more
agents—the viral causes of the “common cold,” of acute respiratory
disease (febrile catarrh), and of primary atypical pneumonia remained
to be found.

It was not realized, however, the number that mght be involved.
Indeed, quite recently, Ruvers's Viral and Rickettsial Infections of Man
listed only about 60 viral agents Today, only a few years later, with
the widespread application of new technics now available m virology,
more than 50 addinonal newly recogmized viruses have been demon-
strated 11 man One would be justified, therefore, 1n tiinking that
we now know much more about viral causes of respiratory diseases

T'rue, we do know a httle more But while the problems of isolating
viruses are no longer so difficult to solve, the eventnal solution of the

total problem of respiratory disease 1s now revealed to be much more
complex

The “new" viruses are found with great frequency n the upper part
of the resprratory tract and also 1n the enteric tract They have been
called “viruses in search of disease ” Most of them are lumped under
arburarily selected family designations such as “Coxsackie,” “Echo,”
and “adenoviruses” (APC RI uiruses), 1n addition, there are viruses
such as the Sendhai virus from Japan, various exanthema viruses includ-

7
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ing those reported by Neva and Rake, the virus of cytomegalic inclusion
disease, and many other completely unclassified agents

The discorvery of these new agents has led to considerable Pprogress
n the etiologic delineation of a number of common illnesses It is well
established that 6 to 8 of the Group A Coxsackic viruses cause herpan-
gina, a specific and very common upper respiratory disease of children
with fever and other systemic involvement. Group B Coxsachie viruses
have been shown to cause not only epidemic pleurodynia, but also
nonbacterial meningitis, which until recently was probably most often
diagnosed as nonparalytic poliomyelitis. Some of the viruses in the
“Echo” group, particularly type 6, have also been incriminated in the
etiology of nonbactertal meningius The recently discovered adeno-
viruses (APC-RI), also cause febrile respiratory and ocular ilinesses.
Acute respiratory disease (ARD) of mulitary vecruits is known to be
caused by at lease three adenovirus serotypes. Other serotypes cause a
newly described 1llness, pharyngoconjunctival fever (Greeley’s disease),
and sull other types have been mcriminated mn the etiology of simple
febrile pharynguis and simple conjunctivitis One type has been shown
to be regularly associated with epidemic Leratoconjunctivitis

One of the more obvious opportunities provided by the easy demon-
stration and culuvation of 50 many new viruses is the preparation of
effective prophylacnic vaccines for preventing some of the very common
nonfatal illnesses Last year, our group at the National Institutes of
Health reported a successful test of an adenovirus vacane in which
we were able to show good protection of vaccinated volunteers against
expertmentally induced artacks of pharyngoconjunctival fever. At the
present time, my colleague, Dr. Joseph Bell, and I, in cooperation with
the U § Navy Medical Research Unut #4, are engaged in field trials
of a commercially produced polyyalent vaccine containing adenoviruses
types 3, 4, and 7 These studies are bemng carried out at the Great Lakes
Naval Training Staton, Great Lakes, 1lhnois, and will eventually em-
brace observations on some 16,000 military recrutts, Preliminary anal-
ysts of data now avatlable show that in the saccutated recruits there s
at least a 50 per cent reduction from expected rates of acute respiratory
disease. These results are encouraging. not only because 1t may now
be possible to prevent some of the more severe respiratory viral diseases,
but also because they suggest that sunular vaccines can be made, it 1
proves destrable, agamst ref nes of the other new groups of
agents, such as Coxsackie, Echo, and exanthema viruses.




Some Implications of New Information on Viral Infection 15

What bearing do these new developments have on the total problem
of acute respiratory disease> Unfortunately, despite the notable progress
in finding the etiologic agents of respiratary disease, the cause of most
respiratory diseases must apparently sull be found, particularly the
causes of those respiratory illnesses generally grouped under the term
“common cold.” Of course, a good deal depends on what 1s meant by
“common cold.” To begin with, 1t is not the only term n popular use.
Virus X has some obscure yet special meaning to some lay groups
Physicians in many areas use the terms “virus infection” or “virus” to
characterize what are essentially unexplainable illnesses It seems only
a matter of time before a new virus, known as “virus X2,” will emerge
In my opinion, the term *‘common cold” requires considerable analysis
Some of our recent wark with volunteers has convinced some of us
that 2 Jarge number of so called common colds are not due to viruses
but to other factors, not the least of which are of psychosomatic origin
The nasopharyngeal symptoms of the common cold have occurred in
a high proportion of volunteers, whether or not they received virus-
containing or virus-free matertals Lsaluation of some of these vol-
unteers showed a rather sigmficant assoctation of lugh gullibility
scores in psychologic tests with complaints of upper respiratory illness
Although more work will be necessary to put these observations on a
solud basis, our findings 1n numerous volunteer studies indicate that
suscepnbility to suggestion represents a more powerful inciter of
“runny” noses than any virus which we have as yet discovered. Well-
controlled evaluations of the prophylactic value of common cold vac-
cnes and the therapeutic effects of i have shown that
mocuous control matenals have remarlable effects m the apparent
prevention and cure of colds More significant, perhaps, than the fact
that these control materials seemed to perform quute as well as the
presumably active materals being tested, was the fact that 50 per cent
or more of persons recenving simple saline vaccines and sugar pills in
double-blind studies regularly reported prevention, modtfication, or
cure of colds by these mocuous substances Looslt’s recent studies of
the occurrence of common colds m industry showed that a compara-
tnely small number of industrial workers contmbuted most of the
absenteetsm attributable to common «olds It s cifficult for a virologist
to concenve of viruses behaving 1 so illogical a manner I might add,
as the father of 8 cInldren, 6 of whom are in school that 1 cannot
cs.ape the feelng that there 1s very dehinite association of * colds * with




The Science of Virology

10

SUOS IO JT|N[@ITL
saypoq Kavqusur
-3 Jo uonTunuie
o uxy 1o )
st

anpanup
[GELERTING
12adh3) sTGoun(uo)y

59 s0u dudpe urys
Jo vordzs apmasay

“uojuay juomagduioy

uoNEAENA sy
‘uoutey ooy

UONBA[BAINAU y1Ir L

(NG ]

“uoreay oy
UOHTATNIN sttt
tuonrxy juaaphaey
WOUEZEIHNL Sha A

Pruo)

1I01ue)
{(uon

“Boju BRROLIA

moyy Kjgnso,[) ¢

“uenng quomaduto;)

voUEBAEIINY sty
“uontvy adiio)

UOTEZI[BAIIU sILdr L
“uonuny jusiduioy
uotjeztznan sRIty

suonay ansousieicy

S 1933)) 2108 plo) arjue)
suqdaaug | saoqmlnom sapgy
st
oo s sipduagg s,
S | (g5201201) 1900
sty N ynino g
[t Heawopy | sapnn ¢ bsojy
vuad
“oynay ‘sr faaveg saonholy
widje tw sydmuagy KELLEN
WO olu1y wonsuiaL,

w suonaay[ (wad <,

SasnIA Jewsue dapuasadayl T J(qEL

¢SiPampTr
PN spay
2230 tuayony)y

Spaq put
SERUIVIE pligy

asnagy
PO
“wtgnt oD

Inoj ‘upy

<Gayuogy

spopy
PRNEN Y10

urg

uepy

uspy

uely

el

ueyy
urpy

usyy

ansof[

uepy
ur)g

oy anfugy

spIday sno g

s nuntee wosapug

eATU) Wpvos sodzagy

opduuy saddiagf

st daond smor g
ay
-urgdogud ($nuwinig

-guuds) wureny
LUIRITENY

~opaonp aci ooyt ¢y
el

(g1 #441) naundup
(uwy
~anzaus Ly, Uy
o) S fus

e

dnosd studonu |

anstnagg
daoas orpesor)




Range of Existence of Viruses 11

CH.

uotiuxy Juamoduo)

uonEagn
SIUTA SILTY JU goR|o]
(anpoc
UAMULBAL)) wtiols
-n{out Qe
‘notjnay Wadwe)
saipoq Srmpudut
o Jo uonvugIse
“uonjeay Jawopduo)
SuOO{ U1 I ITIN]

(aanigRa anssty

w jeapa onoje) )

+uonexy Jusutpduod
WO LB pIEY

309} UIYs ‘uoIjEYYy

uawaldiwod ot
-ug uacuanpEtEE
$u0I NNt JEMIITHU]

191 Uiy *uoExy
Juawapdiaes s21poig
Crmqpomal 0y Bunmls

2 u uony
~most Bty ‘noqIY
-u1 nonpUGRRETRwIff

SN UMY
S1Tw [ sl

~v] puv ‘penuad ‘uiyg
0L You

|y e 22 g *onpunep

sapas uiyg
o g
e unluos awodyy

yses uryy

s fpand J0J0J¢

sty
sompon urys

yinows
syous yydoy (s g

oy ras apou
g 201 S,

eoumoud ‘af [

ey
10y
sopnbrogy
oy
R
om0
w0
1oy
ey
omuo)
100

(1eyoB) i)

Pruo)

urgg

Srayuogg
od daags 3od

800 03 pRIEPY

sE)

ey

uepg

uegy

wepg

uEIg

ueg

ur]g

uey

uwg

uepg

(04

uTg

(rmxom) vodwo)
(9Ean1as) ey
1319) MO[PX

unn
-s7jp *aodj[ums) ToMTy

(xod wayor]) v[EEy
wwopul,

(sopsEata
ueuwian) BNy

I 1
°f sad <L) st Smonog

sdurn)g
unserdo3u00 WNIMIOTY

CapeIy

wnaaa
-2 Two[nun.goydur s

(0 L V) Tevanyux



The Science of Virology

10

STOISU[IUL P ITIUL

-9[3 Jo uoieniingEn
tuolieay jusudmo))
uoeA[BINIU sTUrL
‘uohimg Juauidue)

UOHTZI[LIINIML STy
“uonuxy Juawiduo)

UoHTABLNAT SRy
“uonmny pusmadiaey
UONBZILIIAIY StTy
‘woroag Jwmsdiue)
UOIBZUBINA snn s
“uonexy

Sopunep 1m0y

VONRRETTAN ST
“worpuxy rawoduio)

YONRZIENNIT MY
“uonmny juswaldwo)

- wejy stnedoi sroraajuy
{auequr ut e
1oadha) sipvnounfuogy wroy — uEBJ{ | snivounlug wosapup
sopoy Sreyuauy (uay
S48t Puoje urys -29jut goaLIRs
10 vondnia seppisoy | woup fyqso ) 7 — uBpy | (safSusys) 2150z soduag
stBio)s (133
U 113 Atos Py IO — uEIL djduns sadsafT
(SiTmmEm
Pl (spaig
snneadiuy | ssonnbiow sapgy | 1o tuayog)y weyy | sueydarua snep g
gy
iy ¢SPaIq pue ~ydaoua ?uEE.ﬂw_
~oydaatta ‘siiualy SR | spmmes Py uepy I
sdumsn
styBunuayy | (-6203231) PPIUC) asnoJy uey | ~oston> o1 dsoydmly
asfemc suyeydasus
jdwady ) e Furisgy tnbsogy | -urews vy uepy | (g 2dv) oundep
]
-anzansy .Ezmu,,.h
wINSe) sy im
sdorur-oduualg | sagum <ssormbsoyg 1n0) turgy ostoff | -ojeydadua auinbyg
dnoad soyrpeqdasugy
sl
oyna “pEr savag saojubsopg & Cayuagy ey ansua(f
votjeznvaau snaty | ES(ESW SstuSutuapy Weo) — uelg dnoa anaesaaed
soff dolepy wisof -
w ncacswww: 1~.,w4 aty, UOTSAIIBAT, E:EZW.::Q 1sof[ sofefy sty

suonaEay] dtysoutery

sostua Jewiue oAncuasdsdayl 'Y S[qey



-
= uonmy jwwoduio) sopmar urg Loy ueyy pedy {Twins) x0Uno)
s pradusa
— “uf pue gnd wyg Prue) — uvpg (Franuds] SHEAL
voyuapnan o3 Sau
AL AU JO NONTION |-y PR Savi] anpunep ssopnbnory srayuoly wogy 1ap moIx.
(Mapoy o dy s aod

g0y *(urue
-amy) xod (anyy
-be[e xou[uins) POy

tomazng) suers
“nput e aTu
“toymy o) S0t uyg o) | -m03 0 papa wepy
oKy STt

~p jo vonruNnpie

“mouny Jusutduo) i uyg 190y — unpy | (xod uayog) BpALLy

suonmnpit zypavayu] | st unucs swaagy Pauo) — unpy vwoydesy,
(sapaia

U3 mys Vnue) — uvjy uvwsn) PG

(e oty
ur page oo is)
[Siig1]

“onjexy uamapdiues
UOH BT TN BTy sinvjuand sj0]{ 10 — wrg | ] SHSL) SR WO

1001 GIYs ‘uOLBY

Range of Existence of Viruses

Juataapdutss uon
“uy woneuAETeR]L sunoasy 1eue) — wely sy
SuoisnpU Jeju[ U] sofuput a1ys Pruo) — ua]y runsotenos wnasnjjo]y
tanou ut
— spods oy 1su unyS mr) — wupy P
WA Y CHOLTY o
uowapluio) *sNpng unpras apou wnge | o» sEe_:__E.mo_:_L.ﬁ

Cvjuatua]s 10f Bl ] 2apig SRy | () weo) —
— #3a ut vony
o SDION AL SHOIIgH]
T -ur wonwuynpsRwa)f wwowmaud *njg

(31 V) wawanyux

Pruey — uTgy



The Science of Virology

uonemaony wPy

uorye
Y s + (sar
“POY 1aN) wtpag 1
suoisnpup fe[njaornuy

HoRuIL0uT Jan0 g

vorquy
U Hon U g by

199 unyg

OnraBIN sy y
vonziEn oY si30y

"Ny Jususardinory

HONEMI0uL Jpepuyy

Uotjing wounduo;y

———

SUOWIERY axpsoutpig

PP “softorasowayy Bejnay

weadodnay “squayug )

Sth[eqdas

U3 s yered Teoryy {onq) Pejuoy
SBU eounia g Driuoy
SOTTLIOwy 1000

RO sofepg

. uoiss syt g,
Ut SUO T [raid ¢,

(PP Cayuny

P BIA [ uayou) o, e nSvrd jugy

(Bruadoonagued) 1y

- ¥ | -H4a3u3 Sty g aupag
v
207 Jow yny Q| (eigoydorp gy saiqey
(voy
o) jagy Hoqq | pur sumes) adusaystgy

(FMttaur 0150

DU 0] | caombsog sy — 9s101 |- surnba) B dueng
SO | iy o oy — autug IR autng
SR *einad

0N “SaSuyiousyy Vejuay — outag w2101 Sogg

SI0LI3U 43 g =0OUNBSOIY s 350, Ieory dasyg 2195 Sau iy

S otua g sy, e daayg T Sutdnory
FELTISS opeyng (ongmd

93P o uovmm g PRUOY | qu08 sdaagg amey AN Jodiapury
syjesed (tye

1Tty oy uryg B0 | Bop gy « amie) ) saquiopriasg
urys pup (2005 swoyy

OO 610 10 Sap1sg g PEIRY | dsays arag D | -qde) tpuow-pus-yong

_ 7 ——

sisop

PamjeN sayy | °OH Jofepy

snary

CE::.:_SUV SasnuiA Tewug dneuasarday ‘T 9[qe),



13

Range of Eustence of Viruses

ail

SuaBB pup
- sgend sy

vaomnpa avpids,)

norpay 41 st

uoRmIn AT BT
Botsy

4t uotpIInR SIS

ita e woyEAnRYy

nocprutETg Jooj(]
(vorgung 2oigpoggy

SHOSARE L YRGB

€81 O FRI 10T Y D

S jo
wer ppRpTL DY
FTLIT] VOB 0
LM S

sans
-y uAan) e uon
RN Ry

oy W ey
ez uw

ek W 1T AUOEL
pratmpt

e MRty

wosgty

amonrg
uvw
e ot 3y
Jo swaanu Sadimgy

TR U T
w

T 6 BRI
s 0sg

faru g S oSSt
o

g \35) snapnrg

iy

g o SRV Bty

LOHPION U0 TN KIS KIOTBOGT] U ORI ABRILY |

ey’ -

P,

ol apt
Vue,y | e sy nproxiy

oy -
¢ —
PRI o~
UGy —
{uowmar

v qeng
oAy | ) §u0f D) |

e apung
muo) | v wesig

wioy] ooy s

oy | g
(npasuy , “ o) tfc‘

s
| pectastran - egioy | vl < Eoyang, |

g saragy
(o
nundopidrg
(st
WAy pagry

gy

wgny
g

Joumy
sy
Wy

FRTIUNY

BTN

Quq jo pacayivg
(asoapsjod)
anpratl was s g
A S SINOITLG

FHERLEAY
o gy
Swoqmon $J{

o« TENGY NGQRY

 PLIONTS sHOY

ssomang

S AN RN
>

<ot L] R0 AL

stoynay puog

o pang



(Pnp- Soyamy
Hone0uL oy U *aBbtaionsyg TN spa ppryy “WYoR) fuo g anzeyd juo

(Fnadosnouudy gy
- F1a2doIno] sy ERLTTY - 1y RIS SOz gy
uone
Y uaudwion ¢(sor
“BOq 1haN) uimiqy g styaqday www
StoRnpuL Sei10vnay | g s fjeard geon g, ) Loy | \oy 0y ey Q| (eoydoap gy sanqry
(305
UOHa0u q1sa, SO “Towmay, g LN 205 *goyy o7 | puv surns) Sadwogrgy
& a0y 198000 (s1mouT S0ty
8 — BT 0t “sounbsow sany - S40JL |-t o) 910} dirrug
S wonqIy
5 -utvonvunngsens, WA | w30 wian) 3apuq, - aury, Teuonyur gutwy
=2 | H d I o) s y s
= Iedads ‘wigag
S 193 uryg [ ooy *safterpomayy ryu0y — 3utng raagy> Sopp
8 Uonezryney sty SROIN Ja sty s207inbuogy UM e) Juory dsayg 18 ofpen iy
§  vonwzegnon suyy
S cnonmy wsunduiay S0t sy, ey dooyg 1 Suidnory
& FELITINY oeyng (onzepd
@ HOnE[I0m Yiqeuy “$33tp Jo wonsrmyyLy PRIOY | 008 “daag ey ON182) yuaddzaprieyy
= ssapeed pa
= — 18y oy wyg 0 20p o> surug ey PR sorqeiopn ey
uys puz urae (1212) <oy
HOUTNY Juawardwo)) [ roonty 1820 w0 <3150 | PEUO) | daays omrug M) | ~yde) Tmouepus-joa,r

T
B —

Vopf aofepy sisop

U SO oy pend iy, LT

SUOURERYT arysousery

ortus g g, 1011 dofleyy sty

= CE::.::aUV Sasnas [eunue ddneiuasosdayy op aqqey,



a1 Range of Existence of Viruses 15

or angiosperms, have yielded viruses It is difficult to decide swhether
varuses for other plants do not exist or have fatled to be detected
because of limjted knowledge e could reasonably evpect that some
virus discases of yeast, of molds, or of gymnosperms would have been
observed if they were at all frequent.

Among the flowering plants we have most of the plaats of econonie
mmportance  Here siruses probably rank second only to fung as
agents of diseases of practical importance. Virus diseases of such field
crops as potatoes, beans, beets, tobacco, sugar cane, and of fruit crops
such as peaches are among the major problems of plant pathology

Some viruses stand out histonically as particularly fmportant
general virology, apart from any practical importance, because they
have provided model cases on which general prinesples or methods of
virology have been worked out  Thus, the study of the chemistry of
virus particles has progressed mamly through work on some plant
viruses and L iop! The pt h 1 analysis of size and
shape of viruses has been furthered especially by the study of tobacco
mosaic virus and tomato bushy stunt virus  The analysis of virus
reproduction has been carried furthest with bacterophages and with
the viruses of the mfluenza group The study of tumor causation by
viruses has derived much of aits impetus from the discovery of virus-
nduced chicken sarcomas,

Yet 1t 15 essential to keep constantly in mind 1n the study of virology
that no conclusion based on the study of one virus can a prion be
generalized as valid for any other virus  In view of the presumed
heterogeneity of the objects that we call viruses, the greatest caution
must be exverted 1 attributing to any one virus a property observed
in another  This does not mean that we should consider each virus as
a completely distinct entity, unrelated to any others Indeed, we
recognize certain groups of viruses (those of the psttacosis-lympho-
granufoma group, for example, or certam bacteriophages) as consti-
tuting taxonomic groups as vahd as any found m Jugher orgamsms
We must sunply keep m mind that viruses as a group may mclude
things as different i thetr structure, chemical composition, and bio-

logical actrvinies as any odd collection of biological materials selected
on the basis of arbitrary enitenia, for example, all animals shorter than
an nch or all plants with pink flowers
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Table 2. Representative plant viruses

R e

Name of Virus *

Transmssion

Abutdlon variegation
Aster yellows

Bean mosue

Cocoa swolien shoot,
Corn streah

Corn stripe
Cucumber mosate diseases
Elm phloem necrosis
Pea mosuie

Teach mosate

Peach rosette

Peach yellows, litle peach
Potato leaf roll
Potato paracrnkle
Patato virus X
Potato virus Y
Potato yellow dwart
Rice stunt dieare
Sugar beet curly top
Sugar beet mosaic
Sugar cane Fit disease
Sugar cane mosaic
Tobaceo mosate
Tobacco necrosrs
Tohaceo ringspot
Tomato bushy stant
Tomato spotted wilt
Tristeza of citrus
Tuhp break

Turnip sellow mosae
Wheat mosaie
Wound tumor

White flies?
Leathoppers
Mechanieal, seed, aphids
Mealy bugs, carried by ants
Leafhoppers
Leafhoppers
Mechanical, seed, aphids, cucumber beetles
Leathoppers
Aphuds
Aplnds
H

Leafhoppers

Aphids

Mechancal (artifiesal only )
Mechanical

Aphids

Leafhoppers
Leathoppers
Leafhoppers

Apluds

Leaflioppers

Aphids

Mechanical

Mechanical (st 1o roots)
Iectiancal

Mechameal

Thnps

Aphids

Aphuls

Flea beetles

Mechanical (soil ta rootsy
Leaflioppers

* Generally includes name of major host

tumors ( papilloma, fibroma) bave provided an jnvaluable matenal for

the study of the relation of viruses to neoplasms

Virus diseases of

man (over 40 are now known) snclude such major eprdemiologiest
problems as smallpoy, vellow fever, poliomyelitis, measles, mumps,
rabres, and various types of encephalitis.

In the plant kingdom, the absence of reposts of virus diseases m
lower plants (except bacteria) is notsble, Only the flowering plants,
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tmnslup, since most viruses attack many hosts. Holmes (3£I) has
pruposcd a Latm binoral system, stmlar to that used for plants and
animals, and has extended it to include 1II viruses ThCSL would form
an order, Virales, with three subord, h ),
Phytophagmeae (plant viruses), and Zoap]mgmenc (antmal viruses),
further subdmvided into fanulies, genera, and species. The properties
used in grouping and separating viruses into groups are mawnly symp-
toms produced and mode of A major \\ of the
Holmes system 1s the utter d; 1 for the morphological
of virus particles as a enterion of classification Thus, siruses such as
the foot-and-mouth agent with its tiny particles, and the large-particled,
well-charactenzed viruses of the vacea group are placed together 1n
one genus because they attach mucous membranes

In the minds of many virologsts, attempts to set up a complete or

even a detailed system of classifi are not only p but also
misleading  The adoption of Latin bmﬂmmls suggests, by analogy
with plant and anunal , R of y pattern

and of taxonomic hierarchy between viruses and higher orgamsms,
whach 15 wholly unestablished. The attempt to classify viruses about
which httle 1s known, except a description of the disease produced in
one host, leads to an unjustified feeling of knowledge aud full under-
standmg, It would seem better to admut that we know a few things
about a few viruses, whereas many viruses probably exist about which
we know nothing Then we could describe the best-known viruses 1n
terms of their own properties, compare them among themselves, and
orgamze a few mamn groups having as prototypes those well-known
viruses that are clearly distinct from one another One aid m this
process would be the knowledge that virus vanation occurs in the form
of discrete mutational steps (see chapter 15) Properties known to
be changed by a single mutation, such as host range and tissue afinity,
would be taxonomically less valuable than those found to be mare
stable, such as morphology or serological specificity
Some plant virologasts (43) and some bactenophage workers (9)
have reached similar conclusions on taxonomic questions These in-
vestigators consider as the prnimary cntena of natural relationship the
sumlanty of particle size and shape and the possession of common
antigens revealed by serological cross-reactions For example, two
virases such as the tobacco mosaic agent, with rod-shaped particles of
1c size and ¢ and the tobacco necrosis virus,
with spherical particles and a tendency to form crystals, can be used
as prototypes for two groups of viruses, which include strains differing
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CLASSIFICATION OF VIRUSES

The common nomenclature for animal and plant viruses consists m
usig the name of the isease produced m the major host followed by
the word “virus ™ Bacteriophages are named by code symbols (gen-
erally letters followed by numbers, as T1, C16, S13) derived from more
or less accidental laboratory customs, the symbol is sometimes pre-
ceded by the Greek letter ¢  This system of nomenclature, which 1s
not a system of classification and which frankly admits its own em-
pincal, nontaxonomic basis, has worked quite adequately for animal
viruses and for bactenophages, but not for plant viruses. The need
and quest for a lassification, md. natural relation-
ships, has been an ever-present problem for plant pathologists, The
difference may be due partly to a difference 1n scientific traiming
Plant pathol are lly tramned as biologists, whereas anmmal
pathologists are more often physicians or veterinarians Moreover, the
natural relationship among plant viruses 1s of some practical sigmf-
cance, because cross-protection between related viruses infecting the
same plant provides a potentially mmportant defense mechamsm n
plant virus diseases  The increasing realization of the role of reservoir
hosts 1 the epidemology of virus diseases, both of ammals and of
plants, 1s also the for a cl 1zation of
viruses independent of their host range and of the pathological re-
actions of the hosts *

The shortcommngs of all systems of classification of viruses reflect, of
course, our present madequate knowledge of the nature and ongm
of these entiies This makes any assessment of the degrees of rela-
tionship among the viruses bighly problematic  On a strictly- prag-
matic basis, a provistonal classification can be made using any group
of virus properties that are suficiently stable and distinctive  Most of
our knowledge of vituses, however, concerns the effects they produce
on their hosts, effects which may reflect the properties of the hosts more
than those of the viruses.

Plant pathologsts have repeatedly proposed classifications or systems
of nomenclature of some practical value  In some cases, the grouping
criterra were the properties of virus materials in vitro  In others, the
cntenon was the plant host 1n which a virus was first described (see

43). Clearly, the latter method 15 of httle signficance as to virus rela-

+ The problems of virus clissification were discussed from many view pomts at 2
ampossm held n New York m 1952 (121a)
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tionship, since most viruses attack many hosts.  Holmes (341) has
proposed a Latm binormal system, similat to that used for plants and
anwmals, and Tas extended it to mcude all vruses These would forn
an order, Virales, with three suborders, Phagieae (bacteriophages),
Phytophagineae {plant viruses), and Zoophagineae (ammal viruses),
Further subdinded into famubies, genera, and species  The properties
used 1n grouping and separatmg viruses into groups are mainly symp-
toms produced and mode of t A mawr weakness of the
Halmes system 15 the utter distegard for the morphological properties
of virus particles as a criterion of classification  Thus, siruses such as
the foot-and-mouth agent with ats tiny particles, and the large-particled,
well-characterized viruses of the \accinia group are placed together in
one genus because they attach mucons membranes

In the mmds of many virologasts, attempts to set up a complete or

even a detailed system of b on are not only but alo
misleadmg.  The adophon of Latin bmomuh sugge:!s\ by analogy
with plant and ammal y, & of y pattern

and of taxonome hierarchy between viruses and hagher orgamsms,
which 15 wholly unestablished  The attempt to classify viruses about
which Ditle is known, except a descriphon of the disease produced m
one host, leads to an unjusbfied feelmg of knowledge and fall vader-
standmg Tt would scem better to admit that we know a few things
about a few viruses, whereas many virses probably exist about which
we know nothing Then we could deseribe the best-known uiruses i
terms of their own properties, compare them among themselves, and
orgamize 2 few mawm groups having as prototypes those well-known
vizuses that are clearly distinet from oue avother  One ad in this
process would be the knowledge that virus varation occurs 1n the form
of discrete mutational steps (see <hapter 15)  Properties known to
be changed by a single mutation, such as host range and tissue afimity,
would be taxonomically less valuable than those found ta be more

stable, such as thology or serological specifi
Some plant virologsts (43) and some bmtenop‘mge workers {9}
have reached snmilar 4 on These 1w~

vestigators consider as the primary critena of natural relationslap the
sumlanty of particle size and shape and the possession of common
antigens revealed by serological cross-reachons  For example, two
vinses such as the tobacca mosasc agent, with rod-shaped particles of

size and and the tobacco necrosss virus,
with sphencal particles and a tendency to form crystals, can be used
as prototypes for two groups of vruses, which ainclude strains differing
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from the prototype by one ar a few mutational steps. At the level of
larger groups these two viruses could, respectively, serve as prototypes:
the first for plant viruses with rod-shaped, fairly rigid particles; the
second for sphenieal, regularly crystallizing plant viruses,

Similarly, coli-phages T2, T4, T6, and CI6, which are indistinguish-
able 1 morphology, gine serological cross-reactions and are capable of
genetic bination m mixed-infected hosts (see chapter 8), form 2
natural group, probably equivalent to a species.  The varfous types
may be considered as varieties or inciprent species (). As for defining
larger groups, there seems to be little basis on which to proceed
Although phages with very different bactenal hosts (for example,
mucrococer or coli-dysentery organisms) do not seem to adapt from
one such host to the other, they are often morphologically more symilar

Ithough 1 ily tated) than phages with common hosts
This leaves open the question of host range versus morphology as a
criterion of relationship  In plant viruses, cross-protection reactions are
well correlated with serologteal ones and permit additional groupngs

Criterta analogous to those useful in groupmg plant viruses and
phages can sometimes be apphed to arumal viruses  For example, the
viruses of the smaljpoy- t lia group are a morphol 1l
homogeneous group with antigeme components and other properties

n common. It has been suggested (259) that this group and other
viruses, such as fowl pox and molluscum contagiosum, be placed in one
genus (Borreliota), all the L fanly large particles
and giving typical mtracytoplasmic mclusions

Another homogeneous group 1s the so-called psittacosis-lympho-
granul P tis group, of several viruses with large
particles, which grve serological cross-reactions and undergo similar
Jevelopmental transformations inside therr host cells  The mfections

produced by these viruses are susceptible of therapy by antibiotics
These viruses have been named “Chlamydozoaceae” and have recerved
rating as a family of the order Rickettsiales in the 1948 edition of
Bergey's Manual of Deternunative Bacteriology (Balumore, Willams
& Wilkins)

Another natural group may be that of the mwfluenza-mumps-New-
castle disease viruses, which have sumilar particles and common
enzymatic activity on some surface componert of red blood cells and
on other 1, Jogical are not present among
all members of this group, however.  Other groups \Sxfh reasofmbly
gaod taxonome standing may, for emx;n;ﬁe,‘bc‘ dfe ro! -shapet.! insect

viruses producing crystalline he
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wvirus, and the equally rod-shaped viruses of msects whose particles are
enclosed in charactenstic ellipsordal capsules (63a)

In summary, a wisely consenvative position appears to be that the
more properties of viruses we Jeamn to analyze, the more meamngful
will be the relations we are able to establish  With bacteriophages,
where genetic studies have progressed quite far, we may be approach-
g a point where genetic facts will be used to provide a rationale for
tasonomyc principles {(9). For example, we are sometimes able to
moke as a cnterion of classifi not only the p of a com-
mon ch but also the p ion of common bility, which
strongly suggests the possession of similar genetic determinants  This
is true of the coli-phages T2, T4, T6, and C18, which undergo similar
mutations, Here, the possession of common genetic determimants has
been shown by tests of genetic recombination. In viruses of the
tobacca mosaic group paralle] mutability has also been described




CHAPTER

2

Detection and Identification
of Viruses

In studying vireses, we must first consider ways of recognizing that
they :m' present  The essentral thing to look for is some abmormal host
ity m In their extracellular, free state

viruses are mert and do not act on their environment Because of
their small size they cannot easily be recognized. Although 1 prin-
ciple 1t should be possible to detect and recognize a virus from its
morphology, particularly when an electron mucroscope 1s used, the
practical value of such a method 1s small. Only when the presence
of a varus 15 suspected because of some abnormal host manifestation
does the i estigator have recourse to attempts to locate a virus by
MICrascopy.

Host reaction to a virus 1s recogmzed by comparing mfected and
normal host  No general rule can be gnen  Such recognition depends
ou gur familiarty with the symptoms of the sanous virus diseases
This is what we might call the “art” of virology At the basis of any
scientific construction 1s a whole body of information, which the m-
duyrdual warker can learn enly by expertence and by accumulation of
formation  This we call the “art” of the scientist  For example, the
background of all chemical lizations 15 the acq: of the
mestigator with large numbers of chemical facts  These permt hum
to devise chemical tests and provide a bass for him to mturpret the

of chemical compound:
; F‘or the practical purpose of nterpreting the vrologist’s detection
methods we may subdivide varus mamfestations mto o main cate.
fized or systerme

gories local and
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LOCAL REACTIONS

These are manifestations that invohve only a houted number of host
cells Jocahzed m one area  The limitation 1n size of the affected area
1s due either to a localization of the virus in a few cells or to the fact
that only a few cells show the effect of the virus’ presence, although the
virus may be present beyond the limit of the recognizable lesion A
virus may remain eircumseribed 1 a local arca because of ats himited
ability to spread, because of a himited number of susceptible host cells,
or beeause of a balance between host defenses and virus 1nvasneness

Bacteriophage. The local lesion of bacteniophage 1s called a plague
and 15 an area of Iyss or dissolution i a bactenial layer growmg on a
solid medwm The plaques are often quite sharp and round, and may
be ded by haloes of plete lysis  Fi of diserete
plaques 15 due to the fact that bacteriophiage reproduction can only
occur 1 growing bactenal cells  On a nutnent medmm there 1s a race
between two processes bactersal growth and bacteriophage growth
When bactenial growth stops, lysis by bacteriophage also stops or at
least proceeds at a very slow pace, so that the area of Iysis remains
localized At the same time, the bactenophage particles alse diffuse
through the agar and m the liquid film at ats surface  Before growth
stops, they may have reached bacteria at a certam distance from the
ongnal phage localization  As a consequence, smaller phages, which
diffuse more rapidly, give relatnely larger plaques on a gren bac-
terium than larger phages do

The appearance of the plague 1s charactenstic for each phage-host
system (figure 1), and reflects the kinetics of bacteniophage growth
and of bacternal growth and the size of the bacteriophage  Size and
morphology of bacteriophage plagues also depend on the composition
and consistency of the nutrient medwm, which aflects host growth
phage growth, or both

Plant viruses. Locat lesions are generally detectable on the surfaces
of leaves The most wteresting type 1s the necrofte lesion, a black or
brown spot that may vary, when fully deseloped, from 1 to 10 mm n
diameter, and which appears at the pont of entry of some viruses,
for cxample, of tobacco mosaic virus 1 Nicottana elutinosa and m
other plants The virus enters a cell at a pomnt where some mechanical
damage has been produced on the leaf, and theu spreads from cell to
cell A necrotic lesion results from rapid death of a group of mfected
cells, with consequent lacahization of the virus n a small area  The
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necrotic reaction is generally caused by hypersensitivity, the cells dic
so fast that virus spread 1s mited It actually represents a defense

% both for the mndividual plant, which can localize the infec-
tion and survive, and for the crop, smee virus localized in necrotic
leston has fewer chances of spreading from plant to plant than a virus
that gives a generahzed infection

Frgure I Plagues productd by diffierent coli-phages on a common host, Esche.
richia colt, srain B Reduced to about Ty size  From  Demerec and Fano (177)
Coustesy Dr M Dewerce, Carnegae Insitation, Cold Spring Flarbor, New York

Neerotic lesions have shapes and sizes charactenstic for a gien
virus-host system {see figure 2)  Necrotic lesions are parbeularly im-
postant (333) beeause they provide the best method for titratron of
those plant viruses that produce them (see chapter 8)

The presence or absence of necrotic lesious at the pomt of entry of
the virus has been traced to specific genes of the host  The necrotic
reaction to tobacco mosarc virus in species of the genus Nicotuana
(837)1sdue to a domynant gene which determines hypersensitivity,
whereas the recessne allele causes a systemic mufmc‘ response

A well-analyzed example is that of tobacco mosaie virus the pepper
(339). The type of response depends on three allelic forms of the same
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(e} (d)

Figure 2 Lacal necrotic lewans produced by plant viruses on plaot leaves
{a} Tobaceo mosaw. virus on Nicotiana glutinasa, (b) tomato mnsaic virus on
N glutmosa, {c} tomato bushy stunt virus on N glutnosa, (d) tobacco Tngspot
virus on N tabacum  Courtesy Dr K M Smuth, Molteno Institute, Unitemsity of
Cambridge
23
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5 toeal,

gene one allele, L, d 1 necrotie resy another,
I, produces, when homoz) gous, a delayed necratie response followed
by absctssion of the leaf and recovery of most plants, the third one, 1,
causes generalized chlorosis.

Sometimes, although the response at the pomt of entry is necrotic,
tocahzatson does not result and the virus continues to spread, This
15 true, for example, of some potato viruses  Potato virus X in some
vaneties of potato elicits a necrotic response, in other varieties 1t gives

lized lingt or cven ptomless infections. Eyen with local
necrotic response, the necrotic reaction may become generalized, the
localized infection, when present, may be due to virus inactination in
the plant rather than to hypersensitivity The geretic basis of the
responses of potato varieties to virus X has been partully clarified
(3565, 628)

Another type of localized resp is the so-called starch-iod
leston, which consists of local areas of altered starch metabolism around
the pomts of entry of the virus (335). To demonstrate ths type of
Jeston, an wfected leaf is treated with alcohol to remove chlorophyll
and then with jodme to stamn starch  The lesions appear as aveas
hghter than the rest of the leaf, if the leaf had recently been expased
to light, beceuse of reduced synthesis of starch in the mfected areas
Qr, they may appear as darker areas, if after exposure to light the leaf
had been allowed to spend several hours m darkness, presumably be-
cause the starch moves away less freely from the damaged areas, due
to hindrance to food transport

Animal viruses. Recognizable Yocal lesions are formed erther at the
pnmary pout of entry or by secondary localizason of 2 arculatmy
sirus  They g ly consist of cell d and cell prol,
with the complication that inflammatory reactions are always present
1 antmal tissues  An example of a primary localization of infection s
that of infecttous warts in man A ranety of warts or papiltomas, flat
or pomted, may result from the entry of the virus, depending on the
pont of entry and possitbly on the virus stram  As examples of sec.
ondary lacaltzation of sxruses producing recogmizable Jocal lestons we
may mention the exanthemata that are the major sy mptoms of smallpox,
measles, and chicken pox These typical rashes are caused by the
Jocalization of the virus  the skin charion, after which the cells of the
basal layer of the epithehum are invaded and damaged and blisters
formed in the thickuess of the epidermis  In some cases, for

are
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example, m the Koplik spots that appear on the oral mucosa n the
early stages of measies, the Jocahzation of the virus 35 m the sub-
mucosal glands.

In special mstances we may observe local lestons on layers of cells
that are more or less unsformly susceptible  An example 1s the jafec-
tion of the chorioallantoic membrane of the chuick embryo {Rgure 3,
see chapter 12). A virus suspension 1s deposited on the surface of the

(a) (b}
Figure 3 Chonoallintoic membrane lesions (@)} Mysoma virus, (5) Murray

Valley encephalitis virus  Courtesy Dr F M Bumnet, Walter and Elza Hall
Insutute, Melbourne

membrane and spreads over it  Here and there, the virus gauns access
to a cell, this leads to the formation of a lesion At first the lesions
are discrete, but later become confluent if the mfection proceeds long
enough The conditions are somewhat similar to those of 2 bacterial
layer seeded with bacterophage, although less well understood  Local-
1zed lesions can also be observed i layers of cells cultnated 1 vitro
(hgure 4, see chapter 11)

Sometimes, localized lesions even m deep tissues may be utihized 1n
the diagnosis of a virus, because of either therr localization or their
appearance Pohomyehtis virus produces areas of cell destruction m
the anterior horns of the spinal cord, where motor cells are localized
with a resulting muscular paralysis  Rabies virus causes typreal altera
tions m the cells of the Ammon’s horn in the brun  These cells con-
tan the cb Iular el of rabtes (Negnt bodies)
Many similar examples could be cited from the pathology of animal
virus diseases
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GENERALIZED REACTIONS

There 15 no clear-cut distinction between generalized and local
reactions, since all host f 1ons m a virus nfe depend
ultimately on the imasion of sensitive cells by virus. Nesertheless, the

Figure 4 Plaques produced by Western equine encephalomyehtss virus on a
Liyer of chick embryo Fbroblasts in tissue culture  Courtesv Dr R Dulbecco,
Califorma Inststute of Technology, Pasadena

bl p of nfi are often more diffuse than the
appearance of Yocalized areas of damage For example, we may con-
sider the mass lysis of a bactenal culture by bacteriophage as a gen-
eralized infection, as opposed to the localized formation of plaques on
a laver of bactena  In both cases we observe lysis of large numbers of
cell;, but in the first there 1s no spatial hm:tahfm to the spread of the
vyrus. such as is caused on a plate by the immnbllxzatfan of the bacterial
cells and by the limuted means of dispersion of the virus
Plant viruses. Generalized or systemic infections produce symptoms
that go under a sanety of names: chlorosis, mosarc, streak, yellows,
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Figure 5§ Aster plants  The plant on the nght 15 normal The plant on the
left 15 mfected with aster yellows virus  Courtesy Dr K Maramorosch, Rocke-

feller Tnstitute, New York

e
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Figure 6 Leaves of Nicotrana tabacum  Left normal Center mfected with

tobacco mosaic virus
yellow mosue mutant
York

Faght infected with the same virus, with a brght spot of
Courtesy Dr L O Kunkel, Rockefeller Insttute, New
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ringspot, leaf roll, describing the type of deformation or discoloration
that appears on the leaves of the mnfected plants (figures 5 and 6)
Discoloration of leaves may be localized in rnglike areas (ringspot),
m streaks, m rregular patches (mosarc), or it may appear as a uni-
form chlorosis or as a yellowing, often more pronounced along the

Figure 7 Tumors produced by wonnd tumor virus on the roots of sweet clover
Courtesy Dr L M Black, Unnersity of Ifnoss, Urbant

vems Most of these changes reflect disturbances 1n the photosynthetic
function or m the transport of food, as we have already mentioned for
the starchaiodine lestons  To describe the specific alteration of the
morphology or habit of a plant affected by a virus, plant pathologsts
have traditionally employ ed prcturesque terms such as sugar bect curly
top or potato witches broom

Some symptoms result from cell proliferation m virus-infected tissues,
which lead to production of “enations,” frilly or compact growths de-
nved from the sein areas of the leav es. Lateral buds may proliferate
to produce the symptoms of watches’ broom One virus produces
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multiple tumors throughout the infected plants, the tumors arise mamly
m areas where the plants are wounded (83, figure 7},

Flowers may show symptoms of virus ifection in the form of varie-
gated colors or “breaking ™ Tulip break, a condition which has been
known for several hundred years and wiuch produces a hughly appre-
ciated flow er appearance, 1s due to virus

The symptoms of a generalized plant disease are usually vsible on
the new leaves formed after the infection has become systemic, old,
nongrowing leaves show symptoms only if infected dircetly, Generally
the newly growing parts of the plant show the greatest damage  On
the other hand, apparent recovery accasionally occurs and the new
growth 15 exther free or almast free of symptoms, although 1t generally
stll contams virus. The type of mamfestation, moreover, depends
on the host A virus may be very destructine for one host and cause a
mld or latent disease 1n another. Different sancties of potato, for
example, differ widely in their responses to potato viruses

Animal viruses. Detection of ammal vinises 1s even more complex
than detection of plant vimses  Ths is due to the greater ulferen-
tiation of tissues and organs, to the presence of several mechamsms of
virus 7 to serological pl of . and. to sec-
ondary inflammatory processes \We may mention, as examples, the
symptoms of m\m\ps, m \\ludl the rus localizes mamnly m the parotid
gland, but T an of the genital organs,
and those of yellow fever, in which the virus may be widespread m
many different organs and tissues  The general symptoms can always
be traced to damaged and altered cell function  For example the
yaundice that accompanies yellow fever 15 due to the damage to the
Iner cells Detailed descriptions of the manifestations of virus dis-

eases of man and ammals are found mn speaial treatises (414, 655)

An mnteresting aspect of the general manifestation of ammal virus
diseases 1s the rather precise incubation peried between infection and
appearance of symptems  For example, the incubation for measles 1s
generally 10-12 days, for mumps 18-21 days, for smallpox around 12
days This suggests that a fairly defimte sequence of events must take
place before the appearance of symptams  The mcubation persod may
melude the time needed for the virus to penctrate (and possibly to
reproduce at the pomt of entry}, to circulate, to localize tself 1n sus-
ceptible cells, and to reproduce to the extent needed for the mam-
festations to appear

We often encounter silent infections with ammal viruses  The virus
reproduces without giving visble symptoms  In many cases, however,
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the presence of the virus can be traced by the presence of circulating
antibodies 1n the blood  This sign of infection 15 useful 1n evaluating
the degree of immunity and 1n followng the spread of a virus through
a host popul The serological di of virus infection forms
an important phase of the epidemiology of virus diseases The pres-
ence of antibody 1s not proof of the actual presence of the virus in the
organism, because a virus disease may give nise to a lasting immumity

and prod of antibody even after the virus has ap-
parently disappeared from the orgamsm  This phenomenon is relevant
for the general problem of the hanism of antibody prod It

may be that the virus does not dhsappear completely, but only vanishes
as an infectious materral and remains present in some nonrecoverable
form 1n the cells that produce antibodies

INFLUENCE OF HOST AND ENVIRONMENT ON JIOST REACTIONS

In all cases where viruses are identified from the symptoms they
produce, 1t 1s important to define the situation m which we observe
such symptoms  We have already mentioned several examples of the
nfluence of the host species on the type of mamfestation of a virus
A bacteniophage may completely dissolie the cells of a certain bac-
terium and may be camed without obvious manifestations within the
cells of another bacterum (“Iysogenic stran”) (1206, 453) The
pseudorabies virus causes a fatal disease 1n cattle but a muld, alinost

y mptomatre, h very ¢ mfection m swine “(602)
As we shall discuss 10 greater detail in chapter 16, whenever a virus
15 very destructne for a certam host we have reason to suspect that it
has some other host mn wiich it produces a mild disease, because only
such a host-virus compromyse can provide 4 virus with opportumty for
successful surinnal in nature  Too complete a destruction of the
host cuts the ground from under the virus and tends to lead to its

ehmination

The genetic basis of virus susceptibiity m different hosts s em-
phasized m clear-cut fashion by such observations as that on a strain
of mice that owes its 1007 resistance to strain 17D of yellow fever
1o a single dominant gene. In the brain of the resistant mice the virus

o multiply (572)

fal/]\sn:a(her mfp)l;r(tant factor 1s the age of the hos{ Young plants are
more susceptible to plant viruses In animals, the symptoms

Iy
generally the same host often differ with the

produced by a gwen virus 1n
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host’s age. ‘The tumor sirus that produces the Rous sarcoma in adult
chickens causes an inflammatory, nonprohferating disease in the newly
hatched chich (195} Such differences m host reaction reflect the
changes n the physiology of the host cell that take place durmg
development and differentiation of various tissues, and also depend
on the appearance or disappearance of certam speafic defense mech-
anisms 1n the course of aging (for example, low antibody production
in the newborn)

Symptoms also depend on the route of entry of a virus  For example,
wfluenza virus entening a mouse by the usual route, through the
mucosa of the upper respiratory tract, causes typical pnevmonia, if
njected tn the bram, it may gne a toxic syndrome (293) The tonc
mamfestations are apparently caused by an abortne reproduction of
the virus i the cells of the central nervous system (552)

Other factors that mnfl 5 logy are the ent. 1
conditions prevailing dunng the infection period  We have already
mentioned the nfluence of light on the appearance of starch-todine
lesions at the points of entry of certain plant viruses  Season, soil
constituents, and many other factors also affect the manifestations of
plant virus diseases  Nutritional effects on the symptoms for ammal
viruses and also on the susceptibility to ammal viruses have been
noticed, greater seems to be d with
some nutntional deficiencies (134) This suggests esther that the
shortage of an essential growth factor lumits virus growth, if the
requirements of virusanfected cells are greater than those of un-
mfected cells, or that the cells of growth-factor-deficient ammals are
so altered physiologically as to support less virus growth or to resist
nvasion

Temperature effects on sirus disease have often been observed,
especially in plants - Some viruses are unable to grow at temperatures
above a certam lesel  An infected plant may become completely
stenihzed by a few hours or days of immersion m a water bath at a
temperature as low as 35°C  This 1s so for several discases of the
peach tree (338) Temperature may be the reason why such discases
are nfrequent or absent 1n the southern part of the United States,
where the summer temperature 3s often gher than the virus can
stand  The symptoms themselves may be modified by temperature

Tobacco mosaic virus at temperatures around 385° C causes the ap-
pearance of milder symptoms, due to the selective proliferation at this
Tugher temperature of a less virulent vanant of the virus (338)
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ARTIFICIAL TRANSMISSION OF VIRUSES

In studying a new virus disease and m aftempting to identify its
causative agent, we must meet requrements comparable to Koch's
postulates for bacterial infections (555)  We must prove that an
agent Is regularly isolated from cases of the chsease, that 1t can be
propagated m a swtable host, that it is fltrable (submicroscopic).
that 1t reproduces only in iving cells, and that, reintroduced mta the
original host or mito a sufficiently similar one, 1t gives rise fo the ong-
wal syndrome

The techniques for successful artificial transmission of a vurus to a
host are part of the art of virology  Success m a speaific case depends
mainly on the mvestigators’s knowledge of the properties of the virus
he 1s dealing with  The mam problems are. the choice of the proper
host and of the proper route of wnoculation, a suficent amount of
virus a the moculum, and the control of the environmental conditions.
The essential requirement s to bring the virus, or to cause it to be
transported, to suscephible cells where it can reproduce In general,
the outer surface of most lugher plants and ammals consists of viras-
proot barriers, so that the vrus must be wntraduced exther through this
basner or into some openmgs through which 1t can come directly in
contact with susceptible cells

The simplest case 15 again that of bactectophage In a suitable
medmm, contaming the necessary activating factors and ronic concen-
trations {see chapter 8) a phage particle infects a bactenum by sunple
collison, with a collision efficiency close to 1007 The presence of
bactenal secretions such as capsules or shme may sometimes hinder
successful contact

Plant viruses.  Several means of transmssion of plant viruses may
be hsted, Some means apply to most viruses, others only to a few
The simplest is 1 ssion, | 1 by rubbing the
surfaces of leaves with an apphicator {a finges, or & piece of cotton or
cheesecloth) saaked mn the virus suspension  Rubbing causes lacal
abrasions, through which the virns can penetrate  Some viruses have
been transmitted enly by such mechanucal methods or by grafting,
A typreal example 1s potato virus X, tor which no msect vector 1

known Many plant viruses cannot be transmutted mechanicalfy
The number of points of vwus entry produced by rubbmg a Jeaf may
pendmp on seseral factors difficult to contral {yressure,
M 3. By careful dardization of tech-.

vary greatly, del
abrasive power of the app
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mque, howeser, astorushingly reproducible results can be obtained
The points of entry may be broken hair cells or wounded epidermal
cells

Mechanical transmission, when 1t is the only method of natural
transmission of a virus, refquires that the svirus be widespread i a
plant population, so that there are frequent chances for virus to be
carnied mechanically from one plant to another  For example, tobacco
maosaic virus 1s baghly contagrous and can be mtroduced into a field by
a person whose hands are contamnated swith vigcus, for example, from
a cigarette contaimng infected tobacco leaf  Potato virus X can be
transmitted from plant to plant by the rubbing of leases blown together
by wind

Insect transmassion 1s the natural method of transmssion for a great
many plant viruses  Artficially, 1t 15 utihized by causing nsects to
feed on miccted plants withm cages, then transferring them to cages
with uninfected plants In some instances the nsects hase been caused
to feed on cell-free extracts contaming virus.  An ingentous method
(59), switable for the study of the leathopper vector of curly top virus,
Circtlefer tenellus, consists of mtroducing the leafhoppers into a small
cage consisting of a glass cyinder over one end of which a thin mem-
brane is stretched  Droplets of the virus-contaming extracts are placed
on the outer side of the membrane The wsect feeds upon them by
mserting its stylets through the membrane, and can be induced to feed
for defimite lengths of tme by carefully regulating the llumnation
and other conditions  Thus, the leathoppers are fed vanous amounts
or concentrations of virus suspension, after which their ability to trans-
mut the varus 15 msestigated by placiog them on healthy plants Tt 1
also possible to moculate viruses directly into the msect body (632)
Many viruses that 1n nature are transmitted only by insects can be
studred n cell-free extracts by injecting the extracts into insects, which
thereby become sources of infection

A method of transmission widely applicable to plant viruses 15 the
graft method  Grafting of shoots or buds from an mfected onto 2
healthy plant causes the passage of virus from the scion mto the healthy
plant, and 15 followed by the mamfestations of systerme mfection The
great majonty of plant viruses can be transmtted by thas method  The
method has not been useful for viruses restricted to plants hke com
that are difficult or impossible to graft or for viruses that produce only
local lesions 1n most hosts, like tobacco necrosis virus By graftng,
viruses can also be transmitted to new hosts, provided of course that
successful imtergrafting 1s possible,
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A refinement consists in causing a parasitic plant called dodder
(Cuscuta sp ) to parasitize an infected plant. The special roots
(haustoria) of the dodder penctrate the infected cells, and the virus
spreads to the dodder Infected dodder stems, when later allowed
to parasitize healthy plants, will often transmt the virus (61, 363). By
thus method 1t 15 possible to transmit several viruses from species to
species, even when thesc are not mtergraftable (391)

Some theoretical problems anse with viruses that have been trans-
rastted only by grafting  For example, a condition known as varega-
tion m Abution, an ornamental plant, was for a long time transmitted
by graft only (although transmssion by an nsect vector has now been
obtained, 505)  Accordmg to our defimtion of virus, such a condition
could be considered a virus disease only because of the smmlanty of
1ts symptoms with those of other virus discases  An interesting case 15
that of the King Edward potato, which carries the paracrmhle virus
m a completely nonsymptomatic state (574) Grafting of the King
Edward potato onto potato plants of other vareties causes them to
show a typreal disease, transmissible from plant to plant by graft, The
paracrinkle virus has recently been 1solated and moculated mechant-
cally, 1ts propertics resemble those of several other potato viruses (52)
Interesting questions have been raised, however, as to the ongm of
such a virus  Does 1t anse de novo n the King Edward potato by a
change 1n some normal virus protein? Or does 1t enter this plant
variety and remain latent, reprod for bl
without causing symptoms® Seed transmission of such a virus 1s not
necessary, because potatoes are propagated from tubers These prob-
lems will be discussed 1n detail m chapter 18

Animal viruses. The simplest method of moculation, when feasible,
is the instillation of virus-contaming matenal mto cavities hined with
ble cells, for ple, 1n the bryonal \; of the
chick embryo or on cells growing 1n tissuc cultures  Instillation tn the
T y tract 1s often ful for viruses that prohferate on the
epithelium of the lung It imtates the probable route of natural in-
fection with viruses that are supposedly transmtted by droplet mnfec-
tion, such as the viruses of cold, nfl and probabl
measles and mumps It may be possible to mfect ammals by feeding
such viruses as that of mfantile paralysis, wlnch are supposed to pro-
Iferate an the mtestine  The dropping of virus suspension on searified
shan as 2 method of moculation 15 commonly practiced “'mh vaceina
\irus in vaccination against smallpox. A Slmlli\r.mclhﬂd is the mocu-
tion of viruses onto the scanfied cornea of rabbits and other antmals

1a
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Injection 1nto the host's tissues 15 the most general method of inocu-
lation, the virus may be mjected ether directly mto the susceptible
tissue or into @ regon from which 1t will spread to susceptible cells.
Some viruses spread through the circulatory system, others along the
nerve fibers. Many viruses may reach susceptible tissues 1if introduced
intraperitoneally

‘Transmission by arthropod vectors has been used evpenmentally,
particularly 1n the study of the role of msects in the natural transmis-
sion of a disease The experiments of Walter Reed and lis col-
laborators m proving that yellow fever 15 transmutted by a mosquito
have become classic 1n the history of virology (543) Imsect trans-
msston 1s seldom the only possible moculation procedure, however,
since animal virus diseases transmitted by msects can also be trans-
mtted by direct moculation of mfectious matenal (for example, a
patient’s blood) mto a susceptible ammal, without need for a cycle
mcluding an obligate passage through the vector’s body

Some of the cultivation procedures for viruses represent true enrich-
ment cultures, by which large amounts of a virus are obtamed m a
smitable host, Sometumes ennchment procedures are necessary as an
ntermedtate stage betw een solation of a virus and 1its diagnosis  This
15 the purpose of most “first-1solation” techniques that have been pro-
posed  For example, m attempting the 1solation of viruses from cases
of mfluenza or other respiratory diseases in man 1t has been common
practice to moculate throat washings (mdryidual or pooled) 1to cluck
embryos or mto the lungs of mice After suitable mtervals of time
the moculated tissues are extracted and tested for presence of virus,
erther by successive remnoculations or by attempts to detect the virus
through some of its properties Another example 1s that of herpes
virus, which produces typical imntracellular inclusions 1n the cells of
the rabbit cornea  Matenal taken from a patient must often be passed
through the rabbit testis before sufhcient amounts of virus are obtamed
for testing by comneal moculation (185)

NEW HOSTS FOR VIRUSES

The mmportance of the correct chowce of host 1 virus transmisston
has already heen mentioned It 1s often the key to successful work
with a virus - Because of the laboratory conditions, 1t 15 seldom pos-
sible to cultnvate 2 virus 1n the host from which it has been 1solated
This 15 obvious where human diseases are concerned and 1s also true
 many other cases  The search for new hosts or, as 1t bas been often
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called, the adaptation of a virus to new hosts, 1s an important phase
of virology

With plant viruses, success 1s often obtained by grafting, by the use
of parasitic dodder, or by choosing the proper insect vector The
results are often quite mteresting  For example, it was suspected for
a number of reasons that the virus causing witches” broom in potato
and the virus of aster yellows might be 1dentical In the absence of
mtergraftmg, dodder was used to transmit them to common hosts
On these hosts 1t was possible to show that the viruses differed in
regard to their msect vectors and their host range (391)

Transmussion of ammal viruses to 2 new host can often be accom-
phished by successive transfers, often bhind transfers, 1n the sense that
the host does not show signs of the presence of the virus or that at the
beginnmg the ytrus does not grow 1n suffi to be detect
After several transfers in the new host, adaptation often improves and
the virus may then grow quite well For example, many viruses can
be made to grow 1n some of the cavities of the chick embryo by suc-
cessive transfers

Caution 15 necessary, however, since m the course of its adaptation
to new hosts some of the properties of a virus may be changed It s
now generally accepted that viruses undergo mutations and that the
ability to attack a new host may be present only i a few mutant
indrviduals out of a large virus population (sce chapter 15). In the
new host only the mutants will proliferate, and they will establish a
new virus hine adapted to the new host In the course of mutation,
however, some of the properties of the onginal virus may be changed,
even meluding pathogenteity for the ongmal host  The virus worker,
therefore, must be careful 1n drawmg conclusions, for example, as to
the nature of the properties of a human virus from the study of its

dapted (or dapted or ferret-adapted) strans

LATENT VIRUSES

Anather important caution m the artifical transmission of viruses to
new hosts 15 the possibility of encountering latent viruses, that s,
yiruses which are carried without symptoms, but which may gne rise
to pathological mamfestations after successne transfers  In attempting
to ssolate a virus by successive transmussions of maternals through
several animals or plants, virus workers have often encountered a
different and completely new virus, bearing no relation to the onginal

disease. Some examples will illustrate this pant,
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The parasiic dodder used to transmut certamn plant viruses may
iself carry the latent dodder mosmc virus, which 1s pathogenic for
other plants (62) Virus I was discosered n rabbits (558) n the
course of attempts to 1solate the chicken pox virus by successive trans-
fers of extracts from the cutaneous vesicles of human patients nto
rabbit testis, A ivirus was present m the testes of many rabbits of
the colony studied, and upon unnatural transfer it revealed tself by
giving typical symptoms  The virus could also be 1solated from a
simlar series of transfers mitiated without the ongmal mjection of
matenal from chicken pox patients

1f lung extracts prepared from mice of vanous colonses are serally
noculated from ammal to ammal, after a number of transfers (from
3 to 5 or 6) the animals often respond with a typical and fatal preu-
fmona, a virus (pneumonia virus of mice) can be rsolated (343, 456)

Another important example 1s the so-called Theiler's virus (mouse
encephalitis, 646) This latent virus was detected 1n course of trans-
fers tor attempted rsolation of poliomyehtis virus, and, mterestingly
enough, 1t causes m mce a syndrome very similar to poliomyelitis 1n
man or m antheopod apes  Therler’s virus and other related viruses
are widespread 1n mice

The reason for the sudden acquisition of virulence by a latent virus
upon artificial transfers from one ammal to another amimal of the same
species, even within the same colony, 1s obscure It 15 possible that
1t the virus enters an ammal very early 1n the animal’s life 1t can estab-
lish some sott of equilibrium by which 1t causes only mild symptoms
If large amounts of virus are mjected mto an adult, the large virus
moculum, together with the damage caused by the mjection, may
establish conditions favorable tor a sudden increase 1n virus repro-
duction leading to destruction of many host cells

The problem of latent viruses, however, has broader connotations
Instances of latent viruses have often been cited as suggesting a pos-
sible origmn o viruses from normal cell components, which become
viruses upon bemg moculated nto other cells The question of virus
ongm will be discussed more fully 1 chapter 18 We may mention
here that virus latency 1s not a special situation but only an extreme
one Any virus or, more generally, any obhgate parasite that 1s very
destructive to some host must have established 1n nature a better modus
vivends with some other host, 1 order to imsure its own survival
Partial latency, then, 15 almost a necessity for every virus 1n some host
The virus of herpes sunplex, for example (114), s present 1n a very
large number of mdwaduals, t whom 1t reveals sself only accasionally
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by producing “fever blisters” or “cold sores™ as a result of some dis-
turbances of the epidermal cells, mainly around the oral canity  This
had been considered an instance of endogenous origin of a virus, until
1t was realized that the virus enters most individuals of a human com-
munity m early childhood, causing a mild oral inflammation called
aphthous stomatitis (180)  After the child recovers, the virus ap-
patently remains localized n the neighborhood of the imtial pomt of
entry and 1n a state of equilibrium with the host cells, an equilibrium
which may be broken by external influences

A beautifully analyzed case (651), which shows varous posstble
degrees of latency, 1s that of the lymphocytic choriomenmgitis virus
This virus causes a sporadic form of meningitis 1n man and also pro-
duces a memngitic syndrome 1n apes. The virus was found present
1n a colony of laboratory mice Upon successive transfer within the
mouse colony the nfs became widespread and
After a longer period of permanence 1n the colony the virus lnfccted
practically every ammal, at first by entry m very early age, later even
by mtranterme transmmssion  The virus passes through the placenta
and may even be propagated through the egg In these mouse
colomes, then, 1t 15 difficult to dishmgmsh the virus from a normal
cell component, although we know when the virus first entered the
colony Ve also know that the virus 1s present in endemic form in
the grey mouse, from whuch 1t 1s accasionally transmitted to the labora-
tory mouse (31)
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Titration of Viruses

VIRUS TITER AND INFECTIOUS UNITS

Just as the presence of a virus 1s detected through the manifestations
1t produces m a sensitnve host, so also the amount of virus actvity 1s
determined from the quantitative relations between the amount of the
\1rus-containing material and the degree or frequency of production
of specific Tesponses in a host  The purposes of measurements of virus
actiuty are mamfold The need for detenmming the amount of virus
anses not only m companng different virus suspensions but also
the course of 1solation, concentration, and punfication of viruses and
m the study of treatments that may affect virus actinity  Moreover,
methods for measunng virus actity are necessary m any study of virus
reproduction

The determination of virus activity presents a number of pccuhanties
that distingussh 1t from other types of actnity measurements, such as
measurements of chemicals by titration  In chemrcal titration, what 1s
determmed 15 the amount of a grven reagent with which an unknown
amount of a chermical can react In virus titration the conditons are
somewhat different, because the virus reproduces in the sensitive host
Reproduction results m an amplification of the effects of very small
amounts of virus, 50 that often the mamfestations produced by small
or large amouats of vurus are 1nd hable  We have, th 3
an “all-or-none” effect A companson can be made with the growth
of a bactenal culture, where under favorable circumstances the final
result—visible growth—depends only on the presence or absence of
viable bactera in the woculum, and not on therr number

In virus fitration we determine the smallest amount of a virus sus-

pension capable of dr a suitable ma
host This f may be a lized disease or a locahzed
lesion, dmg to the virus

d and to the purpose of the
a9
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titration,  The smallest amount of virus capable of producing a re-
action is called an nfectious umt, and the titer of the onginal virus
suspension 15 given m terms of the number of infectrous units per unit
volume For example, if the smallest amount of a suspenston of
influenza virus that causes pneumonta i mice upon nasal installation
15 01 m! of a dilution 1. 10 of an infected Jung emulsion,* we calculate
an approvumate titer for the emulsion as 107 infectious umts per ml.
01/(1/10%) = 10¢

In general, trtration procedures depend on methods by which inocu-
lations can be scored as giving a positive or a negative result, as, for
evample, the presence or absence of lysis m a bactenal culture moeu-
lated with bacteriopliage, the presence or absence of an mflamma-
tory reaction at the site of mtradermal moculation of vaccima virus
n rabhit, the presence or absence of paralytic symptoms n a mouse
mjected brally with phalitis sirus 1t s pos-
sible to score the presence or absence of virus reproduction mnde-
pendently of the observation ot host reacttons In the htration of
fluenza virus by moculation i the allantoie fliad of the cluck em-
brya, some flutd from each egg 15 extracted several hours or days after
moculation and 15 tested for presence or absence of spectfic hemag-
glutinating ability (see chapter 13)

Finally, there are cases in which the amount of activity can be
measured from the number of specific responses appearmg on a given
surface as a result of the moculation of a given amount of virus, as m
the count of plagues for bacteniophage, n the same way as bactersal
titers are estimated by colony conats

+The reader should be fammhar with the use of decnmal notation i dealurg with very
Jarge or very small numbers  Tor example 1600 000,000 = 16°, 110,000 = 1073,
7,090,000 = 703 X 10% 1 250000 = 102,500 000 = 4 1 000,000 = 4 X 10~ The ex-

the base of natural logarithms, equnlq iﬂﬂlk Wloge x = 23 logn . og 1+ o= 043
foge x  The toader should Le th € with the e 'y theorema an
powers, roots, and logarithems (far rh‘mp’e, HA X P e 1D 1070 = 20007, 1% =

/100, Yoga b = Tore b X Yogarh.
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TITRATION PROCEDURES

Bacteriophage titration. The simplest example 15 that of bactenio-
phages. These are generally titrated by prepanng several dilutions
and plating one o more measured samples of each dilution on nutnent
medium plates with an excess of sensitive bactena  Phage and bae-
tera may be introduced 1n a surface layer of nutrient agar (269, 316)
After incubation, the continuous bactenal laycr is mterrupted by the

‘Plaque count
z 8

17T
|

ol .

® 16 32 64 128 256
Relative Concentration of phage

Figure 8 The propartiomility between pletme count and concenteation of hace
tenophage From  Ellis and Dedbnuch (205)

clear areas of lvis produced by phage The plague counts are analo-
gous to colony counts for bacteria, and thewr values are directly pro-
portional to the amount of phage plated (fgure 8) The titer 1s
caleulated from the plaque count, the volume of phage plated, and
the ditution  1F 01 ml of a dilution 10~% gives on the average 230
plaques, the titer will be 230 (01X 10-%) = 23 X 10% umts per ml
In general »f y plaques are produced by a volume ¢ (1 milliliters) of
a dilution v, the titer r of mfectious umts per mbis n = g £x

The precision of each determination on an indinidual plate can be
estimated by rememhering that the standard deviation, due to sampling
errors, 15 equal to the square root of the average number of plaques
per plate  The precision, as measured from the ratio v/7i/n between
standard deviation and count, will be greater the hugher the average
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number n of plaques per plate. A bmutation 15 imposed, of course, by
the fact that the plaques, 1f too numerous, become confluent and &iff-
cult to count.

In estimating the precision of a virus titration 1nvolving difutions it
must be remembered that, apart from samphing errors resulting from
random distribution of particles, we have technmeal errors in the volume
of the samples transferred m the dilution procedure. If, for example,
a utration mvolves 3 dilution steps, each with a probable error of
9%, the probable error of the whole dilution series will be (9 X V5 )2

Several technical points must be observed in carrying out any virus
titration by the dilution methods  In the first place, a different pipette
should be used far each successive dilution  Thes requirement is more
strict for virus titrations than for chemical or serological procedures,
because virus actiity may be conditioned by the presence of single
particles, and a pipette that has contained mullions of virus particles
cannot easily be freed of all of them by repeated ninsings, This pre-
cantion seems obvious, but has so often been neglected by beginners
and others that its neglect has been christened (286) with the specwl
name of Pipettenfehler (pipeting mstake)  Otler amportant pre-
cautions mvohe the choice of a drtution fluid in which virus activity
daes not rapudly deteriorate, the control of temperature and other
factors that may affect virus activity

Animal virnses. Methods analogous to the plague count for phage
have been used, particulasly the counting of discrete lesions or “packs”
produced by several viruses on the chorallantorc membrane of the
chick embryo. The maxmum number of pocks countable on one
membrane 1s about 20-100 for different v1uses  Because of the rather
complex mantpulations mvolved and of the Imuted appheabiity of
this technuquee, its use has been restrscted to a few laboratories (77)
Even more hmited m appheation is the count of pustules produced on
scanified areas of rabbit skin (281) or cornea (320), whch have been
ased mainly to estumate the potency of vacemes

A method recently mtroduced (196) consists of counting discrete
lesions or plaques produced on 1 of specrally prepared tissue
cultures  The “plaque count,” exactly analogous to that used with

phage, 15 directly proportional to the amount of inoculum .Tlus tech.
nique should provide an sdeal method of titration when it becomes
apphicable to a farge vanety of vuuses ) . )

The most common titration pracedure, however, is the inoculation of
successive dilutions of a virus suspension into sus-

PR .

cqual samples of
ceptible animals, followed by the
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point by scoring each moculation as positnne or negative according to
the typical host responses  Titers, m mfectious umts per milliliter, are
obtained from the concentration and the volume of the sample mocu-
Tated, assuming the last positive dilution to contain I umt  The factor
between dilutions 1s usually %44, or 13, the smaller the denominator,
the more precise 15 the titer obtamed.  In titrations of this type, there
1s often an “uncertain zone,” 1 which a gien dilutton may gne a
negative result, whereas the next lugher dilution gives a positive one
Such an “uncertan zone™ 1s generally interpreted as duc to the fact
that an infectious unit consists of one discrete matenal particle ?

The results of a titration by dilution end-point can be made more
accurate by testing several samples of each dilution  For one or more
dilutions there will be some positine and some negative moculations,
and 1t will be possible to estimate by nterpolation the dilution that
would gne 50% positive and 507 negative results. The titers can then
be exp d m multiples of the "507 fe dose” This method
cdn be apphed to a vartety of virus titrations (infuenza virus m the
allantoic cavity of chick embryo, neurotropic viruses m the bram of
mice, etc.), whenever the response can be scored as positive or nega-
tne  The method 15 illustrated 1 table 3,

A refinement was mtroduced by Reed and Muench (546) The per
cent of positive respanses 15 calculated not from the actual frequencies
for any one dilution but from the “accumulated sums,” as lustrated
m table 4 This corresponds to assurng that, if a ginen wdnidual
test (for example, a given egg) was positive for a certamn dilution, it
would have been positive 1f used to test any of the lower dilutions,
and vice versa for a negative test This method of calculation 1s only
stified, however, if one assumes that the negative responses obtamned
at dilubons at which other inoculations are positive reflect varations
1 host sensitivity  We shall see that there 15 good reason to beheve
that the negative responses depend partly on the chance absence of
discrete matenal particles {one particle constituting an infectious umt)
and do not ly reflect 1 host The theo-
retical justification of the “accumulation method” m virus work appears
doubtful, although m practice its use has many advantages

2Let us suppose that 4 didution 10~4 contans 50 infectious umts per ml A
0 Ll sample will contatn on the average 5 unts and sery hely will give a pasi-
tse response A O d-ml sumple of 163 diluton will contan 05 unit on the
average, and one such sample mav or may not contun 1 vt A 01 md sample
of 10~ 5 dilution will almost always gwe a negitne sesponse, but 1t my happen
that the sample of 10—3 dllution tested contans no vrat, while 1 umt has been
transferred to the next dilution, with an anomalous result
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Table 3 Virus titration by the 50% end-point method

Caleulation of LDy (509 lethal dove) Data Irom Iarker and Ruers (341)

PYoutine | Negative

Amount
Dilution Responces | Responves | 5 Postse
Inocubated | Cgoihy | tsurnal)
102 0iml + 0 100
10 01ml 4 ? 100
0% 0l ml K] 1 75
HUd 01ml 1 3 23
w7 01ml 0 0 0

S0¢ ¢ end-point = 105
@ § mfof & 1674 difution = 6 § X 5,16 X 10~ i = 1 LDy
"Liter ns L1,y perml = 1/(01 X 316 X 107%) = 3.2 X 10%

Table 4. Virus titration by the Reed and Muench method
|

Povitne Negatnne
Respormey | Rewponses

Totat Total
Poutines | Negatnes | Per Cent
tsum down) | {strm up)

Dilistion

The 30°% ed-pomt can he oblated by graphic iterpolation (v 540).

Several pomnts must be hept m mind m titratmyg ammal viruses by
end-pownt metheds  The results are bound to depend not only on the
amount of virus but also on the route of moculation, on the host
ammal, and on a number of other less definable factors. We must
remember that a positne 15 a fi of £o1
infection  This in turn depends on the proper amount of virus ma-
tenal reachwg a 7 cell, Img n nfecting 1t, and
propagating the wfection to other cells Al sorts of host defenses
{mechameal, Launoral, and cellular) tend to reduce the chances far
successhl mfeetion  The titers will then indicate the number of
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mfechious umts under the specific conditions of the test  For example,
one and the same sample of influenza virus may gue a titer of 10°
umits per mi if titrated 1n egas and a titer of 10° umits per mlf itrated
by nasal instdllation in mice. This may reflcct either the greater re-
sistance of muce or the presence of two types of virus maternals 1o the
suspension, with different alilities to attack different hosts  The
situation is analogons to that of a bacterial suspension giving a higher
colony count m a favorable mcdum than m an unfavorable one, where
many eells fail to proliferate

The incubation period method, Partly because of the large numbers
of host ammals needed for titration of certam viruses by the end-pomt
method, other titration methods have been devised, none of which 1s
of general apphication  The most successful type 1s based on the fact
that for some viruses there 1s a fauly precise relation between the
amount of moculum and the “mcubation” time between inoculation
and appearance of a gnen symptom  For example, for rabbit papil-
loma virus Bryan and Beard (103} found that the time intersal be-
tween the moculation n the rabit shin and the appearance of
papillomas 1s related to the amount of moculum C, by the relation
ts — t; = b(log Cy — log C:) A plot of ¢ versus log C gives a straight
line, and unknown samples can be compared by reference to a stand-
ard plot (figure 9) Other workers found and used a similar relation
between the time of death and the amount of snoculum  Gard (245)
found for certam strams of Theder's virus {mouse encephahitis) a rela-
ton of the type {1/4,) — (1 t.) = h(log C, — log C;} between the
moculum size and the time of onset of paralysis  Gard powmnted out
that a relation of the type t, — #; = b(log C, - log C.) can be ration-
alized if we postulate (@) that symptoms (cr death) appear when the
wrus concentration n the host has reached a constant Ie\el and
(b) that virus 1 1s an app 1 I process,
sumilar n its overall course to the reproduction of lndenal cells m a
growing culture * The relation (1,1,) — (1/t2) = K(log C. - log C;)

#Let us call ¥ the entical number of \irus umts present = hen svmptoms appear and
Tet us postulite & rel3tion betwren virs amaunt y and time £ such that
y=& gy =kt
Yet T be the tune needed to reach the amount I of viruw from an ioculum contaiming
Lumt Then for an moculom eontamsng © units the time £ needed t0 rench the smount
3 will be shorter than 7 by the time that nould e needed 1o n from 1 to €y umits

tog ¥ ~ g €y = AT — (T — 1) = ki, (@
Similarty. for an noculun €'
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could reflect an accelerated loganthmic reproduction, for example, a
ely more ful of host defe as the virus
concentration mcreases No direct confirmation for such a rate of
virus reproduction 10 ammals has yet been offered.
Plant viruses. Titrations are generally done by the count of necrotie
or other lesions, a method introduced by Holmes in 1929 for tobacco
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Figure 9 The mverse ity between the b pertod and the

loganthm of the amount of papilloma irus moculated  pl = dectmal loganthm
of the dilution facter (for example, pl 74 corresponds to a dilution 1 1074)
From Bryan and Beard (103)

mosate virus (333) and extended later to many other viruses  Senal
dilutions of a virus suspension are rubbed onto the surfaces of the
Jeaves of susceptible plants  The leaves are held flat against the hand
of the cxperimenter and rubbed with a piece of cheesecloth or some
other suitable appl previously 1 tn the virus

The number of lesions produced by a given dilution gives a measure
of the amount of virus present (figure 10)  The method requires a
great deal of standardization and practice before meaningful results

fog} —log Cp = T ~ (T~ tl = dr2 ®

Subtracting a from & we abtain
log €y = logg C2 = 1{1 = 11}
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can be obtaied  Esen the amount of pressure exerted i rubbing
the leaf has an effect on the count of lesions, since only virus particles
that penctrate the leaf cells through local abrasions can proliferate
Abrasive powders such as carborundum are therefore often mived with
the virus suspension or dusted on the leaves previous to moculations

A number of fmpro ts have been duced For example,
the half-teal method consists in companng the number of lesions pro-
duced by two samples rubbed on opposite halves of the same leaf or

s &
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Figure 10 The relston betseen the count of pectotic lesions produced by
tubacco mosawe varus on Nieotune glutsnoss Jeaves and the concentratinn of sarus
n the woculum  The Vitus comcentration 15 gnen 1 umts of vnis anbigen as
determed by precpit tests From Deak Contnb Boyce Thompson Institate
£ 407, 194

of a series of leaves It was found that resuits on opposite halves of
the snme leaf are fasrly consistent, whereas wide vanations ocour from
plant to plant and from leaf to leaf of the same plant, depending in
part on the position of the leaf on the stem  The Latm square method
{692) compares a series of samples by rubbing them on different leaves
of different plants i such a way that each sample 1 tested m various
positions on different plants, More elaborate methods are used when
only hmited numbers of plants or leaves are avaable {691) It s
stated that about 50 plants are needed for a titration precise to withun
10-50¢ Greater precision can be obtained by the use of spewal ex-
permental designs (618a)

In general, the number of necrotic lesions 1s not a hnear funchon of
the concentration of virus, hut follows the dilution cunve Mlustrated
in figure 10 Thus 15 due 1n part to the fact that the maumum number
of lesions obtainable on a leaf, using a standard techmque, is not
anhimated, but at most ts equal ta the number of wounds through which
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the virus can enter.  The correct measure of acthvity, therefore, is the
ratio of the number of lesions obtamed to the maximum number ob-
tamnable with the most concentrated sample.  For comparison of dif-
ferent samples 1t 1s destrable to work 1n the range of concentrations m
which the curve representing the dependence of the number of lesions
on the virus concentration has its steepest slope, since n that range the
method 1s most sensittve to concentration changes

THE $TATISTICAL INTERPRETATION OF THL INFECTIOUS UNIT

The wfections umt, defined as the smallest volume of a virus sus-
pension that can chieit a positive response, must contan a certain
amount of specific virus materral  What does this mmimum amount
consist of? A prion, we can conceive of two extreme possibiiies
On the one hand, a positive response may occur whenever enough virus
materal is moculated to give a certmin minumum concentration  This
15 log to the req for a mini ion of a
chemycal posson to produce toxic symptoms On the other hand, a
positive response may be conditioned by the chance that the moculum
contains at least one ndividual Lirus parhicle that multiphes and causes
the specific mamfestations  An obvious analogy can be drawn with
bacterral growth, which 15 conditioned by the presence and reproduc-
tion of at least one viable bacteral cell m the moculum 1€ the second
hypothesis 15 correct, then the titers expressed i nfections unts are
mdeed numbers of wdividual nmts, rather than maltiples of mimmum
concentrations  The titers need not express the full numbers of virus
particles, smee some of the particles may farl to mamfest themselves,
just as some of the bacterra m an noculum may fail to multiply

‘The deciston 1s eanly reached i the case of bacteriophages, As
already mentioned, the count of bacteriophage plaques 1s completely
analogous to the colony count for bacterra  The relation between
plaque numbers and amounts of phage plated 1s strictly hnear (203,
307), as shown m figure 8 Tlns can only be intcrpreted by assuming
that one plaque results from the action of a single mdependently dis-
tnbuted materal particle. I more than one particle had to be present
m one place ta produce a plaque, the plaque nembers shonld increase
pmch faster than Imearly with ncreasing amounts of phage plated

(431). Sumtlar constderations apply to plaque counts of anmal viruses
1 tissue cultures (196) .

Statistical analysis. There Is an equation that expresses the dis-

endently distributed materml particles in samples

trsbution of indep
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taken from 2 suspension of such particles, This s the sa-called Porsson
distnbutien {524)

¥
o= 1l
where 515 the average number of particles per sunple, r the actual
pumber in 2 given sample, #1 15 the product r X {r~ 1} X {r~ 2} X
3 x 2 (“factoral” of 1), and p, s the probainlity of having ¢
particles in a ginen sample (and therefore also the cypected fre-
quency of samples containmg r particles), Forr = 0, g = £~ (since
Ot = 1), This ss the frequeney of samples without any particles
The frequency of samples with 1 patticle 1s py = se 4, of those with
2 pr= (*2)c~4 and so on
The frequency distnbution of plagues in serics of plates inaculated
with equal amounts of several dilutions of a phage suspension has
actually been deteruned and found to agree with the distribution
expected from equation 1 (203), as shown m table 5 This represents

Table 5. Frequency distribution of bacteriophage plagues

From Eili< and Detbruck (205

Tiuety-three 0 L-ml «amples of a dilute phage preparation were plated for
pliquie eounts  The caleulated distnbutiun corresponds to equation 1

o (Experiental)  p, (Caloulated)

0 plagues ou 13 plates 0 391 0 53
1 plague on. 14 plates 0421 o 364
2 plaques on 5 plates 0131 R
3 plaques on 1 plate 0033 0 640
1 plaques on 0 plates 0 000 n 08

1 o0z 1 a00

direct evidence that the number of plaques represents the number of
independently distnbuted phage particles

Equation 1 can also be apphed where the resprnse 1s of the all-or-
none type. for example, presence or absence of disease m moculated
ammals  The question we ask is When a positive Tesponse occurs,
does 3t depend on the action of a sgle indsvrdual pattide or does 1t
result from the presence of a mimmum number of particles (greater
than 1)?
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the virus can enter,  The correct measure of actiity, therefore, 15 the
ratio of the number of lesions obtamed ta the maximum number ob-
tainable with the most concentrated sample  For companson of dif-
ferent samples 1t 1s desirable to work in the range of concentrations in
which the curve representing the dependence of the number of lesions
on the virus concentration has its steepest slope, since in that range the
method 1s most sensitne to concentration changes

THE STATISTICAL INTERPRETATION OF THE INFECTIOUS UNIT

The infections umit, defined as the smallest volume of a virus sus-
pension that can elieit a positive response, must contain a certam
amoaunt of specific virus materal  What does this mmimum amount
consist of? A prion, we can concene of two extreme possibihities
On the ane hand, a positive respemse may accur whenever enaugl virus
material 15 moculated to give a certam mmnmum concentration.  This
15 analogous to the requirement for a mmumum concentration of a
chemical posson to produce toxie symptoms O the other hand, a
posttive response may be conditroned by the chance that the mocutum
contams at least one mndivtdual irus particle that multiphes and causes
the spectfic mamfestations  An obvious analogy can be drawn with
bacterial growth, which is cond! 1 by the p and reprod
tion of at least ane viable bacterial ccll 1 the moculum  If the second
hypothesis 15 correct, then the titers expressed w infectrous units are
mdeed numbers of indnrdual umts rather than multiples of mimmum
concentrations The titers need not evpress the foll numbers of virus
particles, since some of the particles may fail to manifest themselves,
just as some of the bactena i an moculum may farl to multply

The decision 1s easily reached m the case of bactenophages As
already mentioned, the count of bacteriophage plaques 15 completely
analogous to the colomy count for bacterra  The relation between
plaque numbers and amounts of phage plated 15 strictly hnear (203,
307}, as shawn 1 figure 8 This can only be interpreted by assuming
that one plaque results from the action of a single mdependently dis-
tnbuted matersal particle 1 more than one particle had to be present
in one place to produce a plaque, the plaque numbers should increase
much faster than hnearly with mereasing amounts of phage plated
(431). Sumlar considerations apply to plaque counts of animal viruses
in tissue cultures {196).

PR fysis. There s an equation that evp the dis-
of independently distrsbuted material particles in samples

tribution
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taken from a suspension of such particles This s the so-cafled Ponson
distribution (524
e
KA [t
where s 15 the aserage number of particles per sample, £ the actual
number n a gnen sample, 71 1s the product £ X (r - 1) X {r—2) X
< 8% 2 (“factomal” of r), and p, is the probability of having r
pattides m 2 given sample (and therefore also the expected fre-
quency of samples contanmg r particles), Forr =0, pn = ¢ ¢ (since
O =1). Ths s the frequency of samples without any particles
The frequency of samples with 1 particle 1s py = se ¢, of those wathy
2, p2 = {$*/2)e~*, and s on
The frequency distribution of plagnes in senes of plates moclated
with equal amounts of several dilutions of a phage suspension has
actually been determmed and found to agree with the distnbution
expected from equation } {205), as shown i table 5 This represents

Table 5, Freq distrsbution of &
From Lihe and Delhirinch (2073)

plaques

Thirty-three 0 1.ml samples of a dilute phage preparation were plated for
phque counts  The calenlated distribntion cotresponds to equation 1

e (Experimental) e (Caloulated)

0 plagutes on 13 plates 0 393 n 34
1 plaque on 14 plates 0 3214 o 303
¢ plaques on 5 plates 0151 [LNR 5
3 plaques on 1 plate 0 033 0 0%
4 plaques on 0 plates 0 000 0 008

1002 1 o0

direct evadence that the number of plagues represents the number of
idependently distributed phage particles

Equation 1 can also be applied where the response 1s of the all-or-
none type, for example, presence or absence of disease m oculated
anmals  The question we ask 15 When a positne response oceurs,
does 1t depend on the action of a single indnidual particle, or does it

result from the presence of a mmimum pumb f particle:
a1yt ber of particles {greater
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Let us write the probabihties of having more than 0, more than I,
more than 2 particles per sample.

Prog=1—p=1~
Poor=1~(pi+ps)=1~(+ 1 3]
Prag=1=(py+p+p) =1~ (/2 42+ e (4

These exp also rep the freq of samples that con-
tamn at least 1, or 2, 0r 3 - particles. The dependence of the pro-
portion of samples with more than a given number of particles on the
relative number of particles is ilustrated m the plots of figure 11
The plots give the values of PrSn versus log s for the various values

of n.

10}~
0B}~
(3
04
02

0
-3 -z =1 0 1

Figure 11 The theoretical dependence of the frequency of positine samples
{samples wath at least a particdes) on the concentratian of particles m an oculum.
Cunes 1, 2, 3, 4 represent the expected frequencres for n= 1 or 2 or 8 or 4
Abscssa. loganthm of concentration (empuncal scale).  Ordimate  frequency of
positne samples  Note the ncreasing steepness of the response-concentration
curve for ancreasing values of the minmum pumber of particles reqaired  From
Lavffer and Price (404)

The reason for the shape of the cunves i the plot of P versus log s
1s clear. The greater the number of particles required, the steeper will
be the depend of the freqs of positive resp on amount of
virus because of the faster transition from the point where all samples
contain more than the mimimum number of particles to the pomnt where

none does.*

+ Suppose we distmbute 1400 marbles at random 1 a senes of 10 boves, and we
as “postne” the bovet that recene at least 100 marbles  Very Dlely, all
han 100 (all “pnsitine”)  If we dustribute 700 marbles at
bhably all of them will have fewer than 100 (all

scare
boves will secenne more
sandom m 10 boses, sery prol
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To apply these curves to virus titration, let us prepare a senies of
virus difutions and moculate for each dilution a series of equal samples
for mfectivity test The (unknown )} average numbers of virus particles
m each senies will be proportional to the concentration  The fre-
quency of positine noculations 1s obtamed for each senes and 1s
plotted versus the loganthm of the dilution  The dependence of this
frequency of positine responses on the dilution should represent the
dependence of the presence of the mimmum necessary number of

B T L
10~ -
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i ,
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04 ﬂ
ozk- 4
0 (A N 1
=3 ~2 -1 0 1

Frgure 12 Txperimental frequency of positive responses to mnoculation of van-
ous amounts of a vaceia varus preparation i rabbit skin Notaton as in Sgure
11 The sohd lne 15 cune 1 of figure 11 From Lauffer and Price (404)
Data from Parker (509)

particles on the average number of particles per sample This can
be compared with the theoretical curves of figure 11 Such compan-
sons, from data for various viruses, are shown mn figures 12 and 13
The expenimental data as a whole fit much better the curve correspond-
ng to the requirement for at least 1 particle than to those corresponding
to the requirement for at least 2 or more particles

The bacteriophage, the expeniments consist of placing equal samples
with various concentrations of phage 1nto tubes of bacteral culture,
and recording the presence or absence of lysis  The results (see figure
“negatnne’ )  Thus, dnuling the aterage number of marbles per box by 2 has
reduced the frequency of “posine™ cases from 10710 to 0/10

Suppose now that we consider as “positive” the hoxes with at least 1 marble
We distnbute 14 marbles 1n 10 botes {14 average per box). The expected
number of boves without marbles 15 2 (= 10 X e=14) If we dutnbute 7 marbles
only, the expected number of empty boxes becomes 4  Culting the average
number of marbles per box 1n half has reduced the number of “positive” boves from
810 8 Thusy, the smaller the number requred for a “positrye” score (1 instead
of 100}, the more gradual becomes the transiton from the fnput that makes alf
scores “positine” to the one that makes them all “negative ™
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13) aremn 11 o with the freq distnbution expected
from equation 2 (r = 0, 1 particle sufficient to produce lysis) (213;
431). This means that 1 phage particle is sufficient to initiate mass
lysis in a susceptible bactenal culture, or, mn other words, that the
mfectious umt consists of 1 material particle.

Ve must realize, however, that statistical tests of this nature do not
tell us that every virus particle will succeed 1n starting infection. It

1o T T

o
o
T
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T

Frequency of cultures with lysis

| B

o S | { §
10 ool

1 61
Relative amounts of bactenophage
Figure 13 The frcquency of positne response {lysis) 1n scts of bactenal cul-
wwres moculated with vanous amounts of hige Each pomt d
to a set of 160 cultures The sohd line 15 equnalent to curve 1 of figure 11
Modified from  Feemster and Wells (213)

1s clear that, even though 1 particle can cause nfection, not every
particle will succeed in doing so, either because of mtrinsic differences
1n the particles themselves or because of differences 1n the conditions
of host-virus interaction, such as, for example, the presence of m-
hibitors that may mactn ate some of the particles of the inoculum  The
statistical analysis tells us only that infection can be mitated by a
single particle and that 1t does not require the collaboration among

several particles

For bacteriophage, the plaque count titers can be compared with the

actual numbers of charactenstic phage particles recognizable m the
2 4) The agreement is very good,

on micrascope (see chapter :
‘t’}‘::t:m‘mbcr of actual particles being between 1 and 25 times the
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plaque counts This means that at least 40% of the phage particles
recogmzable 1n the clectron microscope, and often 100% of them, suc-
ceed in forming plaques (449)

Experiments with animal viruses (509, $10, 512) have gmven simifax
results, In practically all cases the results fit the cunve corresponding
to equation 2 (1 particle to infect). With a very wirulent strain of
sacoma virus titrated in the skin of rabbits, Parker (509) found an
excellent agreement with the hypothesis that the infectious unit con-
sists of 1 particle (Bgure 12)  Often, however, for ammal viruses the
frequency of positine results {ncreases even more gradually with in-
creasing amount of virus suspension than expected from equation 2
Deviations of this type can be evplamed by that, althoug}
1 particle 1s sufficient to start infection, other factors increase the rela-
tive dunce of postine response from small mocuh For emmplc,

at ngher
with mhnlmm‘s 1 the inoculum, or variations in host resistance could
produce the obseryed results (see 243).

For vaccima virus the conclusion that a single particle can 1mtiate
mfection 15 supported n some cases by the close correspondence
between infectious titers and numbers of charactenstic elementary
bodies m the same suspensions (about four times as many bodies as
mfectious umts, 606) For viruses such as that of rabbit papilioma
tested 1n rabbit’s skin, however, the discrepancy 1s much greater, up
to 107 or 10° particles per mfectious umt  This i itself does not
exclude the hypothess that 1 particle 15 an adequate infectious umt,
the other 107 or 10° may erther be wactive or may have very little
chance of successfully infecting a cell  Nevertheless, Bryan and Beard
(104) have suggested that in papilloma the response frequency curve
does not correspond to the frenuency with which at feast 1 virus
particle 15 successful in producing tnfection, but 15 an expression of
the distnbution of sensmvny of dnﬂercnt cells or groups of cells to
the virus  They i} a d of similar ta
that found for response to many drugs (a normal distribution of the
1 thims of the levels, exp d as the effective
drug concentration, 247)  On this basis an expression can be dernved
which fits virus titrations as well or better than equation 2  These

authors have, therefq posed the general that vawa-
twons m hast smsmvx\y to varuses are slone responsible for the shape
of the fr of positive resp as a function of the

amount of virus inoculated  This conclusion 15 not applicable to phage
titration and probably not even to vaceima virus. The good cor-
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respondence of particle numbers and infectious umt titers (449, 606)
indicates that, with inocula that give some positive and some negatine
moculations, the presence or absence of particles must play the major
role. For other ammal viruses, the sensttivity distribution of the hosts
may mask or distort the effects of the statistical distribution of the
indwvidual virus particles

Smular considerations have been appled to the titration of plant
viruscs by necrotic leston count  Several authors (85; 404; 693) have
shown that the ratio y/N of the number y of lesions obtamed with a
gven ation to the L ble number N of lesions
obeys the relation y/N =1~ ¢—*. This equation is analogous to
equation 2 and mdicates that infection results from the action of 2
single particle at one pomt of entry. Some frequently occurring de-
wviations have been explained (35) as due to reversible aggregation of
virus particles at the highest concentrations The ratio (infectious
umts)/(virus particles) 1s generally very low, between 1/1000 and
17107, This 15 not surprising, i view of the rather mefficient method
of inoculation by leaf rubbmg Kleczkowski (375) has published
results on tobacco mosare virus similar to those of Bryan and Beard
(104) on rabbit papilloma  The suggestion was made that the titration
cunve of plant viruses may reflect i part or exclusively the distnibution
of sensitnaty of the sites of virus entry to varous virus concentrations,
rather than the presence or absence of mdwidual successful virus
partrcles.

The question 15 at present unsettled  As a whole, 1t scems Itkely
that for most viruses 1 particle 1s suflicient to mmtte infection For
some viruses the tiration results may not be 2 measure of the num-
ber of successful individual pasticles, but simply that of the virus
concentration.

Even m the most favorable cases, the titer of a virus suspension,
expressed in mfectious units per umt volume, corresponds to the
aumber of particles that are ful m prod under
the particular conditions employed m the test  The numerical rela-
tion between successful particles and actual virus particles cannot be
decided by titration or by any other statistical tests, but only by actual
counts or determinations of particle number  These counts, 1a turn,
cannot distinguish between active and fnactive particles, nor between
particles ifferentially nfectious fqr different hosts or for dnﬂcx:cnt
routes of inoculation At best, trtration results gne numbers of statisti-
cal particles, whose relation to the number of actual particles invohes

unknown factors of proportionality.
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4

Size and Morphology

of Virus Particles

We have seen that virus preparations contan material particles with
specific activity. The methods for the demonstration, 1dentification,
and physical study of these specific particles represent an 1mportant
phase of virus research, invohung the use of physical and chemical
procedures which are for the most part derived from collord chemstry
and protein chemistry

ion of crude virus If the native virus matenal
15 alrendy a fluid, for example, a phage lysate or a virus-contaning
body flmid, the only requirement 1s the elimination of bacterial con-
tammants by filtration through any bacteriologcal filter that does not
retain the virus  The choice of filter 1s mamly a matter of experience,
diatomaceous earth or sintered glass filters are generally smtable If
the virus 15 mostly present m ntraceflular form m a tissue, the tissue
1s minced and ground with stenle sand or ground glass or otherwise
homogenized to release the virus mto the surrounding flud  The pulp
18 suspended 1n a suttable medwm  Most viruses ate quite stable
media of composition similar to that of host tissue, which, for ammal
viruses, 15 approumated by bacterial culture media such as meat-
fusion broth  Plant struses are generally 1solated by breaking up
the plant cells so that the virus 15 released with the plant juice  This
Jutce shouldl he brought near neutrality by addition of proper buffers

Crude virus suspensions are generally stored either 1n a refrigerator,
or by quick-freezing and storing at temperatures as low as —70° C
(34), or by drymng 1n vacuo from the frozen state  Quick-freezing
avolds the formation of 1ce erystals and minimzes protein denatura-
tion The fact that all known viruses are rapidly mactivated at tem-
peratures below 100> C makes 1t possible to destroy the m}ecmnty of
viruses by the standard il d of b

55
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Identification of virus particles. Once a suspension containing virus
activity 1s available, we proceed to search it for some material to which
the specific actnity can be attnbuted  Ideally, such matenal should
be present 1n mfectious preparations and absent from noninfectious
control preparations  Its amount should parallel the amount of virus
activity, and ats alteration should be accompanied by loss of actiity
By a vartety of methods, it has been found that virus activity s gen-
erally associated with particles charactenistic for each indivadual virus,
whose sizes vary all the way from less than the size of small bactena
(03 p) to the size of medium-size protein molecules {10 mu). Table 6
summarnizes data tor a number of vrruses.

It will be useful to recall briefly some of the units of measure
encountered m virus work A mucron () is 10-* em, a millimicron
(mg), 10-7 cm, an angstrom (A), 10-% em  The angstrom unit 15
generally employed m measurements of atomic and molecular dimen-
sions For example, the distance between the centers of two carbon
atoms m the ethane molecule 15 about 15 A, the distance between
amino acids m the polypeptide chain of sk protemn is 35 A For
large molecules or collosdal particles, we use the millimicron untt
The spherrcal molecule of egg albumm, containmg about 350 ammno
acid residues, has a radws of 27 mu (27 A)  For a sphenical parhicle
of radius r, the volume 1s equal to #3xr* If the volume and density
are known, we can calenlate the mass of a particle, The mass can be
expressed either n standard mass umts, for example, the gram and its
submultiples, or m multiples of the unit of molccular weight, which is
taken as ¥ of the mass of the oxygen atom, that 15, 163 X 10-2*
gram Expressed m this way, the mass gues the molecular weight
of 4 molecule having the same mass as our particle A convenient unit,
corresponding to 10° anits of molecular weight, has been given the
symbol Mh (521)  As an example, a spherical virus partecle, 20 mu
1n diameter, consistmg of materral with density 11 grams per cm?, has
avolume of (4 X 8314 X 10%),/3 mu® = 4190 mu® = 419 X 10~% cm?,
and 2 mass of 419X 10775 11 gram = (419X 11 x 10-1)/
(165 x 10-%¢ X 107) Mh =28 Mh The mverse of the umt of
molecular werght 1s N = 606 X 107, the Avogadro number  mN/10°
gives the mass n Mh umits, 1f m 15 the mass in grams

VISUALIZATION OF VIRUS PARTICLES

The resolving power of the ordinary Iight microseope, defined as
the fmerse of the smallest distance at wluch two objects can be seen



Table 6. The sizes of the particles of representative viruses
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as separate and distinet, 1s gnen by: RF. = 2{N.A.)/A, in which A is
the wavelength of the light and N.A. 1s the numerical aperture of the
objective lens. For visble hght, A = 400-800 mu. Since the best
numertcal aperture obtamnable 1s approxmmately 14, the lumt of reso-
lution 1s of the order of 200 my. Ths 15 just below the himitmg porosity
of ordmary bactenial filters that allow viruses to pass, and only the
largest viruses can be visualized with the ordinary light microscope
The use of stammg technigues improves the vistbility of Jarge virus
particles both by 1mproving contrast and by increasmg the actual size
of the particles through deposition of staining matenal,

1In 1887, Busst (106) observed particles near the lumt of vistbity in
smears from the contents of pustules of vacerma and smallpox viruses
after staming with the basic dye carbol fuchsin. These particles were
later studied by Paschen (514), using either carbol fuchsm or Giemsa
stamnng sotution (methylene azur and methylene azur cosinate). The
work of Paschen established the speaific relation between virus ac-
tnvity and the presence of these bodres, which he called elementary
bodies This term has remamed mn general use to mdicate particles
associated with activity of certam viruses barely visible through the
hight microscope (higure 14)  The elementary hodtes of the vacciwa-
smallpox virus group are often called Paschen bodres

Generally, all techniques for stammg elementary bodies employ
erther strongly baste dyes or metallic silver precipitated from a col-
lowdal solution of sther hydroxide onto particles previously treated
with a mordant (Morosow's method, see 635) Elementary bodies
m punfied suspensions may actually be counted in stained prepara-
tions, The wentification of elementary bodses 1n stamed preparations
hinges on the possibility of as g their wrth the p
of virus activity and may be complicated by the presence of foreign
particles of similar size

Dark-ficld smeroscopy 1s based on the visuahzation of particles by
the lght they scatter mto the microvcope when illununated with an
obhque heam of light which would nat enter the objectise It permits
visualization of particles as small as 50-200 myu without revealng any
detarls of size or shape It has been found useful in the study of the
evolution of animal virus mfcction within nfected cells i the hiving
state (figures 77, 78) (89}

The resolung power of the microscope can be improved by using
altraviolet hight snstead of visible light. The resolving power increases
as the waselength of the light dimmshes  The main dlfﬁ.mIIy is the
requirement for expensnve quartz lenses or for mirror optical systems
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since ordmary glass 15 opaque to ultraviolet hight, Moreover, the eye
being msensitive to ultraviolet, the image must either be observed on
@

a screen or ph hed, Ultraviolet microscopy was ex-
tensively used by Barnard (38) to observe varus particles, Recently,
it has been employed by Swedish workers as a h 1 tool to

measure the specific absorption of virus materials for certain wave-
lengths and to study quantitatively the changes in this material withm
infected cells (357).

Hagemann (286) introduced into virology a modification of ultra-
+iolet mi Yy, fi nce microscopy The material to be studied
15 stained with some dye (primulin, thioflavin) which, when illum:-
nated with ultraviolet hght, gives out a greemsh-yellow fluorescent
light The requirement for quartz optics 1s reduced to that for a con-
denser and a mi pe shide.  Virus el y bodics, in particular
those of vaceinia and psittacosss, can be visualized and counted, but
the method gives no useful information as to therr size or shape  The
recently introduced phase contrast microscope (552) has not yet
yrelded results of particular significance i the study of virus particles.

Electron microscopy. The electron microscope (see 153, 688) 1s
based on the principle that a beam of electrons can be considered as
a wave system possessing a charactenistic wavelength, which depends
on the speed of the electrons. The faster the electrons, the shorfer
the wavelength In the microscope, electrons are emutted by a hot
filament, accelerated by a potential difference of 50 to 150 kv, and
reach a umform yveloaity at whieh thetr associated wanelength is much
shorter than that of Iight The electron beam is focused hy electro-
stattc or, more commonly, by magnetic fields, much as a light beam
15 focused by lenses  The beam is sent through a specimen, and an
enlarged electromce 1mage of the specimen 1s projected onto a flnores-
cent screen or a photographic plate  All el that have passed
through an area of the specimen will be focused onto a corresponding
enlarged area of the image, escept those that have been deflected and
scattered anay by & with the el d 1n the atoms
of the matenal under imvestigation,  The probability that an electron,
1n passing through a umt thickness, 1s deflected, is proportional to the
number of electrons per unit thickness  Therefore, the loss of clectrons

in a given region of a specimen will depend on the thickness and
deusity of the region and on 1ts clemical composition  Particularly
presence of heavy atoms, winch contain more clectrons
han lighter atoms  Among the elements present in

important is the
per umt solume ¢
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substantial amounts in wlogeal materals, phosphorus and sulfur
are the magk. absorbent for electrons

Sice all substances, weluding air, can scafter electrons, the bio-
Jogical specimens must be exarmned n a high-sacuum chamber con-
tuning the electzon source, the speamen, and the photographee plate
Thus places a sevese hantation on the use of the electron micrascope,
smce the object must be completely dry. No obsenvation of matenal
n the hving state ean be made. The specsmen 15 supported by a thin

of cellulose mtrate (collodion) or other plastic matenal,

whose thichness { less than 200 A) and lack of heavy atoms make 1t
fairly teansparent to electrons  Thin ims of metals of low atorme
number such a3 berslbum have also been employed.  The average
absorption of iwlogical matenal for electrons 15 such that hardly any
detard can be distinguished when an object 15 thicker than about 05
ol

Fusther inf can be obtwned by the “shadowsng” device
(679). A metal 15 evaporated m a sacuum chamber containing the
specimen, 1 such 2 way that mefalhie atoms It the speciruen at a
small angle The shadow effect resnlts from the fact that the object
prevents the metal from reaching the surface of the speamen m an
area, which appears an 8 negatne as a shadow of the obyect. The
fength and shape of the shadow reveal the height and surface wregu-
lantes of the object

Another methed s the use of repheas, that 15, of plastic flms formed

pouring 2 solution of plastic matenial on the surface of the object

The film formed by evaporation of the sohvent 15 then stripped off the
surface, and the pattern of ndges awed alleys, corresponding to the
depressions and selrels on the surface of the obyect can be studied
with the efectron mmcroscope  Tius method has been particularly
useful i the study of detals of crystal surfaces  Pseudorephcas,
which the stiipped flm carnes with @ ¢ taver of the matensal under
study, are often mere useful w \irus studses

‘The electran nucroscope has made 1t possible to olserve the detaited
morphology of visus partscles (Bgures 15-76)  The Paschen Lodies of
racema {fgure 13) have a bock-shaped appearance with areas of
greater opacxty. corresponding exther to areas of greates condensation
or 10 less collapsible regrons (274} The darher, more absorbent azeas
might alse represent greater cancentrations of nuclese and, and, there.
fore, of phosphorus atoms  Treatment with alhab, wuch removes farge
amounts of nucl rom the el bodies, feaves a less
absorhent “ghost  possibly an empty membrane
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Figure 17 Feline pneumonitis virus, shadowed From Hamre, Rake, and
Rake, 7 Exp Med 861, 1947. Couttesy Dr G W Jake, Squibb Institute for
Medical Rescarch, New York

Figure 18  Spontaneous mause encephalitts surus, stram FA, shadowed  From
Leyon, Exp Cell Res 2 207, 19351 Courtesy Dr IT Leyon, University of Uppsala,
Sweden.
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Figure 19 Inflocnza &, e PRY Views Rlaments and partnles o tisne
coltures  From  Murphy, Kurzon, and Bang, Prec Sac Exp Bud Med 13596,
1950 Courtesy Dr F B Bong, Jobns Hophims Vntsersty, Baltuare
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Figue 20 Tobaces mesne yims Figure 31 Putate vius X Cour-
Courtesy Drs © A Kmght and R C  tesy Dr £ \an Slogteren, Laboratorrem

Williams, Varus Laboratory, Untersity  soor Blocmollenderzock, Lisse, Siotlnd
of Galiforma, Berkeley
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Figure 22 Tomato bushy stunt virus, air dned  Note the tendency of the parte-
les to optent m dduse-pached array under the influence of surface tension  Cour-
tesy Dr R € Willams, Virus Laboratory, University of California, Berkeley,

The particles of each virus are often almost perfectly homogeneous
m size This homogeneity cannot be attributed simply to a selection
durmg the ion ot the susp smee the methods most
employed for purtfication, such as differential centrifugation, are not
very selecttve for size  The clementary bodies have a narrower size
distnbution than that of bacterial cells from a growing culture, a fact
that had suggested quite early that they may reproduce by some
method other than increase in size followed by fission

A comparison of the morphology of the vartous virus particles lus-
trates the basis for the use of morphalogical critera in the classification
of viruses (563)  Viruses of the smallpox-vaceta group have similar
particles, ndistinguishable from those of mouse cetromelia, which, on
the basis of biological considerations, has recently been shown to be
related to the vaceima group (215)  The viruses of the influenza
group have indsstinguishable particles  The same 15 true of those of
the psittacosis-lymphogranuloma group
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Figure 23 Phage T1, ar deied  Courtesy Dr R & Withame, Virus Labora-
tory, Yanersity of Californ, Berkeley

The particles of several plant viruses are shawn n kgures 20-22
Far various bactenophages, the morphology of the speathe patxcies
{figures 23-26) 15 closely correlated with entema of genctic and sexo-
fogreal relationship  The tadpale-lihe pasticles of many phages ace
among the most beautiful objects revealed by the electron mcrostope
Their complex hology 35 an mnd) of therr elat organi-
2ation Transparenl ghosts with atact tals can be obtaned from
taded phages by a number of treatments, including osmotie shack {20,
fee 27) This suggests the removal of & portion of the vivus ma-
tersals upon lowermg of the salt concentration  The “ghosts™ are now
known to contain most of the protew and sone of the nuclerc acsd of
the phage (313)

Batterion

Hustrate the bality of i g angd char
actenzng, virus particles m the electron microscope through some
specific mamfestation of their iteraction with host cells  Suspensions
of diffecent bactenophages, derned fram the same host cells, show
particles charactenstic for each phage By taluag “action shots” on
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Figure 24 Phage Td, frozen-dried Notice the geometncal features of the
heads Courtesy Dr R € Wilhams, Virus Laboratory, Unnersity of Californiy,
Berkeley

Figure 25 A nuture of phages T8 and T3, frozen-dnied. Note the short ap-
ndage on the bipyramidal particles of T3 Courtesy Drs D Fraser and R C
\illums, Virus Laboratory, University of Californta, Berheley
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Frgure 26 Phage T4, wishadowed  Courtesy ¢ T F Anderson, Unineraty
of Pesmy hama, Philidelpina

preparations drsed at mienals after miang phage and bactena,  can
be seen that the charactersstic particles beeome absorbed onto bac-
tena {440, figure 29) Upon bactenal lysis, characterssic particies
are liberated 1 amounts carresponding to the ¥nowa nise n phage
activity {443) (figures 30, 81)

Sometunes, virus particles can be identified by the demonsteation of
some specfic reachon, for evample, adsorption of the siruses of the
mikiensa gronp on the surface of spectBeally agglutmable red cells
{Bgure 82}, The reaction of virus partacies with speaific anttbody bas
been demanstrated m the electron nucroscape, esther as a speoific cun-
glutnation of the charactenistic particles of as an ncrease m thickness
of the virus particles upon coating by antibody molecules (223 The
thickness of the rod-shaped tobacce mosase virus sncreases upon treat-
ment with antibody hy an amount suppasedly corresponding ta twie
the length of an antbody molecule  This suggests a radial arentation
of the antibady malecules pespendicular ta the axus of the vrus particte

The electron microscope can be used to count the number of virus
particles w o suspension (677)  The virus suspension w miced with
2 suspension of particles of palystyrene latex 1n known concentration
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Figuse 27 {1l Phage T4, unshadowes, after asmotie shock treatment  No-
tue the sormal skn and tasd and the empty head  Coustesy Dr T F Anderson,
Ynnncrsity of Penwss kv ana, Philadeiphsa
Fuzure 28 {nght)  Immsture particles ot phage T2 {“duoghouts™) produced
under the sction of proflavie.  Note the resemblance «ith empty phage heads

¥
“

(see figure 28)  Courtesy Dr T F Anderson, Us of fi hvands, Fhula-
delphua
The latex particles are sgherical, extremely b in size, and

castly countable.  The muxed suspension 1s sprayed m 2 fine rmst with
4 nebulizer, and deoplets are collected on the specimen holder, are
sllowed to dry, and are exarmned  Whenever a droplet fits within
ane electron micsoscopie field, a1l the particles of either latex or virus
it contams are connted {Bigure 33}, From ther relative numbers, we
can then caleulate the on of virus p Jes 10 the susp
The estsmate can be made quite by # ing the
of particles counted  This methad was used, for example, to compare
the numbes of phage particles with that of the ifectious umts of
plage {(419) and to calevlate the weight of the particle of tobacco
mosaee virus,  This was dope by Jes n
weighed preparations of pure virus {6503

The use of the electron microscope to \uahze virus particles in the
intracellular state s somewhat Timited by the general opacity of cells

Ho
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Figurct 29.31  Tnteraction between bactenophage and bactenum as scen sa the
eloctron microserpx. Fegure 2% (left] An wlocted coll of Eackerea ool with
attached pattiles of phage T2 Fagure 31 (nght)  Cefl walls after 3w wor-
wounded by phage particles  From Lunia et ol (448)

B m ety

Figure 30 Two anfected cclls during sis, woth Wberation of phege particles
and protoplasmuc debns From Luma etal (449}
)
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Figure 27 (left) Fhage T4, unshadowed, sfter osmotic shock treatment No-
tice the normat skin end taid and the emipty head  Courtess Dr T F Anderson,
Urnersity oF Penasvh azua, Phaladelphia

Figure 23 (nght)  Immatare povticles of phage T2 (“doughnuts™) produced
under the achon of proflavine.  Note the resemblince with empty phage heads
(see Fgure 88) Courtesy Dr T F Anderson, Unuversity of Pennsylvania, Phila-
delphisz

The latex particles are sphencal, extremely homogeneous 1 size, and
easily countable The nuxed suspension 15 sprayed m a fine mist with
a nebuvhzer, and droplets are collected on the specimen holder, are
allowed to dry, and are exaruned \Vhenever a droplet fits withm
one electron microscopic ficld, all the particles of exther latex or varus
st contatns are counted (figure 33)  From thetr relative numbers, we
can then caleulate the concentration of virus particles in the suspension
The estanate cau be made quite accurate hy mcreasing the numbess
of particles counted  Thss method was vsed, for example, to compare
the number of phage particles with that of the mfectious umts of
phage (419} and fo calenlate the weight of the particle of tobacco
mosme varus  This was dene by particles in 3]
wesghed preparations of pure virus {680).

“Fhe use of the electron microscape to visuahze virus particles m the
ntracellular state 18 somewhat himited by the general opacity of cells
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Figare 33 A droplet pattern from a muxture of tobacco mosaic varus and
pelystyrene Litex particdes  The concentration of fhe itex porticles i the muture
5 dnoun, and the pumber of steus patticles can be estimated from the ratio be-
toeen the counts of the tue bypes of porticdes  The enlarged sector shows the
vizus particles more cleacky  Nate that the rod-shaped viray particles onent them.
sehes paalle] to the edge of the droplet, due 1o the changes m surface termon
dunng diyrg From Research Today, § 28, 1952 Courtesv Dr R € Wlliams,
Virus Laboratory, Unnesaity of Califorraa, Beskeley

Mesons by viirnBitraton, 2 method based on 2 weve prneple Ulae
filters that retsin virus are valuable not only i measunag iruses but

alse mn obl g virus-free and m sep dafferent
suses from a misture
The most useful ultraBlters are collod t prepared by

remaving the solvent from thin layers of collodion solutions  The
average pore size of the resulng collodson membrane depends on the
<oncentrabion of collodion m the origmal solution, an the nature and
the coneentration of the solsent, and on the rate of sofvent elimmation
Eazly membranes prepated from solutions of collodum m acetic acid
bave been replaced by Iibrated “gradocol” t

from ether-alcohol solution (204) The average pore diameter
{APD) of a membrane 15 estimated mdirectly from the pressure
needed to force the first air bubbles through the membrane mnder
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Figure 32 A chick 1ed blood eell with particles of influenza virus B adsorbed
on the celt sutface  From Henmets (2961 Courtesy Dr F Hewmmets, Nasal
Medical Field Research Laboratory, Camp Lejeune, N C

to the clectron beam, due to excessive thickness, Special techmques
have been devised for use with hssue cultures and for obsersation of
\ery thin sections of tissues (see chapter 11). The sizes of the particles
assocrated with a number of viruses, as denved from electron micros-
copy. are inclided m table 6

DETERMINATION OF PARTICLE SIZE BY ULTRAFILTRATION

Optical methods seldom allow direct identification of vinble par-
ncles with the active virus, since the particles observed cannot be
tested furthier  The size of active virus particles, however, can often
he estmated wathout mactivation even an dilute, impure virus sus-



o, 4 Ultrafilteation 71

Figure 33, A droplet pattem from a mivture of tobicco mosac virus and
polystyrene bitex particles  The concentration of the latex particles in the musture
s known, 20d the number of e pattiles can be estimted from the ratio be-
tween the counts of the two types of particks  The enlarged sector shows the
virus particles more clearly  Note that the rod-shaped irus pamctes orjent them-
scles purallel to the edge of the droplet, due to the changee in surface tenson
dunng drymg  From Besearch Today, 8 28, 1952 Courtesy Dy R C Withams,
Virut Laboratory, University of Cabfornia, Berkeley

pensions by ultrafiltration, a method based on a sieve prmowple Ultra-
filters that retain virus are valuable not only n meastang viruses but

also 1 ok sirus-free | and in ser g different
viruses from a misture
The most useful ultrafilters are collod: L prepared by

removing the sohent from thin Jayers of collodion solutions, The
aserage pore size of the resulting collodion membrane depends on the
cancentration of collodion 1n the onginal solution, on the nature and
the concentration of the solvent, and on the rate of solvent ehmmation
Early membranes prepared from solutions of collodion 1n acetic acid
have been replaced by accurately cabibrated “gradocol” membranes
from ether-alcoliol solution (201). The aserage porc diameter
(APD) of 2 membrane §¢ estimated sndiectly from the pressure
needed to farce the first afr bubblex through the membrane under
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Frgure 32 A chick red blood coll with partscles of mfluenza virus B adsorbed
on the cell surface. From Hemmets (2063 Couttesy Dr £ Hemmets, Naval
Medeal Ficld Research Laboratory, Camp Lejeuse, N C

10 the electron bram, due to excessive thickness  Spectal techniques
have been devised for use with issue cultures and for observation of
very thin sectians of tssues {see chapter 11).  The sizes of the particles
assocated with a number of viruses, as derved from electron micros-
copy, are inctuded in table 6

DEFERMINATION OF PARTICLE SIZE BY ULTRAFILTBATION

Optical methods seldom allow direct 1dentification of visible par-
ticles swith the active virus, smce the particles observed cannot be
tested further, The size of active virus particles, however, can often
be estimated swthout inactivation even on hlute, impure virus sus-
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DETERMINATION OF PARTICLE S5ZL BY IYDRODYNAMIC METHODY

A number of procedures for deterrmmmg the size of virus particles
sest on the analysis of the motion of the particles through the sus-
pendmg fimd.  Smee these procedures are now widely used and many
properties of vimses are reported s terms based on these methods,
their principles should be clearly understood by virus students  The
two mast mportant types of motion to be considered are the sedi
mentatian of virus particles m a contrifugal field and the changes m
concentration of virus particles by diffusion

Sedimentation of spherical particles. The case of spherical pasticles
1s the simplest. A sphenical particle of radiis £ suspended 10 2 hqued
will sedument m o gravitational or centnfugal field of sts density d s
greater than the density d, of the medium  In a grautationa) field,
the motor force P 1s equal te the gravity acceleration g maltiphed by
the difference between the mass of the particle and the mass of a cor-
responding volume of the medium P, = $%o(d ~ d)g  In a cen-
trifugal field, the gravitational acceleration g 15 replaced by the
centrifugat acceleratson ¢ = {2rw)’x, where w15 the number of revo-
letions per urut tme and z 15 the distance of the particle from the aas
of rotation of the centrduge P = $4nr{(d — do}Jc

As a particle 15 s 1w a £ its veloasty ©
This will 10 tura cause an wcrease m frction.  The frctional force 15
measured by, ¢ = ¢f f 15 the "fnction coefficient”  Hts value for
sphencal particles 1s 6myr, wlere y 15 the viscosity of the medium  As
the velocity mereases, we reach a pomnt where the frictional force
balances the contnfugal force  The patticle will then continue to
move at a umform seloaity, which 1s obtamed by witing P, = 4, or

1er'td = dyle = Ganre ]
p=2 ﬁ‘i:”_di” 2 {6}

These equations cxpress Stokes” law, which desenibes the motion of
sphencal particles 1 a foxd wnder deat conditians (that 15, no mter-
acton among the particles, the size of the particles Jarge as compared
with the $12¢ of the sobent molecules, 1o disturbance due to canvec-
ton currents)

‘We see, then, that the motion of 2 sphencal particle 1 a centrifugat
Beld s determned by its size and density, by the density and viscosity
of the medum, and by the centafugal force  Tius force depends on
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water, or to force throngh it a given amount of water per unit time.
The relation hetween the AP.D. and the size of the particles that can
go through the membrane is then obtamed by filtering particles of
known size. The correction factor, that 15, the ratio between the A P.D
and the dameter of the smallest particles that can pass, was onginally
gwven (204) as follows: AP, 10-100 my, cotrection factar 3 to 2;
AP.D, 160-500 tp, correction factor 2 to 1.3, A D.D. 5001000 mg,

L AL N AN A R I
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€50~ o o DN t
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seraze pore dameter, my
Figure 34 Filtraon end-prasts for several viruses and other microorgamsms
From, Elford (204)

correction factor 1.3 t0 1 According to a more recent study (474),
howeuer. the correchion factor 15 about 123 and fauly ndependent of
APD. The medinm i which the matenal to be measured js sus-
pended plays an wmpartant role, because it affects adsorptne phe-
nomena that take place on the walls of the pores.

The size of virus particles 15 d from the £l d-porat,
that is, from the A P.D. of the finest filter that allows some virus to
come through  For homodispersed viruses. there should be an abrupt
transitson from flters that allow all virus fo pass, to filters that retam
jtall. In practice, such an abrupt change is only found for the smallest
viruses (fgure 84) The deviations for large particles depend more
an the loss of vitus particles on the walls of the pores than on in-
Thomogeneity of virus matersals
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DETERAUNATION OF PARTICLE STZE BY HYDRODINAMIC MFTIHODS

A number of procedures for detenminmg the n1ze of virus particles
sest on the analysis of the motion of the particles through the sus-
pending flud.  Since these procedures are pow widely used and many
properties of viruses are reported n terms based on these methods,
ther prneples should be clearly understaod by virus students  The
two most important types of motion to be considered are the seds-
meatation of virus pasticles 1 & contofugal feld and the changes
conentration of virus particles by diffusson

Sedimentation of spherical particles. The case of sphencal particles
is the simplest. A sphericat particle of radws r suspended m a hiqud
will sediment 1 a gravitatianal or centofugal field of sts density o s
greater than the density dy of the mediom I a gravitatonal Reld,
the motor force P 15 equal to the gravity acceleration g multiphed by
the difference between the mass of the particle and the mass of a cor-
responding solume of the medwm P, = 2% (d ~di)2 Io a cen
trfugal field, the grauitational aceeleration g ss replaced by the
centrifugal acceleration ¢ = {2rw)2x, where w 15 the number of revo-
tutians pes unt time and x 15 the distance of the partide from the avis
of rotation of the centrifoge Pr = 45e{d ~ d)e

As a particle 1s accelenated in a centrfuge, its veloctty ¢ mcreases
This will 1n tom cause an increase 1 fiction The frctional force 15
measured by ¢ = tf f s the “frction cocfhcient * Hs valve for
spheneal particles 1s By, where % 15 the viscosity of the medium A
the seloety nereases, we reach a pomt where the fnctinal force
balances the centnfugal force The particle will then continue to
move at 2 umform eloetty, which is obtamed by writing 2. ~ ¢, o

45 — do)e = Ganre 13}

YT

7

These equations express Stohes’ Jaw, swhich describes the mation of

sphencal patticles 1n & flusd under deal conditions {that 15, no ater-

action among the particles, the size of the particles Jarge as compared

with the size of the sohent molecules, no diturbance dee to comee-
tion currents)

We see, then, that the motion of a sphenical particle w a centrdugal

Beld s determned by 1ts size and density, by the devsty and viscasity

of the medwim, and by the centnifugat force  This force depends on

8}
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the speed of rotation and on the size of the centrifugal rotor (or
“head”}, which determines the distance of the particle from the axs
of rotation From equation 6 we can derwve the value of a magmtude
S = v/e, called the sed: i which 15 ch wstic of
a gwven particle tn & given medium at a given temperature. Equation
5 can then be wntten m the form

_ At - $rdy i ~ (do/d))

Gy !

Equations 6 and T can be used to determme the rads and mass of
a spherscal particle if we have methods to measure sts density and 1ts
velocity 1o a centrifuge, since the centnfugal force and the density of
the medsum and sts viscosity can all be measured without difficulty

Duffusian: of spherical particles. If a layer of a suspension of par-
ticles and 2 layer of the medsum alone are placed in contact along a
boundary plane, the random maton of the particles will make some of
them pass through the boundary The particles will move back and
forth, and more will cross past the plane of the imtial bousdary from
the side where the concentration s lugher, resulting i progressive

qual of the of the two sides. I the partscles
are large compared with the malecules of the medium and are few

i1

2 The student should remember that all units of measure for different quantihies
entening an equation must be comparable  The biest method 1s to use the so-called
CGS system { centmeter, gram, second}  If 7 15 exprossed in contumeters, 1 most
also be in centimeters, and g and ¢ m centimeters per second  This often forces
« change fram the umts most commonly employed for example, the diameter of 3
s particle, generally gnen m nulbmicsons, must be translated snto centuneters
The decimal notation (see page 40} helps m handling luge or small numbers
2 rods of 12 mu cosresponds 1o 12 X 10-8 om, and the comresponding olume
s $5r(12X 107818 om¥ = 42X 374X 1029 cmd = 731018 em? The
value of w 1 often given in resalutians per minute {rpm)  If w 45 translated mto
revolutions per second (60 rpm = L 1ps), and if ¥ 15 gven in contimeters, an ap-
provimate comparison of centrifugal and gravtational accelerations 15 eastly made,
since the latter {980 cm per sce) ean be taken as about 1000, and the raho of the
two accelerations, that s, the natw of centnfugal force to gravity, will be about
171000 the vatue of the centnfugal force

Densitres are given in grams pes cubic centimetec {0t m ratios of the density
1o that of water at 207 C)  Viscosity can ala be measured as the rtio to the
\iscasity of water at 20° C talen as 001 The sechimentation constant, that ss, the
rate of sedimentation of the particle m water at 20° C under a umty centnfugal
force, 1s obtaned 1u centimeters per second  Being genenally very small, it 1s often
cxprossed m Scedberg units (Sgg) 1 Sgq = 1013 om per sec Fac ccample, the
sedimentation canstant of tomato bushy stunt vsrus s 148 S, = 146 % 10-1

crm per sec.
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enough not to hamper one another, their kinetic energy will depend
anly on the temperature, and their s elocsty will depend on thesr mass
and on the temperature. The resistance of the medmm depends on
the frictional force, that ts, on the aeloaity of the particles and on
therr Essetional coefficicnt {sce page 73} The change m concengration
that takes place i 1 second across 1 em? of 3 boundary between solu-
twns differing by 3 wmit concentration 15 defined as the diffuvon con-
stant D Its salue is gnen by

RT
= 7 ein® e ™! ]

where T sy the absolute temperntire, B s the socalled gas constant,
&1 the Avogadra number {606 x 107 and f. the fnction coefficient
is given for spherical particles by Sy B and T appear i equation %
{Einstem’s equation} because of the equnalence of the motinn of the
malecules in an ideal gas and of sphencal pastickes m av Weat salutian
For the desnation of equration 8 the readcr should consult a textbonl
of physical chemistry

The diffusion constamt B 13 ohimwed by measuning the concentration
of partictes at different imes at known dustances from the plane of the
mysal boundacy? The radius of the particle can then be obtamed
dixeetly:
/T
Dby

Nomspherical particles. In e ense of aopspheneal partites the
sttuation 15 contplicated by the fact that the frctional torce depends on
2 complex function of the kncar dsmensions (Iength, width, thickness)
of the sedsmonting particie  \lcasurements of sednentation veloaty
alone ar of difunion alane do not give any disect information aboet the
volume or mass of the particle One way of getting aromd this
dibculty is to measare both s dimentation and dflusion constants and
to dinde one by the other. The resultng value 6 mdependent of

2 The actial meavstements ate mads as folkocn The aingenuan and the smdium
one are placed 4 eomtact at tme At cariems infrvaly the copcendration gt
Vaions distant> frimn the Lemsalary s menvora sifher eptically o8 by other meamy

he cimcentration ©, , a8 a diatarer £ and line €0 ccdated tn £ 1 and D by the

expresione
. _":n( gy . F
e At \/-j: ”’”) L
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the frichon coefficient and, therefors, of the shape of the particle, and
i praportional to the mass only*

8 mil ~ (d/HIN 5 R
g, n o=
b R " BN < i)
1f all unats are CGS, m 15 obtaned 1 grams
An essentially equavalent way 15 to sure the Hed seds

twn equilibrinm  n o relatnely slow centndugal field, the iereased
concentration of particles w the bottom of the tube will create an
mcreased tendency to diffuse backward  \When sedimentation and
hach dsffusion balance each other, an equibthrnm s reached, and from
the cancentration of particles at two given ponts m the centnfuge
<atumn swe can determme drectly their mass

Once the mass of an asymmetrical particle 1s known, we can calce-
late what volume, radsus, and frictron coeflicient {f,) st would have if
1t were a sphere  The ratio of the actual value of f to the value fo goves
the *: 1H " whick ind; to what extent our par-
tcle diflers from a sphere  This cntenion, however, 15 somewhat
ambiguous  The same effect produced by asymmetry could also be
produced by hydration, that 15, by the particle tahing up water in 2
hqud medium A hydrated particle diffuses more stowly because s
radiig 1s greater  The merease 1 volume produced by hydration
causes & cortesponding redncton w density  Therefore, the radis

levlated from the sed velocity will be toa small, of the
value used i equation § for the density of the particle 1s dersved from
measurements on dry matenial  For hydrated spherical particles, of
the density 15 corrected for hydraton, the radws obtaned from dif-
fusion and sedimentatron measurements should be the same

Measuzement of particle density. The density of virus particles m
the hydrated state can wtself be measured by centniugason  If a
partscle 15 centnfuged 1n a medwim of the same density as sts own, ne
sedimentation takes place  The density 15 meaured by centnfugimg
the particles 1 a senes of medin of different densities  The media
shonld be solutwons of substances with low osmotic actvaty such as
protems, for evample, serum albumin, mn order not to alter the state
af hydratien of the particles ( 583}, The density at which the sedi-
smentatson rate would be zero 18 obtamed by extrapofation {fgure 35).
This technique attributes to different viruses densities of 11-12 as
agamst densities of 13 or higher obtamned for dry varus x{repamﬁons
For differcat varuses, the amount of hiydeation water varies between
50 and 1007 of the dry weight  These amounts of water ase greater
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than these generally associated with punfied protens n solution
(30-35%). Thus has been taken to suggest the eustence of an osmotic
membrane at the surface of some virus particles

Sedimentation and diffusion apparatus. Some of the largest virus
elementary bodtes, such as those of psittacosis or vacemnia viruses, can

Sedimentation ate (corrected for viscosty)

ol_1 | 1 v 3 | 1 ¢ b N
100 102 104 106 168 110
Salvent density

Figure 35 The sedumentation rate of influenza virus A as a function of the
solvent densiy  The density was vaned by adding bovine serum albumin. 0 to
25%  The ordmate gines the sedimentabon rate  The extrapolation to rate 0 (no
sedimentation) gives a densty of 1104 Data from two experments From
Sharp et al (593)

2

be sedmented n fast cenmfuges of the usual laboratory type For
smaller viruses, high: f

are necessary to provide cen-
tnfugal forces sufficient to sediment them The so called ultracentr:-
fuges, operated by electrical mators or by o1l or arr turbmes, gne
speeds of 60,000 rpm or ligher  For a particle located 6 cm from the
rotational axis, 60,000 rpm correspond to a centrifugal force 250,000
tumes gravity  Most ultracentrifuges operate in a high vacuum, thereby
reducing friction and temperature changes
and of

present complex
technical problems For virus workers, the mmportant problems are
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the friction cocfficient and, therefore, of the shape of the particle, and
1s proportional to the mass only.

8§ il — (do/d)N N RT

D RT " DN = (o)}
if all umts are CGS, m 15 obtained in grams.

An 1l lent way 1s to measure the so-called sedunenta-
tion equilibritim In a relatively slow centnfugal field, the mcreased
concentration of particles in the bottom of the tnbe will create an
mereased tendency to diffuse backward  \When sedimentation and
back diffusion balance each other, an equilibrium is reached, and from
the concentration of particles at two miven pomts m the centnfuge
column we can determine directly their mass.

Once the mass of an asymmetrical particle 15 known, we can calcu-
late what valume, radius, and friction coeffictent {fy) it would have f
it were a sphere  The raho of the actual value of § to the value fu gnes
the “asymmetry coefficient,” which wdicates to what extent our par-
tcle differs from a sphere  This criterion, however, 15 somewhat
ambiguous, The spme effect produced by asymmetry could afso be
produced by hydration, that s, by the particle takmg up water m o
hgmd medm A hydrated particle diffuses more slowly because its
radis 1s greater  The merease in volume produced by hydration
causes a corresponding reduction m density. Therefore, the radins

enlated {rom the sed veloaty will be tao small, if the
value nsed in equation 6 for the densnity of the parhele 15 derived from
measurements on dry matenal  For hydrated spherical particles, »f
the density i d for hyd the radius obtained from dif-
fusion and sedimentation measurements should be the same

Measurement of particle density. The dennity of viras particles w
the hydrated state can itself be measured by centnfugation If a
parhicle is centnfuged m a medum of the same density as sts own, 1o
sedimentabon takes place  The density 1s meaured by centrifuging
the particles in a series of media of different densities The media
should be solutions of substances with low osmotic actinty such as
protews, for example, serum albumm, in order nat to alter the state
of hydration of the partecles {593). The density at winch the sedi-
mentation rate would be zero is obtained by extrapolation (figure 35},
This technique attnbutes to different viruses densities of 1.1-1.2 as
agamst densities of 13 or higher obtained for dry virus p.repamnons

For different viruses, the amounnt of hydration water varies hetween
50 and 1007 of the dry weight These amounts of water are greater
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suspension of jdentical particles should give a single boundary, whose
sharpness is only limited by diffusion

With viruses ultraviolet Iight 15 often employed in the
of optical density The high nucleic acid content of most viruses makhes
therr absorption of ultraviolet hight strong enough to allow analysis of
relatively dilute solutions {0 01 mg per ml),

Diffusion measurements are made with a vanety of apparatus, all
of which invohe careful layening of a virus suspension against the
medium alone, after which the changes i concentration at vanous
distances from the boundary formed at the layening point are meas-
ured  Optical methods similar to those employ ed in the ultracentnfuge
can be used It appears from the hterature that duiffuston measure-
ments require even greater skill and are more liable to error than
sedimentation measurements

It may be pointed out that the use of physical methods to determme
changes 1 virus concentration requires careful and pamnstaking work
to justify the 1dentsficateon of the matenal with the virus  An example
of the results obtained by these techmques may be mstructive (403)
The tomato bushy stunt virus studied in the dry state by electron
microscopy and x-ray diffraction has been found to have spherical
particles of 218 mu diameter. This corresponds to a mass of 13 Ah
(density 13)  Diffusion and il d
a discrepancy between the dizmeters calculated from diffusion constant
and from sedimentation constant, respectisely The discrepancy could
be explamed erther by a fairly high degree of asymmetry—contradicted
by the known spherical shape of the particles—os by an amount of
hydration corresponding o 0.76 gram of water per gram of virus
The latter was confirmed by erystall 1
ments on crystals of virus in the wet state  The mass of the hydrated
particle is 18 Mh unts.*

Results of the same type were obtained with a number of spherical
or nearly spherical particles associated with antmal viruses  Sedimen-
tation studics of sperm-shaped b 1 mdrcate the
of a double boundary, probably due to the formation of aggregates of
chifferent shapes (592)  Diffuston measurements on phage, when prop-
erly made, give results in agroement with those of centrifugation (318;
595, £39).

El

horesis and Jight ing. There are 1 methods
that can provide mformation on the size, shape, and homogeneity of

* As a companson, the reader may recall that the dn mass of a small bactenal
cell 15 of the order of 10% Mh umuts
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those connected with the measurement of the sedimentation of virus
material I hods have been developed to measure changes
m concentration of virus matenal during centnfugation, particularly
by workers possessing only centrifuges of rather simple construction,
One such method consists of freezing the contents of the centrifuge
tubes in the centnfuge head i lately after centrif after
which virus activity in vanous sections of the frozen columns 1s meas-
ured (268) Another method (204) consists of collecting a sample
centrifuged in a short capillary tube immersed 1 a larger tube  From

T'igure 36 Scdimentation diagram of punfied Eastern equine encephalomyehitis
virus in the nltracentnifuge  The photographs were taken at 2 S-munute inters als
duning centnifugation at 15,000 g  Courtesy Dr D, G Sharp, Department of Sur-
gery, Duke Unnersity, Durham, N C

the concentration of virus activity that remains mn the capillary tube,
the sedimentation velocity can be determmed

With the modern ultracentrifuges, measurements are made while
the centnfuge 1s m motion by means of the so-called “analytical”
heads, m which a beam of hight 1s sent through centrifuge tubes (or
cells) with transparent walls The virus preparation must possess a
igh degree of punty and must be present m high enough concen-
tration to give measurable absorption and scattering of the lLight
As the virus matenial sediments, the optical density increases toward
the bottom of the centnifuge tube and decreases at the top. If all
particles responsible for Light absorption sediment at the same speed,
there will be a sharp boundary migrating from the top down The
presence of such a boundary can be determmmed in two ways erther
by direct adsorption measurements throughout the column of hquid
(Bgure 36), or by locating the boundary as a region at which the
refractive mdex of the iquid column shows an abrupt change (the
Schlicren techmque)  Besides giving information on the sedimenta-
tion properties of a pure virus material, the method can also be used
to obtam information on its degree of punty and homogeneity. A
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Figure 30 A pohyhedron from Porthetria dispor m dissolution, Rod-shaped
sirus particles are secn singly and 1 bundles  Some are within “developmental™
membranes, which are alo scen empty and collapsed  From  Sergold, The
Noture of Virus Multiphication, Cambndge Unnersity Press  Courtesv Dr G H
Bergold, Laboratory of Tascet Pathology, Sault Sainte Mane, Ontano

Figure 40 Pasticles from polyhedra of Bombyr mon (sfkworm) 1 vanous
stages of disintegration, showing empty “intimate membranes” From Bergold,
in The Noture of Virus Multiphcation, Cambndge Unnersity Press  Courtesy
Dr G ¥ Bergold, Laboratory of Insect Pathology, Sault Sainte Mare, Ontario
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siras particles  In electrophorests we measure the speed of migrahon
of particles in an electric field. The migration of particles depends on
their overall electrical charge, which depends in turn on the electro-
Iytie dissociation of the acidic and basic groups. This is controlled by
the pH of the medium  The method 15 usefulin punfying and identify-
g protewns and m checking their degree of purity, and has been
apphied to several viruses (435, 539)

Light-scattering measurements are based on the fact that a suspen-
swon of particles scatters hght from an incident beam to an extent
depending an the number of particles and on ther volame (159)
Measurement of the amount of hight scattered at different angles may
also be used to caleulate the degree of asymmetry of elongated particles

SUMMARY ON THE SIZE AND SHAPE OF VIRUS PARTICLES

The tllustrations n figures 15-26 and the data in table 6 give a
representatn e prcture of the types of elements that are the carrers of

Figures 37—#0 Polyhedra and polyhedral discase wviruses from Lepidoptera
Figure 37 {left) Polyhedral bodies from Choristoneure fumiferana  From Ber-
gold, Can 7 Zoal 29 17, 1951 Courtesv Dr G, H Bergold, Laboratory of Insect
Pathology, Sault Sainte Mane, Ontano  Figure 38 (nght) A polyhedron from
Prodema praefica partly dissobed in alkaly, showing the polybedrai envelope and
the sirus bundles  From Jughes, J Bect, 39 189, 1950 Courtesy Dr K M
Hughes, Unnnersity of Calfornza, Berkeley
virus activity in the llular state, These el are g 11
called “virus particles,” a term that does not commit us to any inter-
pretation as to thewr nature, The particles are the objects capable of
ymtiating production of more virus upon introduction to new sus-
ceptible hosts

The information on virus particle size and shape does not revcal any
basic trend or similarity among viruses as a group. The shapes vary
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Figure 3%, A pohyhedron from Forthetriz dispar in dissolution Ttad-shiped
surus pasticles are seen singly and in bundles  Some are withan “Gesclopmentad
rr_nmhmnm‘ which are also seca empty and collapsed  From, Bergold, s The
Noture of Verur Mulhpheation, Carbndge University Press Goustesy Dr G ff
Bergold, Laboratary of Tnsect Pathology, Sault Sasote Marie, Ontane

ml :zu; ;O Pastsles from polyhedea of Bombye mon {sfksorma} m varous
g ;h ranfegraton, showing emply “imtimate membranes” From: Bergold,
e &e Natuce of Virur Multiphcation, Cambridge Universty Press  Courtesy

H Bergald, Laboratory of Insect Pathology, Saulkt Samte Marie, Ontanw
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from spheres to greatly clongated rods Internal structures are often
evident, possibly due to Joeal acenmulations of nucleic acid The
possibiity of artifacts in electron microscopy should not be over-
looked, however Complex shapes such as tadpole-like particles, some-
times with double tails, have been observed mamly in phages. Similar
forms for the Newcastle disease agent and other viruses may be arti-

Figures 4143 Capsules and virus particles from granuloses of Lepidoptera
Courtesy Dr, G, H Bergold, Laboratory of Insect Pathology, Sanlte Sainte Mane,
Ontatio  Figure 41 {left) Capsules from Chonstoncura fumiferana  From
Bergold, m  The Nature of Virus Multiphcation, Cambndge University Press
Figure 42 (nght})  Virus partucles from capsules of Choristoncura fumifesana

facts (37, 591). On the other hand. the filaments observed regularly
in recently 1solated stramns of nfluenza (131, 494) seem to be images
af farms really produced by mfected host cells, These flaments hase
the same transverse diameter as the sphenical particles of these viruses
-1« n ebmilar roactione wnth vod blood cells  They appear to spht
Filaments described as the normal
may, instead, have been artifacts
Among the rod-shaped particles of several plant viruses, there are
differences n thickness, length, and fleubiity The particles of to-
baceo mosaie virus are rods 15 my thick and about 800 my fong  Their
tendency to lengthwise and sidewsse aggregation has rendered thesr
study by hydrodynamic methads a most perplesing problem for the
physicochemist (405).



ar 4 Size and Shape of Virus Particles 83

A most group of rod-shaped particles prises the
agents of the capsular and polyhedral discases of inscets (66, 67, 63a,
627). The virus particles are ined m ¢l st Nl
inclustons (Bgures 87-43). In capsular diseases (granuloses) the
capsules or granules are mawmly intracytoplasmuc  In polyhedral dis-
eases, the polyhedra are intranuclear. The virus particles are ngid
rods, mostly around 40 X 800 ma, somewhat larger for some of the
\iruses (627). The rods are present singly m each capsule. In the

Figure 43 Erpty vapsules Gom Carcecis murinana

polyhedra they are in bundles {figures 37—40). Each polyhedron con~
tains several hundred virus particles, contamed 1n a protem matrix
with a distinct membrane

Other particles of varymg morphology are also found 1n the poly-
hedra, and have been used 1n reconstructing a developmental cycle
of the rods from small spherical elements (68, 68a, figures 39, 40}

The wdmdual wmsect virus patticles possess an wntimate membrane
and seem to be formed 1 bundles within a common detelopmental
membrane  These details are best observed m polyhedra that have
‘been partinlly dismtegrated with alkah  In some discases the poly-
hedra contain mostly spherical particles, only exceptionally rod par-
ticles (611).

There are obvious | to the usefulness of inf on the
morphology of extraceflular forms 1 the study of intracellular para-
sites 1 evidence 15 l to show that viruses durmg

therr reproduction m the intracellular state differ in morphology and
organization from the free virus particles, which may be thought of
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as resting stages of microorganisms that go through complex Iife ¢y cles
{41;439) Even m the present rather pnimitive state of our knowledge
on the orgamzation of virus particles, several facts suggest that many
of them differ from the reproductive form of the virus by possessing
some kind of pm:ectmg covering or membrane This 1s clearly so
with some b. Upon mfe of a bacterium, the pro-
temn em elope of the phage 15 left on the surface of the host cell {313),

and new protein enyelopes are formed late in the process of maturation
of the new particles {175, see chapter 8)

Among other virnses, vacema particles seem to have a membrane
The capsules of some msect viruses may have a protectie function
(see 355a) Any such covenngs would hasve to function also as a
device for L or rel the ! e clement of the virus
1t ats new hast cell  Further dscussion of these ideas will be found
1 chapters 8~13




CHAPTER

5

Purification and Chemical Composition
of Virus Material

THE MEANNG OF PURITY

The material that cames virus actiaty in crude preparations 1s
mixed with large amounts of foreign matter Before any study on 1ts
chemical composition can be made, the speaific virus matenal must
be separated from the extraneous matenals. We can define the goal
of punfBeation as the preparation of matenal carrying virus 1c!mly
10 a form as free as possible from noninfectious matter i
we meet with theoretical difficulties many of which hase been ponted
outby Pine (520) Any method of punfication will depend upon what
we consider as pure  Critena of punty are by no means defimte  They
vary with the interest of the imvestigator  An analytical chemmist would
aim at ot a virus g of particles identical 1n
size and chemical composition, each carrying equal and full actnaty
and representing a “molecule” of virus, according to the usual defim-
tion of molecule as the mimmum amount of matter endowed with all
the chemical prop of a sut A ph 1 t by the use
of his techniques, would tend to cnrmder as pure a population of
particles of umform size that also satisfy additional cntena, for
example, the possession of umform numbers of acid and of basic groups
as measured by electrophoresis A biologist would probably consider
as 1deal a punfication method that could separate afl particles with
virus achwity (ability to reproduce) from all inactive matenal

None of these critena 1s esther clear-cut or operationally satisfactory
The umformity of chemmcal composition may fail both as a theoretical
cnteron—since a varnety of chemcal forms and configurations may be
compatible with a gsven virus activity—and as a practical entenon—
since the gross chemical composttion of most protems 1s very similar
and their finer orgamzation 1s still beyond our means of study For

85
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example, the chemical differences between active virus particles and
particles inactivated by mild treatments are generally well beyond the
analytical techmques of the most skillful chermst The same can be
said of the purely physicochemical criteria, which force npon virus
material requirements for uniformity in size, shape, or electric charge,
while neglecting more relevant information For example, a mixture
of active and radiation-1nactivated tomato bushy stunt virus crystallizes
1n exactly the same way as a “pure” preparation of active virus  Is the
mxture still “pure”?

The biological critenion of actiity may alse be decerving, bath
practically, by requinng an often impossible separation of active from
mactive particles, and theoretieally, by postulating that association of
actwvity with 4 given matersal 1dentifies all this matental with the virus
and that all inactive materal 1s nomvirus  We should remember that
the defimtion itself of the mmmum amount of matenal required to
mitate virus production presents several ambigmties On the one
hand, the “true virus” might be adsorbed on mert carriers, sl re-
movable without impairing virus activity  On the other hand, the
ehmmation of all matertal not essential for virus infectivity, as tested
by remoculation, may lead to the neglect of some mmpartant aspect of
the virus, In fact, there i1s no reason to assume that only what 1s
strictly necessary for mfectnity 5s virus By simiar reasoming, we
should say, on the basis of expennments on artificial msemmation, that
the only material that can be defined as a male ammal 1s its sperm,
In other words, the criterion of mfectivity—ability to enter a sensitine
host and to reproduce 1n it—may be too restrictive, since it may ignore
specific portions of the virus which are connected with virus activity
only when the virus 15 10 ats itracellular state (50, 522

Some of these problems may appear to be pecular to viruses, but
we must remember that the question of punty, interpreted 1n chemical
terms, is rawsed for viruses and not for full-Redged organisms, because
the small size and presumably simple orgamzation of virus particles
suggest for them a stmpler, more easily terpretable chemical structure

1f we deaide that all enterta of punty must be operational, that 1s,
defined in terms of ful, perf bl we can state
the problem of the physical and chemical structure of virus particles
in the followmng form Is a certm matertal, present an a virus sus-
pension, speaific?  1F so, what are its chemical and physical properties®
Is 1ts presence necessary for virus transmussion and repmduc(mr.l? Is
this materal related to specific, nommfectious materials present in the
sion® Is the infectious material present in one form only

same susper
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i (o di 1 chemi

D 5 Iy uniform)? \What components
of the suspension are necessary or responsible for the vanous phases of
the virus mtersction with the hast? Is there any detectable refation-
ship between the specific material and some nonspeaific component of
the host?

In these general terms, the problems of virus punty cover pract-
cally the entire field of virology  This formulation, howeser, gives us
some guidance in the more modest task of analyzing the properties
of those particles with which it appears reasonable to fdentify, at least
m first approumation, the specific virus matenial i infections prepara-
tions It bas been pointed out that the very process of extraction can
modfy virus material,  For example, viruses affecting strawberry plants
can hardly be studied 1n witro 1 strawberty extracts Lecause of the
presence 1n the plant sap of enough tanme acid to precipitate not only
the virus but also most protein matenals (47)  Another case 1 point
1s that of pneumonia virus of mice, which, if extracted by grinding the
mfected lung tissue, becomes associated with a nonspecific host com-
ponent {160}

When virus activity has been attributed on reasonable grounds to
certan matenal particles, these can be separated and thetr chemeal
composition can be analyzed The process of punfication should be
accompanied by an mcrease of virus activity per umt mass of the
punified matenal  This 1s not always so, however, because of oc-
casional losses of activity n the course of the punfication process,
ether by , or by bl or by loss of a
portion of activity ﬂmt was assocmed with other materials  These
losses sometimes make 1t difficult to use the results of punfication pro-
cedures as evidence for the identification of virus activity with one or
another type of particles  Since all viruses have been found to consist
mn large part of protein material, a convenient way of following the
decrease in foreign material 1 the course of punfication 1s to measure

at dufferent stages of the process the number of wnfectious units per
umt weight of protem mitrogen, An mcrease 1 \irus titer per milh-
gram of protein nitrogen indicates a removal of nomnfectious protens,

Actvity measurements on purified virus preparations, althongh giv-
g some indication as to the extent to which impunties have been

1, can seldom be dered as a test of purity, because of
the low efiiciency of most titration methods, as discussed i chapter 3
The best preparations of tobaceo mosaic virus, for example, are nfec-
tious 0 concentrations of 107 to 1071 gram of protein per ml  This
still represents orer 1000 particles 40 Mh 1 weight. Still, suspensions
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with such a low virus content do not give any of the usual tests for
protems, which at best are sensitive to concentrations of 10~3 gram
per ml Tlus explams, without yustifying them, early elaims for “pro-
tem-free virus preparations.”

Small amounts of impurtties ean be detected m puritfied preparations
of plant viruses by the very sensitive scrologreal tests  Chester (130)
found that the uterme horn of 2 gumnea pig sensitized with normal plant
sap would respond with an anaphylactic contraction to the addition of
purified tobacco inosate virus prey to the sun Iing flud
(Shultz-Dale technique). In some cases. the impuntes could be re-
moved by treatment with proteolytic enzymes, which do not attack
the virus  Bactenal impunities m punfied phage preparations can be
removed by precipitation with antibactensal serum (146}

METHODS OF PURIFICATION

The methods employed for the separation of viruses are borrowed
from protein cheristry  We can employ chemical treatments such as
“salttng-out” procedures, whieh consist of the addition of ligh concen-
trations of very soluble salts, for example, ammonwm sulfate {neutral-
1zed) Protems are forced out of solution at salt concentrations that
fauly well charactenize dufferent groups of them  For example, serum
albumin 1s defined as a serum fraction that preciprtates at 1007 satura
tion with ammonmm sulfate, whereas serum globuling precymtate at
50% saturation It 1s also possible to precipitate viruses by adding
aleohol or by adjusting the pH of the medium to the point of mmimum
solubility (1soelectric point) Both types of treatment can be used m
the punfication of tobacco mosaie virus, which precipitates at !5 to
14 saturation with ammomum sulfate and 1s stable at its 1soelectric
point (pH 84) Some wviruses, for example, those of foot-and-mouth
disease and of pohomyehtis, have been separated by first adsorbing
them with collordal precipitates of AI{OH )5 or CaSO, and then eluting
them Large virus particles can he precipitated by treatment with
protammne sulfate, which Jeaves in suspension particles 50 mg or Jess
in diameter {664)

Physteal methods of virus separation are generally based on size
differcnces between the virus particles and other matenals in suspen-
sion  Centrifugation 1s used in a sertes of cycles alternating low-speed
centnfugation, which removes tissue debris or bactenal contaminants,
and high-speed centnifugation, which collects the virus m a pellet.
Some virus particles, such as the elementary bodtes of vacenia, ¢an be

sedimented in fast centrifuges of the ordinary type, alternate cycles at
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3000 rpm in a honzontal centnfuge and at 4500 rpm in an angle centn-
fuge yield farly pure suspensions of elementary bodies (155). For
smaller viruses, faster centnfuges can be used, equipped with so-called
“quantity heads” that carry several large centrifuge tubes. The
Sharples centrifuge, m which the matenal 1s sehimented from a thin
layer of luid covenng the mner surface of a rotating hollow cylnder,
15 also surtable for virus punfication A procedure that promises to be
sery useful 15 “density gradient centnfugation™ (100a) The virus
particles are concentrated m specific layers, as they sediment in a
medwm with a density gradient from top to bottom

Al these methods allow only separation of viruses which duffer
size from nomural components of the crude suspensions  These
methods may cause the loss of some virus, if the virus consists of a
sariety of particles of very different sizes  Cantrol of the actmaty in
each discarded frachon during a purification procedure should avaxd
the overlooking of any mmportant actine fraction, but may not reveal
small amounts A certain loss of actiy nt) always oceurs, particularly 1
the fi because of )l For example, 1n
vaccima virus, centnfugation always leaves in the supernatant some
actinity, which has heen shown to be accounted for by elementary
bodies

Some procedures employed in virus punficaton are based on
peculianties of the mdinidual viruses themselves  Treatment with
proteolytic enzymes, as employed in purification of several viruses, 1s
based on the fact that the virus 1tse)f 15 not attacked as long as 1t 1s
actne  Influenza virus particles can be punfied by allowing them to
become specifically adsorbed onto red blond cells at low temperature
The cells are collected, and upon ncubation at 87> C there 15 elution
of the virus, winch can then be easily separated from the cells by
centnfugation (233) Influenza viruses can also be punfied by ad-
sorption and elution on cation exchange resims (496a)

The punfied matenal obtained by vatious procedures can be sub-
mitted to a number of tests to study its properties and its relation to
virus activity  An important phase of this study 1s the companson with
materials obtaned by sumilar procedures from uminfected hosts A step
forward 1n the identification 1s the proof that an 1dentical matenal can
be wolated from different hosts wfected with the same virus, whereas
no smilar matenal can be obtsined from umnfected hosts At the
same time, a companson of the properties of the punfied virus with
those of normal host components may provide some lead to the mode
of virus production
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PURIFIED VIRUS PREPARATIONS

Physicochemical analysis. Some plant viruses are particularly suit-
able for punification stucies, because the specific materials can be
obtamed 1n large amounts from infected plants (up to 107 of the dry
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Figure 44 Dodecahedrsl crystals of purtfied tomate bushy stunt virus  From
Bawden and Pine, Br J Exp Path 18951, 1938 Courtesy Dr F € Bawden,
h d E; 1 Station, I, den, England

weight of the plants for tobacco mosarc virus). These maternals can
often be purified without loss of activity, to yteld protein preparations
as homogencous as those of the best-known proteins A {mmbcr of
these “virus protemns” are obtaned n beauttful crystalline forms.
Tomato bushy stunt virus gives umiform rhombic dodecahedral erystals
(Bgure 44); tobacco necrosis virus yields a varicty of regular crystal-
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line forms. Southern bean mosaic virus, tumnip yellow mosaic virus
(Bgure 45) and squash mosaic virus also gie fauly perfect crystals.
Some of these crystals have been shown (see 698) by electron-micro-
scopic study of thetr surfaces to be made up of very orderly arrays
of sphencal or nearly sphencal particles of great umformity (figure

Figure 45 Crysuly of turmp yellow mowic vius  From  Markham and
Smuth (473) Courtesy Dr K M Smath, Molteno Institute, Unnersity of Cam-
bndge

46) The size of the particles in the crystals can be estimated by
crystallographic methods such as x-ray diffraction analysis, by which
the distance between successive planes of symmetry within a crystal
structure 1s calculated (475) A companson of dry and wet crystals
of tomato bushy stunt virus (70) has indicated that upon hydration the
distance between the centers of mdvidual particles mereases by an
amount ding to about 70% hyds by weght, i agree-
ment with the conclusions dernved from sedimentation and diffusion
experiments.
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The formation of regular crystals has been claimed as evidence for
bath the punity and the simpheity of of these crystallizabl
vrus proteins  As far as punty 1s concerned, crystal formaton is a
good but not an absohute criterion  The possibility eusts that foregn
matenals may gan seme degree of hospitality within a crystal In-
active bushy stunt virus crystallizes just as well as active virus,
although its chemmeal structure must be somewhat altered. Moreover,

Figure 46 A aystal of tobacco necross virus  Courtesy Dr K M Smith,
Molteno Institute, Unnerstty of Cambridge  Photngraphs from the same stady
wese published by Markham ct o} (475)

the bushy stunt virus protein 1 combination with substances such as
clupetn (a2 protamme ) or heparm also crystatiizes m regular forms.

A second group of plant viruses, mcluding potato yellow dwarf and
tomato spotted wilt. consists of particles about 100 mp m diameter,
whose elect icroscopre apg 15 that of d spheres or
elipsords (100b)  These viruses have not been ony stallized.

A thued group of plant viruses yields protem preparations {622)
consisting of very elongated particles  This group mcludes, among
athers, tobacco masie virus, some cuctumber siruses, and potato
viruses X and Y (see figures 20,21)  The particles of the potato viruses
are epparently less nged and more flexuous than the tobacco maesaic
< vods (688). The physical properties of punified preparations of
mmetry of the indvidual particles

virs
these viruses Teflect the asy
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Tobaceo masaie virus 1s probably the virus whose punfied prepara-
tions have been most thoroughly mvestigated and have raised not
only complex physical problems but also heated polemics among virolo-
gists.  Preparations from plants infected with tobacco mosaie virus
were shown by Stanley m 1933 (622) to yield a Iughly wfectious pre-
aipitate consisting of microscapic needles, which Stanley considered
to be crystals of virus proten  All subsequent work has confirmed the
dentification of the needles with the specific virus nucleoprotem and
has shown that the needles are lighly orgamzed hundles of the rod-
shaped virus particles regularly arranged side by side (69).

Lauffer (403) hsts the following evidence for the identification of
the tobacco mosaic virus protemn with the virus stself constant asso-
ciation with virus actty, independence of the host on which the
virus 1s grown, similanty among the proteins corresponding to related
virus strams, smilanty between the ultraviolet absorption spectrum of
the wirus and the action spectrum for virus mactnation, equal pH
stability range for virus actinity and protemn homogeneity, similar seds-

rates for the mfe matenal ( d n the separa-
tion cell of the vltracentrifuge} and the protesn,

Electron micrographs of tobacco mosaie virus matenal always con-
tam a vanety of particles of very umform thickness (about 15 my)
but of somewhat varable length, from 40 to 500 mp or more, with a
mode around 290-300 myu (648, figure 20)  Thus observation has sug-
gested that the proten may be present in the form of small units 1n
different states of linear aggregation  Tlus rassed the question as to
what the true “sirus particle” and its real sigmificance may be  Some
workers (see 43) have pomted out that mfected plants yield some
virus protem n the form of less asymmetric elements than the long
particles visible 1 electron micrographs  They suggested that the
virus 1n the native state consists of elements shorter than 300 mp, whnch
aggregate Linearly upon extraction  Stanley and several other workers
however, have shown that infectivity 1s never present i preparations
which do not contain particles of approvmately 250-300 my, and con-
sider these elements as the ifectious particles (507)

The best punified preparations sediment i the ultracentrifuge (mn
albumimn solutions) with a sharp single boundary corresponding to a
sedimentation constant of 2305, suggestmg homogenerty of size and
a particle size about 15 x 300 my (405) The presence of a vanety
of particle Yengths n electron micrographs has been attributed to
breakage or aggregation in the drymg process In spray-drop patterns,
1 which a fine must of virus suspension 1s sprayed onto electron-micro-
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scope specimen holders and the patterns formed by individual droplets
are photographed, practically all the virus fragments that differ from
the typteal 300-my unit 1n any given mdividual pattem add up to this
basic unit length or to its small multiples  This suggests that they are
produced withm the droplets by breakage of units of the 300-mu
length or of dimers or tnmers of them (678).

There 15 certamnly no doubt that the virus protem 1s the virus ma-
terial, in the sense that the surus activity ss embodied in particles
consisting of the protem  There 15 also Iittle doubt of the constant
assocration of virus actr ity with the “Stanley umit” (15 X 800 ma par-
ticle) The objections rased to these conclusions have served, how-
ever, to focus attention on the fact that the virus protein and s
component units may provide information not only on the nature of
the infectious virus particles but also on the organization and produc-
tion of virus mside the host cells

Preparations of tobacco mosaic virus and other rod-shaped plant
viruses exhibit 2 number of interesting properties, reflecting the tend-
ency of the rod-shaped p les to onent th lves in parallel and
to organize mto bundles Flow birefringence (641) results from the
grating action exerted on polarized Iight by highly asymmetrical par-
trcles that become oriented in a moving column of fluid  Concentrated
suspenstons of virus protein tend to separate into two layers {leyering
phenomenon, 43), the bottom layer bemg a more concentrated and
more nigidly ortented solution, representing what 1s called a hquid
crystal  In the hqud phase, the rod-shaped particles onent themsetves
sidewise mto “tactoids,” which then settle mto the hquid erystaline
phase  Microscopre tactords can actually be seen at the border be-
tween the two layers by exammation in polarized hght (fgure 47)
Bernal and Fankuchen {69) bave shown by t-ray diffraction analyss
that the crystalline needles obtamed by precipitation are sumlar m or-
gamzation to the tactoids of the hquid crystal phase In the needles,
which should more correctly be called “paracrystals,” the mdwidual
rods are orented sidewsse with great regularity, but are not spaced
regularly lengthwise. Indeed, the needles may not be produced as
such by accumulation of particles, but may represent isolated portions
of a more extensive gel of hqmd erystalline properties.

The x-ray diffraction studies have provided further mteresting mnfor-
mation (69). In dry paracrystals, the centers of adjacent particles he
152 my apart, & salue close to the thickness of the virus particles as
shown by electron mucroscopy  Upon wetting, the dry crystals take up
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water, and the sidewise spacings increase to as much as 23 mp before
the paracrystals show signs of disonentation  The persistence of the
spatial relation between wet particles separated by scveral layers of
water molecules has suggested that the particles are hept together by
long-range forces These need not be specific forces acting at a dis-

Figure 47 The mterface between top and bottom layers of a concentrated
solution of tobiceo mosaic virus, photographed n polinzed hght  Burefringent,
spindle-shaped droplets {tactoids)} form in the upper Layer and settle n the bottom
lses From Bawden and Pute, Prac Roy Sec (London), B, 123274, 1937
Courtesy Dt F C Bawden, Rothamstcd Evpenmental Station, Harpenden, Eng-
fand

tance {no such physical force having been proved to eust) Bundles
of onented particles of great length may manage to retmin between one
another more Jayers of onented water molecules than ordmary pro-
temns, so that the onented water layers provide stabilizing forces for
the bundles It 15 also possible that a few powts of contact among the
long particles may be sufficient to preserve their ortentation in the wet
state

Both xray diffraction studies (69) and high-resolution electron
microscopy (676a) mdicate that the ndwidual virus rods have a
hexagonal cross-section  Concerning the nternal structure of the
particles, x-ray diffraction analysis has suggested the occurrence of
regular subumits A particle would consist of a repeated series of
subumts piled on top of one another like cows 1n a roll
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The particles of tobacco mosaie virus can be disintegrated in vitro
by mild alkaline treatment into progressnely smaller fragments; it has
been claimed that each class of fragments possesses a high degree of

v (587) The § have been supposed to originate
by regular cleavage of successive subumts or groups of subumts from a
natve particle 15 X 300 mu All fragments scem to carry the full
serologucal specificity of the virns, although some of the smallest ones
lack the nuclete acid component None of the fracments possesses
infectiity  The chemscal integrity of the fragments was supposedly
1 ! 1c amalyses, which indicated that the raho
of free actd to basic groups was the same in the fragments as i the
large particles  The remarkable claim was made that upon mld acid
treatment the fragments could come together again and reconstitute
a particle wath the phystecal propertics of the original one, although
mactive, This work requires confirmation

The suggestion that a virus such as tobacco mosarc virus consists
of repeated subunits unplies that the specific element, which is repli-
cated m the course of mtracellular reproduction, is the individual sub-
umt rather than the particle as a whole  Such a conclusien requires
subsidiary hypotheses to explain why the mfectnty, that 1s, the ability
to initiate reproduction upon ioculation, is limited to the specific level
ot polymenizaton correspondmng to the Stanley umt

In virus-infected cells are found hexagonal erystals which have been
thought to consist of protemn elements smaller than the infectious virus
particles  Recently, howeser, such crsytals have been isolated by

pulation from £ dried cells and have been shown to
contam almost exclusively the typical rod particles (6254, see frontis-
piece)  These intracellular crystals may cansist of layers composed
of full-length virus partieles standing side by side (676).

Chemical analysis The chermical analysts of many purified viruses
reveals differences among mdividual viruses and groups of viruses, dif-
ferences which, although as yet insuificrent to allow a chercal mter-
P of virus specifierty and reprod have helped placing the
viruses m thew praper company among brological objects  In all
\aruses, a lugh content of protem 1s found to be accompanted by the
presence of nucleic acsd  All viruses may be said to contam nucleo-
prateins Punfied plant viruses have been found to yield only protein,
uuclele acid, and small amounts of ashes, indicating a very siple com-
positton Moreover, the pratem enmponent for each plant virus ap-
pears chemically to be alt of one type (405).
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Nucleic acids {250) consist of combinations of nucleotides, each
nucleotide contaimng a purine or pyriaudine base Jinked 1o a pentose
molecule, whch m tum 15 lioked to = malecule of phosphone aed.
Successive nucleotdes are held together by phosphoester honds be-
tween the phosphoric acid ressdue of one nueleotide and the pentose
of the nest one, probably at the carbon atom 1 positton 2 The pen-
tose 15 found to be rbase 1 the puclestides of nucleis acid ¥rom yeast
snd desoxynbose 1 mulie and extracted from the thymvs gland
Every nucleic acsd fraction extracted from apy one source has beenr
found to contan esther a pentose o a desovypentose  The correspond-
mg sugars are assumed to be nbose and desoxynbose, respectively
{“ribonuclerc ac1ds” or KENA and “desoymbonuclete aeds™ or DNA}Y
Chemeal and h } methods to ¢ h between the two
types of nuclere aaid are avathable, based on the stronger aldehyde
function of the desotypentose than of the pentase The Feulgen test
for DNA, widely used w eytochenustry, 1 based on tins difference
The purine and pyrimidme bases wolated from a gnen mudlee sed
preparation constt generally of twa punnes and tvo pynmidmes, so
that each nuclese acid contaus four types of nucleotdes Some nu-
clerc acrd preparations cantan fse rather then four bases (471)  The
possibilaty for a sanety of specific nuclew. acid structures resuits from
differences 1 the nature and sersation of the bases (129, 6872) The
punines are ademne and guamne, the pynmidines are cytosme and
weael 1n RNA, oy tosine and thymme m DNA  Cytosine 15 sometimes

or replaced by methyl-cy % , 1 one group of bacteno-
phages {see chapter 8} eytosine 1 replaced by hydroxymethyl-cytosine
The molar raties (adentte thymme) and (guamne cvtosane) are
always close to unty sp vanouvs DNA preparations, the ratia {ade-
fuse guamne)} warnes rather widely m DNA from different sources
The purine and pynmxﬂme nmgs of nuclese acids are responsible for
the ch n of these compounds m the ultra-
violet range, with a msnmum at 2500 A, 3 maxmum around 2600 A,
and 2 rapidly decseanng absorphion between 2600 and 3000 A (Bgure
48)  The presence and mte‘nsxty of the 2600-A mawmum can be used

for app of nuclewc aced  The Ingh
phosphorus content of nucleie acids {appromately 197) ‘\ccounts n
part for the relative opaoity of i electron

An importert reacton of nuclec aqds 35 thew depolymenzation ’oy
specific enzymes or nucleases  Two such enzymes hn\'c been isalated
from paucress, a rit a1 and 2 4 The fact
that all known nuclerc acids (after separation from the conjugated
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The particles of tobacco mosare virus can be dismtegrated in vitro
by mild alkaline treatment mto progressively smaller fragments, it has
been claimed that cach class of fragments possesses a high degree of

y (587) The fi have been supposed to originate
by regular cleavage of successive subumts or groups of subunits from a
natne particle 15 % 300 mp Al fragments seem to carry the full
serological speaifieity of the virus, although some of the smallest ones
lack the nuderc actd component None of the fragments possesses
mfectivity  The chemical integrity of the fragments was supposedly
confirmed by electrophoretic analyses, which indicated that the ratio
of free actd to basic groups was the same n the fragments as m the
large particles  The remarkable claim was made that upon mild acid
treatment the fragments could come together agam and reconshiute
a particle with the physical properties of the origmal one, although
mactne  This work requires confirmation

The suggestion that a virus such as tobacco mosaic virus consists
of repeated subunits implies that the specific element, which 1s repli-
cated in the course of Tlular reprod 1s the mdividual sub-
untt rather than the particle as a whole Such a conclusion requires
subsidiary hypotheses to explain why the infectivity, that 15, the abifity
to initiate reproduction upon moculation. 1s hmuted to the specific level
of palymernization correspondmg to the Stanley umt

In virus-infected cells are found hexagonal crystals which hase been
thought to consist of protem elements smailer than the mfections virus
particles  Recently, however, such crsytals have been isolated by

lation from f dried cells and have been shown to
contain almost exclusively the typical rod particles (625a, see frontis-
prece). These wntracellular crystals may consist of layers composed
of full-length virus particles standing side by side (676)

Chemical analysis, The chemucal analysis of many punfied viruses
reveals differences among individual +iruses and groups of viruses, dif-
ferences which, although as yet fh to allow a ch 1 inter-
pretation of virus speetfiesty and reproduction, have helped placg the
\iruses i their proper company among biological objects In ali
siruses, @ hugh content of protem is found to be accompamed by the
presence of nucleic acxd AN viruses may be said to contam nucleo-
protems. Punfied plant viruses have been found to yield only protein,
nucleic acid, and small amounts of ashes, indicating a very simple com-
position,  Moreover, the protein cnmpan(;m for each plant virus ap-
pears chenucally to be all of one type {405).
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alamne) gne protems a ch Hraviolet ab fon with a
maximum around 2500 A (fgure 43) The ovg.xmzatmn of the pep-
tide cham is well known only for cortam Bbrous proteins, along which
the successive amino-acsd rendues have been found by x-ray analysis
o be ranged at distances of 33 to 35A  Most protems, hawever, are
3 globular form, with the palypeptide chams folded i complex ways
In summary, our hnowledge of protem {and nuclerc aesd) structure
1 too madequate to permit any attempt to nterpret the hiologienl
activities of a protetn ot nucleop 1 terms of chemical structure
The specifieity of a protem depends at east as much on the fine details
of the folding of sts polypephde chains and on the resulting pecularsties
of 1ts reactne surface as on $ts amno aud compasition  The m!c nf
etther level of n specific b
properties 5s practically unknown  Very shight changes 1n configuration
of a folded peptide cham mmght be compatible with umfonmty of
physacal and ch but not with bk 1 activity
Such shght dxﬁcrenoes n configuration may be msolved, for example,
i the transformabion of certan mactne enzyme precursors info the
corresponding active farms {4993
A number of protems arc assoesated sith fanly simple nonproten
groups { prasthetsc groups), which sometimes consist of metal 10ns and
sometumes of argamc compounds  In protems with enzymatie activity,
the \ groups may be y for thys actvity  There s no
evidence whether the relaton of nucleic aads to protemns resembles
thot of prosthebe groups  The hinkage of muclete acd to protem s
stidl a matter of controversy Salt hnlages between the acidic and
basic groups af the nuclese aod and of the protews, respectwely, are
probably mnvohed It 1s even doubtful that we are justified n speak-
ag of “nucleoproteins” as chemical entities  The association of auclere
acids with protemns 15 a matter of jomt extractabihity from natural
SOuUrces
In spite of our sgnorance of the chemical function of nucleopratems,
some wleas an thewr passible biological role have been densed from a
kuowledge of ther distnbution and relative amounts m liviag matter
{156} Thus, nucleoprotens are found wherever we hase reason to
suspect the presence of the determmants of speafierty for newly formed
biological material i the cell rucleus, i the sel-reproducing cyto-
plasmac umts such as the chloroplasts of plant cells, and m the viruses
Moreaver, nueleaprotemns are probably muvohed i protem synthess
They merease w amount n cells actively msolved m synthetic
D +

y ler aced 15 ly found only m nucles,
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proteins) are split by either one or the other enzyme confirms the
hypothesis that all nuclerc actds belong to one of two groups, difer-
entiated by the pentose they contain

The protein components of the viruses appear to share the structure
of protems in general (294); they consist of amino acids joined into

0

Opticat density

o
&

L 1 I

240 260 280 300
Wavelength, millemicrans

Figure 48  Ultraviolet absorption spectrz  (a) Bacteniophage T2 (b) To-
bacco mosaic virus  te) Yeast nucletc acid  {(d) Serum globulim  The opticat
density 1 the wavelength regton bevond 320 mx 1s due to light scattenng  Note
the resemblance betwcen the spectrum of the pucleic actd and that of the phage,
which contains about 40% puclesc acid  In the spectrum of tobacco mosaic yirus,
which contains 94% protein, the absorphon due to proteins 1s more evident

320 340

polypeptide chains by peptide bonds. From the peptide-chain skele-
ton depart side chains representing the individual ammo acid residues,
whose nature and proportions gne a protem 1ts specific compostion
Proteolytic enzymes spht protemns by hydrolysis of peptide bonds, the
speaific site of attack of an enzyme (for example, pepsm or trypsin)
being regulated by the nature of the adjacent amino acid residues. The
charactenstics of the surface groups determune a number of the prop-
erties of a proten  Affty for water 15 tegulated by the amount of
polar hydrophylic groups The acidic or basic character of a protein
depends on the ratio of acrdic residues, such as those of the dicar-
borylic amino acids, to the basic residues of arginine, histidine, and

lysine The aromatic ammno acids (tryptophan, tyrosine, phenyl
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Table 7. 'The nuclerc acid content of plant virus proteins

From Mackham (371)

Ter Cent
Viens Tulonucleic

xd
Tohacco mosaie and strams. 3
Tomato bushy stunt 16
Tobacco necross 17
Southern hean mosaie 1
Potato X 6
Turmp yellow mos<aic 35

Table 8, Purme and pyrimidine composition of the nucleic acids
from plant viruses related to tobacco mosaic
From \erkbam wnd Smnh (4725

(The molar pmportions of the four bases (mesn = 17 together with their standard ecrora are mven
The figuren 1n ttalies differ mgnifcantly from the carresponding +alyes for tomata mossir virus uclesr

neid )
Number
Stema Adcnyne Guumne Cytomne Cranil of Deter-
minaticns
Aucuba momare 120 095 078 105 5
Type tobaceo morsir | 124 £ 0026 | £ 17 20073 | 062 40021 | 096 x0 01y 4
Ribgrase 117 108 & 10, [
Cuenmher 4 10420000 | 10320009 074£0006| 11540012 4
Tomato mansic 13840 0m | 10820014073 2D 008 | 1052000 3
Mean of sll miraina | 3 17 103 o7 23
Yeast aucleie acd 103 125 08 003 it

of protemn m the elongated particles (148) In view of the ready
tendency of nuclesc acids to aggregate m vitro into long fibers, the
heat-extracted flaments might be artifacts Treatment of tobacco
mosae with alkalt has suggested that the nucleic acid may belong w
the smallest fragments derrved from the surfaces of the particles (537)
For turmip vellow mosaic virus, 1t has been suggested (473) that the
nuclere acid 1s contamed mside a shell of protem

The purine and pynmidine components and the ammo acid com-

position have been studied for several plant viruses (table 9) Inter-
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whereas nbonuclerc acid 1s more common mn the cytoplasmic con-
stituents of most cells Speculations on the role of nucleic acids in-
clude the possibility that the orderly array of phosphate residues serves
to channel the energy required by synthetic processes i the geometrr-
cally organized fashion that may be required for synthesis of large
speaific molecules  This suggestion 1s based on analogy with the role
of vartous nucleotides as coenzymes in hydrogen transfer. It has also
been suggested (293) that the nuclerc acids may supply the ngid
f k required for the of the config of a
protein in the unfolded, two-dimenstonal state, n which a protemn
molecule, acting as a model for production of similar molecules, might
have to arrange itself 10 order to make posstble an 1dentical, pont-by-
pomt replication  Finally, it seems likely that the nucleic acids may
themselses be, w1 part or exclusively the carrters of specific biological
configurations (32)

Watson and Cnick (666a) have proposed for DNA a structure con-
sisting of two helieal polynucleotide chams coiled around the same
axis and held together bv bonds between the punine and pyrimidme
bases This structure accounts for the molar ratios of vanious bases
in DNA and suggests a mechantsm by which specific sequences of
nucleotrdes can be duplicated exactly Thus, the proposed DNA
structure would make possible the reduphcation of specific genetic
properties embodied 1n DNA orgamzation

PLANT VIRUSES

All the nucleic actds 1solated from plant viruses resemble yeast
nucleic acid in containmg only ribose  Some differences exist between
the punines and pynmidines of tobacco mosaic and of yeast nucleie
acids (472)  The amount of nucleic acsd vanies greatly among different
virus proteins, as shown m table 7 The amounts of purmes and
pyrismidines 1solated from different plant viruses differ (table 8), the
more closely related viruses bemng more stmilar m compositian (471)
It is Iikely that each virus will be found to contamn a vanety of nucleic
acid elements of different structure

The size of the nucleic acid “molecules” rsolated from plant viruses
depends on the mode of 1solation  Tobacco mosate nueleie acid, 1f
extracted by alkaly, is in the form of small umts (about 11,000 mol.
wt.), if extracted by rapad heat treatment it is 1n the form of long
Slaments (300,000 mol wt) These hase been supposed to represent
the natne farm of nucleic acid, possibly holding together small biocks
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tones). Protein and nucleic acid also appear to be more firmly bound
in viruses than in cellular nucleoproteins (see 381). Cucumber mosaic
viruses 3 and 4 seem to contamn no sulfur amino acids, absence of sulfur
15 clearly not adequate evidence for absence of protem
A number of workers have produced artificial ch, 1 modifi

in tobacco mosaic (624). Rather extensne chemical changes can be
made without ymparing virus actmty  For example, 707 of the free
amino groups can be blocked with acetyl radicals without loss of
actwity, and all —SH groups can be covered with jodine Further
iodine causing the of tyrosine residues nto
duod nactrvat; In all cases, new virus produced
by moculation of the modified but active forms into plants 15 of the
normal type In view of the improbability that the host plants may
possess enzymes that remove the covenng groups pnor to reproduc-
tion, Stanley suggested that only certain parts of the structural con-
figuration of the virus particle are necessary to mitiate the reproductive
process It 1s possible that only the viral nucleic acid 15 imvolved in the
reproductive function Some of the chemically modified viruses have
different residual activities in various host plants  This may be due
to differences i opportumity for penetration or in requirements for
reproduction

BACTERIOFPHAGES

Several strams of bacteniophage have been highly punfied The
purtfication process 1s relatinely easy, since bactenal lysates contam no
other elements of size comparable to the charactenstic phage particles
Differental centrifugation has been mamly employed, precipitation
methods have also been successful (499, 661) Except for one unsub-

d clam for ph lackmg phage (364), several col-
phages and one staphylococcus phage have proved to contamn protein
and DNA, the DNA 1 amounts as ligh as 40% or more of the dry
weight Amuno acid analyses show small differences among related
strams (table 10) The presence of liptds and RNA 1 some prepara-
tions was origmally reported (645), but careful work, including re-
moval of traces of bactenal debris by serological precipitation (146),
makes st Likely that ipids and RNA are not essential constituents of
virus particles

The structure and genetic complexity of badenophages ndicate the
great degree of d that phage must exhibit
within each particle  Recent work has indcated that a large fraction,
and possibly the totality of the protem of some large phages, forms an
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Table 9. Amino acid content of highly purified preparations of some
strains of tobacco mosaic virus ®

From Korght 1330

TMY = tobscra mosaic v1run M = lofmes’ masked stram  J14DI = a vanant of THV. CA =
#reen aucobe mossic virus YA = yellow sucabs  HR = Malmues’ ibgrass stean CV3 and £V
~ cucomber monpic sirunes 3 and ¢

Stean
Amino 1ad MDt
™V [ M [ao1| 6a | va { R f 43 ! cvi
Alsnine 51 52 48 51 64 61 |02
Armaine 98 | 99 100 |urs {12 | 99 |93 | 93 |02
Aspartic acid 135 | 1as 134 )37 [ 138 |28 131 )02
£3steme Doy 0867 064 060) 00| 070 0 °
0 o 0 [ [
Glutsmcacd | 183 | 115 (104 Lars | s [rss |24 | 65 |02
g 10 17 1941 19 18 1s | tr 15 | ot
istidine o 0 o ° ] ozl o L} vot
Tsoleucine 66 | 67 | 66 | 57 | 57 | 50 | 44 48 |02
Leucine 93 | 93 | 94 | 92 | 94 | 90 [ 03 24 |02
Lysine 147 { 149 [ 185 | 145 147 151] 285 | 243 00
Methiomne o [ [ 0 ° ez )0 o o1
Phenylalaning 84 { 84 | Bs { 83 ( 84 | 54 ) o6 (58 [02
Prohine 58 { a9 ( 55 ( 58 [ 57 [ 535 57 o2
Serne 72 { vo [ 68 [ 70 [ 71 | 857 |95 24 [ 03
Threonine 99 {101 (0o {104 | 101 ) g2 {68 | 70 |01
Tryptophan 21 | 22 ) 22 | 2¢v | 2t ] 14 05 | 05 O}
Tyrosine 38 [ 38 | 39 | a7 | 37 | s |38 [ a7z [ol
Valine 92 [ 90 | 8o | 88 ) w1 | g2 |88 | a9 |02
In order fo

#The values grien 1o the table represent fureentages of the indicated smino acids
facilitate companson the values which are conmdered to differ mgnificantly from those of TAIV are

1 seabice
£ Mean deviation of the vslues of single determinations from the averages gisen

esting duff are lated with the d degree of genetic
relationship (390). Distant relatives, such as tobacco mosaic and
Holmes' nibgrass yvirus, differ 1n a2 pumber of respects, whereas more
closely related viruses differ 1n therr content of only one or two amino
acids or i the proportions of some aromatic bases, The differences
represent changes of several hundred or thousand residues per virus
This agan suggests a repeat structure for these viruses.
1 ammno acid are also reflected in
i electrophoretic behavior among members of the tobaceo mosa
group (243). Interestingly enough, the protems e({ractcrl from many
Siruses are aaidic, not basic like those found associated )ulh mldt:lc
acids w nucleoproteins extracted from most cells { protamines and his-

particle
.
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tanes)  Protein and nuclerc nmd also appmr tobe mme Brmly bound
in viruses than in ecllalar {see 382). ber mosae
viruses 8 and 4 seem ta contain 1o sulfur amiso ac:ds. absence of sulfur
is clearly not adequate evidence {or absence of proten

A number of workers have d srtifieral ot t mod
in tobacco mosaic (824). Rather cxtensive chemical changes can be
made without ympamnng urus actiity  For example, 0% of the free
ammo groups can be blocked with acetyl radicals without Joss of
activity, and all —SH groups can be covered with wdine. Further

ine causmg the of tyrasine tesidues wta
duodotytosme, produces machvation.  In alf cases, new virus prodused
by mocvlation of the modified but active forms nto plants 15 of the
normal type  In view of the imprabability that the host plants may
possess enzymes that remove the coverng groups poor to reproduc-
ton, Stanley supgested that onfy certain parts of the structural con-
figrration of the virus particle are necessary to imtate the repraductive
process It ss possible that enly the virad auclere aexd s inofved 1 the
reproductive funchon  Some of the chenveally modified virases have
dfferent residual actmaties e vanous bost plants  This may be due
to differences 1 opportunnty for penetration or i requitements for
repsodaction

BACTERIOIMAGES

Several steams of bactenophage have been hghly punfied  The
purtfication process 1s relatiely easy, smce hactersal lysates contam o,
other elements of size comparable to the charactenistic phage partictes
Thiterential centrfugation has been mamly employed, preciprtation
methods have also been successful (499, 661)  Except for one unsub-

d clamm for phospt lachtng phage (364), several colr-
phages and ove staphylococeus phage bave proved to contam protem
and DNA, the DNA 1 amounts as lngh as 407 or more of the dry
werght  Amune acd analyses show small diferences among related
strams (table 10} The presence of hiprds and RNA i some prepara.
tons was ongnally seported {643), but carefol work, mehdmg re-
moval of traces of bactersal debris by serological precipuation (146),
makes 1t Jikely that hpids and RNA are not essentia} constituents of
virus particles

The structure and genetic complevity of bactenophages mdicate the
great degree of d that phage nuck must exhibrt
within each particle  Recent wark has wdicated that a large fraction,
and posubly the tatality of the protein of some large phages, forms an
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Table 10, Amino acid analyses of bacterjophages

Analyses on preparations of hacteriophage punified by differential centrifie.
gation  The degree of purity of all preparations 1s questsonable  Note the rela-
tively good agreement for preparations of g giten phage analyzed by the same
method,

Preparations 1-5 analyzei! by microbrological assay. Henderson, Sheck, and
Luria (unpublihed).  Preparation P oand W analyzed by paper chromatog.
raphy, Polson and Wichoff (526) Al figures represent content of a gnen
ammo acid 1 the virus protem

Phage T2 Phage T4

Amino A |—
Prep 1 | Prep ¢ | Prep 8 | Prep 4 | T'rep 5 [P and W

Aspartic acid - 103 107 - —_ 11 97
Glutamic acd | —~ — - —_ BEG
Alanme — — — — — 9 40
Glyeme — — 17 2 136 102 T8
Serine — 56 58 23 — 477
Threonine 61 5T 54 59 62 70

Metluonine 32 29 29 27 2383 | <13

Cystine — 019 021 - —

Teuctne 39 37 35 53 37 o5t
Tsoleucine 71 74 73 60 505 300
Valne — 63 67 62 61 (28]
Phenylalanine 48 51 50 33 58 416
Tyroune 13 43 47 53 X7 374
Tryptophan — 0901 0 88 - — -

Proline 30 87 37 — - 3500
Argmine 39 36 36 33 435 13
Lvsme 76 69 74 40 43 8 46
Histidine 11 097 095 0 60 0b8 | <26

outer coating that does not partscipate in phage reproduction (313, se¢
chapter 8)  If the nucleic acid shauld prove to be the true reproduc-
tive materal of these phages, we wonld have to visualze it as differ-
entiated and orgatized m the complex way necessary to account for the
genetic properties of the phages (see chapter 9)

The dry waight of 1 infections umt of a punfied preparation of a
large coli-phage is of the order of 10- '3 gram, sn good agrcement with
the werght calculated for the particles from thewr size, Tlus, of course,

reflects the high efficiency of the titration method (between 1 and
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25 particles per mfectious unit m good preparations, see page 52)
The phosph content of a coli-phage such as T2 1s approumately
5 X 107 atoms per infectious unit, corresponding to 2 X 10° to 5 X 10°
nucleotiles per purticle (319) The DNA of phages T2, T4, and T6
of E. coli contain an unusual p: L -
stead of cytosine (657D) The new pynmidine has not heen solated
from any other source and may represent 4 unique constituent of these
phages  Phage T2 contains 320 moles of adenine, 332 of thyme,
179 of guanine, and 170 of the new pynmidine per 100 moles of
nucleotides

The discovery of hyd, hyl-cytosine rep a remarhable
advance not only  our hnowledge of nucleic acds but also 1n our
reahzation of the degree of specificity of the chemical processes that
must be invohed m virus synthesis and of the level at which an m-
fecting virus must act upon the synthetic machmery of the host cell
(see chapter 8)

ANIMAL VIRUSES

The punty of even the best preparations of animal viruses 1s open to
questron, because of the intrinsic difficulties invohved 1 effectne pun-
fication and 1 the estimation of punty itself On the one hand, the
viruses must be extracted from tissues, m which they represent a small
mnonty component Normal components, m the form of particles of
size sumilar to that of viruses (microsomes), are also present and often
contain nucleoproteins  The titration methods are seldom sensitive
enough to permit any close correlation of one infective umt with an
amount of virus of the order of one virus particle  Yet, analyses of
several viruses carmed out n different laboratortes with different tech-
niques have given reasonably consistent results, so that some generali-
zations are possible  Most of the chermical information available con-
cerns the largest viruses, punifiable erther by centrifugation or by pre-
cipitation (56) The smallest viruses can now be somewhat purified
by removal of the larger impurities by protamine sulfate prectpitation
combined with trypsin treatment {66:£)

No antmal virus has yet been obtamed 1n crystalhine form, although
viruslike particles extracted from certamn forms of human warts show
crystallike formations m electron micrographs (633)

The chermical composition of some of the best preparations of seseral
viruses is given m table 11 Opinions as to the vahdity of these
analyses vary rather widely It seems safe to assume that mn the case
of large, easily punifiable viruses such as vaccina the chemical analysis
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is fauly deseniptive of the virus  DNA 15 probably the only constitutive
nuclere acid in vacoima virus. The evidence that some animal viruses,
mncluding those of the equine encephalomyelitis group, contam only
RNA and no DNA 15 not fully comvincing, nor 15 the evidence for the
high hipid content of these viruses  Rous sarcoma virus appears to
contam RNA (137)

Little use can be made of the results of chenucal fractionation into
major components {protemns, nuclerc acid, hipids, carbohydrates) for
an understanding of virus properties It seems possible that the mfec-
tious particles of most viruses will be found to contam only one type
of nucleic acid (exther DNA or RNA), although excellent preparation
of viruses of the mfluenza group yield both types (378) These highly
purified preparations of ifluenza virus also contain some host-specific
antigens, which might represent impurities, but which might also be
ncorporated mnto the particles as a necessary consequence of thewr
mode of reproduction n the host cells (142, 377)

The presence of DNA or RNA 1 the particles of a virus may suggest
1ts possible natural relationship with nuclear or cytoplasmue nucleo-
proten granules The ymphcations of this hne of thought will be
developed more fully 1n chapter 18

Amno acid analyses of repeatedly punfied nfluenza virus prepara-
tuons (379, table 12) have revealed significant quantutative diffesences
between virus types These differences are more marked than those
observed among d:fferent straimns of tobacco mosarc virus

Even the purest preparations of some of the largest ammal viruses
show a complex composition resembling that of bacterial cells Ele-
mentary bodies of vaccima virus, obtamnable m amounts of 2 mg per
rabbit, contamn several protem fractions that can be separated and
shown to be different by chemcal and serological tests (606) The
difficulty 1n deciding what really belongs to the virus 1s well Mustrated
by the presence, i punfied vacemia virus, of cholesterol m definite
and constant amounts, which, howeser, can be removed by proper
solvents without loss of activity  Should the cholesterol be considered

an mpunty? Or s its presence an mdication of a role 1t plays m virus
production® These questions will become more meaningful when bio-
chemical studies of virus growth are more advanced

Other imteresting questions are raised by the presence i purified
vaccmnta virus preparations of certam enzymes or coenzymes Phos-
phatase, catalase, and lipase activity are present in most virus prepara-
tions  They may be due to enzymes accjdentally adsorbed onto the
virus particles during punfication, since punfied particles adsorb such
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Table 12. Amino acid content of highly purificd PRS and Lee in-
fluenza virus particles and of the sedimentable particles
of normal allantoje fluid

From Kmght (379)

Piis Lee | Normal
Influenzs | Influenza | Allantoic | M+
Ammo Aewd N Vieus | Particles | (per cent)

(per cent) | (per cent) | (per cent)

{
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Arginine
Aspartic acid
Glutamie acud
Ghyeme
Histiine
Ysoleucine
Leucwe
Lyvstne
Methionine
Phenylalamne
Proline
Serte
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Tryptophan
T resine
Valine
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* Mean deviation of the talues of wngle detertmunations feom the averages
grven m the table

enzymes from solutions  Most careful tests for enzymatic actities of
pure virus particles on stmple substrates have been negative ({1, table
13). Adenosine triphosphatase has been reported 1n a fowl Jeucosis
vrrus (436a)y

Brotin and riboflavine are present m constant and defintte propor-
tions m vacene vires and are apparently essential compaients 6f the
virns particles (which also contain small but appreciable nm?unts of
copper. 005%).  The role of these substances as coenzymes in some
of the energy-yielding systems of many cells 1s well known Their
presence in virws particles bas been interpreted in the hight of the
theory that viruses may have ongmnated from frec-living forms Sll!)-
posedly, the viruses became obligate parasites through loss of certain
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enzymatic activity of virus particles is the receptor-destroying actitity
of the viruses of the influenza group and of other hemagglutinating
viruses, which can destroy the surface receptors of red blood cells and
other related substrates (330). The details of this enzymatic reaction
and 1ts possible role 1n virus-host cell relatton will e discussed
chapter 13

A chemically well-mvestigated group of animal viruses is that of the
insect viruses, which can be obtamed m large amounts and consist of
characteristic, easily punfiable rod-shaped particles (66). They con-
tain DNA, protemn, and little of anything else  In the specific inclu-
sions, polyhedra, or capsules, the virus particles are associated with
large amounts of a specific, nominfectious protein  This polyhedral
protem consists of elements much smaller than virus particles, with a
molecular werght of 200,000-400,000 (65¢) The polyhedra, which
are surrounded by a membrane, may be formed by precipitation of the
specific protein, which 15 quite wnsoluble at 1ts 1soelectric pomnt,

Some types of polyhedra liberate no rod-shaped virus particles, gne
2 pitted appearance after treatment with sodium carhonate, and ap-
pear to have no membrane surrounding them (611)

These findings h the my of m not only
the nfectious virus particles but also other “specific” substances found
0 virus-infected hosts sn order to gain an understanding of the vanous
phases of virus production and function

SPECIFIC, NONINFECTIQUS SUBSTANCES IN VIRUS INFECTION

The evidence for such substances 15 raprdly increasing  For plant
vtruses, we have, for example, the nommfectious crystallizable protem
found in plants mfccted with the Rothamstead strain of tobacco
necrosis virus  This speific protemn consists of homogeneous particles
about one-half the diameter of the infectrous spherical particles (49)
Turmip yellow mosaic virus preparations (471, 473) can be separated
1nto two fractions, both consisting of sphencal particles of equal size,
some {about 60%) infectious and contaming RNA, the others {about
407) without 1t There are reasons to believe that the RNA-less par-
ticles are not artifacts, but are actually present i the sap.  They are
antigenically sumlar to the virus, though less active

Symalarly, bacterophages and animal viruses are often accompanied
by spectfic protem matenials, » hich are often smaller than the viruses.
Besides the polyhedral protein, we may hst the soluble antigen 'oI
yacemnia virus (606), the complement-fixing soluble antigens of in-
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fluenza and of several other viruses (393), and the “ultrafiltrate factor”
m phage lysates that blocks phage-neutralizing antibodies (111) In
the few cases 1n which chemical analysis has been possible, these sub-
stances have proved to be proteins related to some of the protems of
the virus.  Evrdence 15 growing that at least some of these protems
represent mtermediate products of virus synthesis, some may represent
“mistakes” i virus production or breakdown products Some such
h lete particles are duced instead of lete virus
under the mfluence of chemrcal inlubstors  For example, bactena
mfected with certamn phages m the presence of the acndine dye pro-
favine liberate incomplete, nucleic acid-free particles (175).

There may be a whole range of cases intermediate between the pro-
duction, along with the virus, of an excess of small bmlding blocks and
the production of a muxture of active and juactive virus particles It
15 also possible that some of the specific, noninfectious virus products
dernve from the breakdown of virus particles The amounts of these
products vary greatly For bactenophages. the “ultrafiltrate factor”
represents a small fraction of the total ‘irus matenal produced, the
virus appears to waste little 1n byproducts In the polyhedroses of ;-
sects, on the other hand, the virus 1s a small fraction of the specific
matersal of the polyhedra, the nommfections bulk of which may fulfil
some protective function for the virus mside the cell

These examples emphasize the importance of not limiting our atten-
tion to the infectious particles themselves Even the fact that virus
particles may be mactis e, when extracted from their host cells, because
they are combined with mhibitors of cellular orgm, may suggest 2
possible role of these mhibitors 1n virus production

The fact that at least some of the “specific soluble substances™ of
varuses are protems without nuclerc actd and can be demonstrated
separately from the virus particles raises a pomt of some mterest Are
the same protems, when m the svirus parhcles, bound to nucleic acid
ornot? The ease of extraction of soluble antigen from vaccma virus,
as compared with the difficulty of removimg any nuclesc acid, seems to
answer m the negative  Thus, the protems of a virus particle may con-
sist partly of nucleoprotemns and partly of other proteins without
nucleic acid tes

As a whole, chemical mvestigations on punfied viruses have as yet
shed hitle Iight on the basic problems of virology. The fault rests
neither with the chemists who have worked on these problems nor
with any peculianities of viruses, but with the dispanty between the

asked and the techmques availabl

The goal 1s to interpret
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biological functions, such as reproduction, host-range specifiaity, and
tissue specificity, 1n terms of chemcal structure  Present-day chem-
wstry, however, lacks the proper tools to supply the answer. Protem
and nucleic acid structure 1s understood only in some of its grossest
phases, and nothing 15 known of the chemical basis of those speaific
properties of a protemn that are of biological importance, such as anti-
genicity, species specificity, and enzyme function The present gap
m our chemical knowledge will be filled only by the development of
a new biochemistry, covening the area of speafic differentiations of
large organic molecules of biological importance.

VIRUS COMPOSITION AND THE PROBLEM OF TIE LIVING
NATURE OF VIRUSES

The crystallization of plant virus protens started widespread specu-

lations and controversies as to the nature of viruses, some workers
them “molecules,” and thereforc “nonlving,” and others

considering them “living organisms ” The emotional root of the con-
troversy lies 1n the reluctance of the chemust to call lnmg something
simple enough to crystallize m a test tube, and on the hesitance of the
brologist to admt the ewistence of molecules capable of reproduction
The semantic aspect of the controversy, however, 1s more important,
since 1t llustrates the fact that both the terms “molecule” and “hving”
must be redefined before we can utilize them as categonies m which
entities such as viruses can be classified unequvocally

On the one hand, no defimtions of the word molecule, as given by
the chemust, can be applied without ambiguity to partrcles of bro-
logical matenal  Actually, no protemn has ever been synthesized, the
details of protem structure are obscure, and the structural homogeneity
of even the most purified protemn 1s questionable Like viruses and
visible cell components, proteins are synthesized only mside hving
cells. The term “molecule” 15 madequate as a y holing device 1n
classifying such objects

On the other hand, the confusion that would arse if all protems
were classified as “Ining” in view of their cellular ongun 15 illustrated
by a simple example  could we consider a preparation of egg albumin
as “lwing™® Tlus suggests that the lumts of apphcability of the tenn
“living” in its everyday, common-sense meaning become hazy as we
reach the domain of protein chemustry.

We should, then, investigate the possibility of redefining the word
“Jiving” in a way that may be meaningful and uscful in thrs borderline
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field. The redefinttion must aim at selecting cnterta for the classifi-
cation of objects n such a way that fewer and less 1mportant am-
bigwities will anse  As an analogy, the reader may consider the prob-
lem of adopting cntenia that make the distinction between “table” and
“chair” as useful as possible even in the borderline field of fat-top
stools.

A pomt of dep may be the d that all p of
Irological systems reflect thesr materal structure and are not mant
festations of metaphysical “lfe forces " Life, however defined, will be
a manifestation of certan organized matertal objects that we call “bving
organisms ™

Throughout the physical world, we obsenve that certam new prop-
erties anse as a result of orgamized agglomerations of parts, or, as 15
usually said, at certain levels of imtegration, not because the new
properties are metaphy sically supenimposed over and beyend the prop-
erties of the component parts, but because the obserations by which
they can he defined can be made only on the whole and not on the
ssolated parts  For example, the social behavior of an mdividual can-
not be defined m terms of the indiidual taken m 1solation, outside of
any soctal sitvation  The for tional d that
15, for criteria based on feastble observations, can also be 1llustrated
with the well-known example of the clock. All mechanical properties
of a clock reflect the mechantcal properties of 1ts component parts, but
the meanng and the very ewstence of the clock as 2 time-measurmg
desice only arrse upon 1ts hemg assembled and observed by a time-
minded agency

Having decided that life must represent a mamfestation of certain
organized portions of matter (orgamsms), we realize, however, that

each mdnadual property of as listed 1n textbooks of biology,
becomes b %

at the borderl between simple or-
gamsms and large umits or molecules of orgame matter Some wnters
have, therefore, d 1 of the feasibilty of defimng life Rejecting
such pessimism, we may consider that a property of all “unambrguous
orgamsms” 1s therr ability to reproduce, that 1s, to troduce a strue-
tural and functionally specific orgamzation sumilar to their own mto
other material of simpler chemical orgamzation

The propertv of reproductron, however, 1f used as the sole criterion
for defining life, would face two objecttons  First, crystal growth some-
tumes results 1n the formation of chemical complexes that do not exist
as such 1n the mother solution, and, therefore, 1n an mcreased degree
of specific chemical organization  Second, the nature of the synthetic
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Inological functions, such as reproduction, host-range specificity, and
tissue specifiaty, m terms of chemical structure. Present-day chem-
istry, howeser, lacks the proper tools to supply the answer. Protein
and nueleic acid stricture 15 understood ouly in some of its grossest
phases, and nothung 1s known of the chemical basis of those specific
properties of a protein that are of biological importance, such as anti-
genicity, species spectficity, and enzyme function  The present gap
in our ehemreal knowledge will be filled only by the desclopment of
a new bochemistry. coverng the arca of specific differentiations of
large orgame molecules of biological inpartance.

VIRUS COMPOSITION AND TIIE PROBLEM OF THE LIVING
NATURE OF VIRUSLS

The erystallization of plant virus pratems started widespread specu-
lations and controsersics as to the nature of viruses, some workers
considersng them “molecules,” and therefore "nonliying,” and others
considering them “Ining organisms  The emotianal root of the con-
troversy hes in the reluctance of the chemist to call hving something
simple enough to crystallize 1 g test tube, and on the hesitance of the
brologist to admit the custence of molecules capable of reproduction.
The semantic aspect of the controsersy, however, 1s more important,
since 1t illustrates the fact that both the terms “molecule” and “Ining”
must be redefined before we can utihize them as categores m which
enhities such as viruses can be classifed unequisoeally

On the one hand, no defimt of the word molecule, as given by
the chemist, can be applied without ambiguity to particles of bio-
logical material  Actually, no protein has ever been synthesized, the
details of protein structure are obscure, and the structural homogenerty
of even the most punfied protemn 15 questionable, Like viruses and
visible cell components, proteins are synthesized only jnside hving
cells. The term “molecule” 15 te as 2 y hohing device m
classifying such objects

On the other Land, the confpsion that would anse »f all protems
were classified as “hving” i view of their cellular onigin 1s Mustrated
by a simple example. could we consider a preparation of egg albumin
as “Ining™® Tlus suggests that the limits of applicabihity of the term
“Ining” in 1ts everyday, common-sense meaning hecome hazy as we
reach the domam of protein chemstry

We should, then, imestigate the possibility of redefining the word
“living” in a way that may be meaningful and useful in ths borderbme
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feld  The redefimtion must aim at selocting cntersa for the classif-
cation of objects m such a way that fewer and less wportant am-
biguties sill anse  As an analogy, the reader may connder the prob-
lem of adopting critersa that make the distinction betwees “table” and
“chau” as useful as possible esen 10 the borderhine feld of flat-top
stools,

A powt of dep may be the that all prop of
biologreal systems reflect ther matenal stuetnre and are not mani-
festations of metaphvswcal “hfe forees ™ Life, howeser defined, will be
a mamfestation of certam organized matertal objects that we calt "ln g
orgamsms ”

Throughout the physical workd, we observe that certmn new prop-
erties arise as a tesult of organzed agglomerations of parts, or, a5 IS
usually said, at certam fevels of mtegration, not becawe the new

perties are metap 1 Ssed over and beyond the prop-
erbies of the component parts, but because the obsenvations by whih
they can be defined can be made only on the whole and not on the
ssolated pans  For example, the social behiavior of an indnadual can-
a0t be defined m terms of the mdnidual taken i wsofation, cmside of
any socsal stuation  The requuement for operational defimations, that
1s, for cntenia based on feauible obsersations, can also be Mjustrated
with the well-known example of the clock Al mechameat properties
of a cloch reflect the mechameal properties of sts compenent parts, but
the meammg and the very eustence of the clock as a ttme-measunag
device only arise upon s being assembled and observed by a time-
minded agency

Having decsded that hife must represent 2 mandestation of certam
orgamzed portions of matter (orgamsms), we realize, however, that

each mdnadual property of as histed 1n textbooks of biclogy,
becomes h b at the borderline between sumple or-
gamsms and Targe umis or molectiles of orgame matter  Some witers
have, therefore, d & of the feasibility of defimng hfe  Rejectmg

such pessimism, we may connider that a property of all “unaminguons
orgamsms” 15 thew abihty to reproduce, that 15, to mtroduce a struc-
tural and functionally specific orgamzation sumlar to thewr own wto
other matenal of simpler chemical orgamzation

The property of reproduction, howeser, if used as the sole enterson
for defining hie, would face two objections  First, crystal growth some-
times results i the formation of chemacal compleres that do ot exist
as such m the mother solution, and, therefore, 1 an mcreased degree
of specific chemical orgamization  Second, the nature of the synthetic
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Inological fuuctions, such as reprod , host-range spectheity, and
tissue speaifiaty, i tesms of chemcal strocture. Present-day chem-
sstry, however, lacks the proper toals to supply the answer  Protein
and nucleic acid structure 1s understood only i some of its grossest
phases, and nothing 1s known of the chemical basis of those specific
properties of a protem that are of hiologrcal importance, such as ants-
geneity, speaies speeifieity, and enzyme function  The present gap
n our chemical knowledge will be filled only by the derelopment of
a new bochemustry. covenng the area of specific differentiations of
large organic molecules of biological importance

VIRUS COMPOSITION AND THE PROBLEM O THE LIVING
NATURE OF VIRUSES

The crystalization of plant virus proteins started widespread specu-
lations and controversies as to the nature of siruses, some workers
considering them “molecules,” and therefore “nonlning,” and others
considermg them “hiving orgamsms *  The emotional root of the con-
troversy lies in the reluctance of the chemst to call Ining something
simple enough to crystallize in a test tube, and on the hesttance of the
biologist to adnut the existence of molecules capable of reproduction
The semantic aspect of the controversy, however, 1s more nnportant,
since 1t llustrates the fact that both the terms “molecule” and “Iving”
must be redefined before we can utilize them as categorres i which
entities such as viruses can be classified unequn ocatly

On the one hand, no defimtions of the word molecule, as guen by
the chemist, can be applied without ambigurty to particles of bio-
logeal matenal  Actually, no protem has ever been synthesized, the
details of protein structure are obscure, and the structural homogenerty
of even the most purtfied protem ss questionable  Like viruses and
wvisible cell components, protemns are synthesized only inside hving
cells The term “molecule” 15 madequate as a prgeonboling device m
classifying such objects

On the other hand, the confusion that would anse if all protems
were classified as “lving” m view of therr cellular origm is JMustrated
by a simple example could we consider a preparation of egg albummn
as “Ining™ Tlus suggests that the hmits of apphcability of the term
“hving” m ats everyday, common-sense meanmg become hazy as we
seach the domam of protein chemistry

We should, then, mvestigate the possibihty of redefimug the word
“Iving” m a way that mav be meanmgful and uscful in this borderhine
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It will be realized that our definition classifies as Jiving such entities
as the “transformmg principles” responsible for induced specific bac-
ternal changes (210), but excludes, among other things, indnidual
genes that cannot (yet?) be 1solated and reintegrated into cells (see,
however, page 351; 32, 695).

1t should be pointed out that some of the areas left ambiguous by
our defimtion mvolve such biological emigmas as those plant diseases
supposedly caused by viruses but transmissible only by graftmg  The
only reason to suspect the presence of a virus 1s the repetition of an
abnormal symptomatology. Whether such hypothetical “viruses” that
cannot be isolated are to be called Inning 1s anybody’s chaice
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mechanisins underlymg iological reproduction 1s unknown, and it may
be suggested, for evample., that some or all protens, in ther native
mtracellular state, take part i reproduction  The simple eriterion of
reprodaction s, therefore, of htthe value in formalzing the differences
between groups of objects i the field under discusston; it fails becavse
it 15 not strictly defimable i terms of obsensable events and per-
formable aperations

A fusther approach can be made, however, by takmg into considera-
tron the 1 ical aspect of biol I ph There evusts in the
material substrate of the biological world a unity derived from its
common origm and conttmnty  This umty is embodied mn the two
fundamental tenets of hiology the rejection of spontancons generation
and the theory of evolution,  Unsty and continuity reflect the presence
of certam specific materials, which regulate the assimilaton of ountside
matter and tts transformation mte more of the speaific components
These speadic matenals, capable of change and evolution, represent
the elements of coutinuty i the cycle of organic matter, by which
simpler. nonspeesfie bnlding blocks are orgamized mto more proto-
plasm A satistactory operational definttion of a g substance or
organism might, therefore, be the followmg. “A matenal is Iving it
after 1solatton, 1t retains a specific configuration that can be remte-
grated into the cycle of organic matter,”

This definttion, by making life wentrcal with the possession of an
independent, specific, self-replicating pattern of orgamization, gnes a
tangible criterion of classification It differentiates, for example, be-
tween most cell protems, which once 1solated are unable to reenter the
cycle of organic matter without bemg broken down below the level of
bialogical specifieity, and the viruses, which can reintroduce their own
pattern into the network of bological syntheses It also excludes,
deliberately, the mdwvidual cells of multicellular organisms unless they
are capable of reproducing more cells, for example, m tissue cultures

Our defimtion does not myolve any assumption as to the mechanism
by which the pattern of speaifiaity 1s preserved and reproduced or as
to the jnfluences that may alter it It requires only that any change
or mutation that maintans the living character must gune rise fo 3
new scif-rephcating pattern  The operational character of the defi-
mtion is sllustrated by the fact that a virus, for example, can only be
considered as “more living” than any other cell constituent extracted
performing the proper test of remtroduction mto A

along with 1t by
sustable environment.
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of proteins  This specificity must depend on details of organization
and folding of polypeptde chains, details which disappear in the
course of chemical analysis and which are not revealed by physico-
chemical methods  Serological analysis, however, represents a finer
chemical tool An antibody 1s a chermical reagent capable of dnshm
guishing those detals of ization on wiuch f;
may depend. Indeed, antibodies may distingwish between | proteins
prepared 1w 1dentical ways from the same tissue of different related
species or even of different individuals of the same species (397).
Each virus contatns specific anhgens, distinet from those of the
host 1n which 1t grows and from those of other viruses  Antrvaral
antibodies permit not only the recogmition and identification of indr-
vidual viruses but also the recogmtion and measurement of virus
matenal mside the host, even when this matenal is not extractable in
an infectious state. Scrological methods allow us to recogmze simi-
lanhes and differences among sirus strains  They provide us with
useful cnteria for virus classification and with valuable eprdemiologycal
mformation. Serological reactions are the basis for most of the diag-
nostic procedures 1n virus diseases of man and ammals  The anumals
used for laboratory production of antiniral antisera are generally rab-
its, although gumea pigs, chickens, ferrets, and horses are sometumes
used for special purposes,

ANTIGEN

‘TIBODY REACTIONS WITH VIRUSES

When an antigen 15 mxed with homologous antiserum, the reactions
obsetved depend on the physical properties of the antigen and on the
Itipl. of distinet functions it The types of
reactions by which ant tibody comt are fested may
be divided into three groups  First, there are reactions m which we
observe changes m the state of dispersion of the anhgen such as pre-
or In the p

or particles of the antigen are held mgether by antibody molecules n
ah k or “lattice” A g to widely accepted immuno-
chemical theones, both anbigen and antibody must be multrvalent or
2t least bivalent 10 allow formation of such a lattice, since each antigen
particle must combine with at least two molecules of antibody, and
vice versa, to bring about formation of an extensive framework The
extent of Jathice formation depends on the relative concentrations of
the reagents There will be an optimum ratio for lattice formation
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Serological Properties of Viruses

Virus particles contam large amounts of protem, Surce most pro-
teins are good antigens, it s to be expected that vinuses will have
antigenic properties  An antigen is defined as a substaoce that, intro-
duced parenterally (not by month) into an ammal organsm, strmulates
the prod of antibodies, that is, of modfied serum globulins which
cm.‘ulatc i the blood serum and can react specifically with the an-
tigen  An antigen-antibody reaction mvohes combmation between
the two, m the case of viruses as well as of other antigens  Serological
reactious are speaific  Therr specificaty, determined by the chemical
nature of the antigen, s of very hugh grade, since it distinguishes
among protetns whose chemucal differences are well beyond the ana-
Iytical methods of present-clay chemustry  Serolagical reactions, there-
fore, can be considered as a refined tool for the structural analysis of
proteins and other antigens and of particles contamming such antigens

Reactions between an antigen and an antiserum prepared agast
another antigen (heterologous as opposed to homologous reactions)
mdzcn(c the possessmn by the two antigens of commen or very simiar
lete antigens or haptens are sub-
stances that, although ble of 1 antibody formation,
react with antibodies ag’lms! antigens with which they share certam
chemical configurations

Since all the speafic properties of a virus, whether in the extra-
cellufar or in the intracellular state, ultimately depend on the chemcal
structure and organwzation of the virus maternl, serological methods
are a premous tool (or the study of viruses  We have already men-

== =f=v-tan chemistry and physico-

+ acid analysts, sedimenta-

nts, and electrophoresis—

;.clls' us very bittle about the structural basis of the biological specificsty
118
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derived between the size of virus particles and the number of particles
required for visible precipitation, as shown 1 figure 49

Agglutination of virus particles may be wisualized microscomeally
or ultramicroscopically, for example, m the electron microscope A
modified test is the agglutination by antiviral serum of relatively large
particles, such as collodion granules or bactenal cells, which have been
artifeually coated with virus  The coating may be aspeaific, as for
vaccmm virus on collodion particles (239}, or specific, as for bacterio-
phage on heat-Miled bactena (121).

The second type of reaction 1s one 1 which, after ming antigen
and antiserum, we test for a modification of some properties of the
serum due to combmation of the anhbody with the antigen. Typical
of this 15 the complement-fixation reaction, based on the fact that,
combinmg together, antigen and antibody often bind '.\ normal con-
stituent of blood serum, called compl. A fixat
test 1s made by adding to the mixture of antigen and antibady a known
amount of complement, that 1s, of normal gumea pig serum.  The dis-

or fixation of i t 15 then tested by means of an
mdlcator system,” which consists of sheep red blood cells treated with
antisheep cell serum I complement 15 present, hemolysis of the cells
oceurs, ahsence or reduction of lysis shows that complement has been
removed The compl fixation test 1s of great d valye in
ammal virus diseases, 1 testing sera of suspected patients for the pres-
ence of virus b The virug used as antigens 1n
the complement-! ﬁ(ahm\ test need not be as pule and concentrated as
for aggl tests G fixation, how-
ever, does not oceur nall anhgen-antibody reachions

The third type of reaction mnyolves changes n the mfectivity of the
virus as a result of combination with antibody  This s the so-called
neutralization reaction, m which we observe a reduction in the mfec-
tious titer of virus, Loss of virus activity as a result of combination
wﬂh anhbody sugges!s that some essential portion of the virus particle

§ by comb with antibody  Thss
mdncatcs the ‘mssnbd;(y of Wdentifying specialized structures m the
virus with certam antigens  As already mentioned, an antigeme func-
tion depends on the presence in the anhgen of certam spemﬁc chemical
groups or conf; the “ ts,” which mnduce
the formation of antibody molecules capab]c of specific combination
with these determinants  These may vary m complexity from rather
simple functions, such as aromatie groups, to large portions of a pro-




118 Serological Properties of Viruses

(equusalence pomt), and a lattice may fail to be formed if cither
reagent 1s i Jarge excess. The tern precipitation is used for antigens
such as protem molecules, agglutination refers to larger paticles such
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Fegure 49 The relaton between the mass of a particle and the number of par-
ticles peeded for visible precipitation or agglutimation by speeific antserum  From
Mernll (480) The mass salues for several viruses should be somewhat modified
m the bght of present-day information

as bacteria  The distinction 1s rather immatenal in the case of antigens
such as virus particles  Large amounts of antigen are nceded for the
ction of visible reactions, with viruses, the mimmumr amount
od is of the order of 01 to 1 ug of virus material (450) Assum-
for a constant mnimum mass of antigen, a relation can be

produ
require
ing the need
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antigens I any cross-reaction occurs at all, the difference between
homologous and heterologous antigens 1s clearly prosed by absorption
tests Absorption with the homologous antigen generally removes
from a serum all antibodies, while absorption with a heterologous
antigen may only remove part of the antibodres, leaving a certam
amount of reactivity with other antigens The situation is illustrated
for a group of related plant viruses in table 14 A virus could, thus,

Table 14, Cross-precipitation experiments with plant viruses and
cross-absorbed antisera

From Bawdem (4% + ++, +++, ++++ douree of precitation ut optimum antigen anty.
eram tato

Precpitation Testa

Antigen
Antwerum Uoed for e
Almorp-
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L I I e T I -
T R [ -
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be considered a mosaic of several discrete antigens, some shared and
some unshared by related strams

This formal iterpretation, however, may be mileading Cross-
reactions of this type are not always the expression of a mosaic of
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tein molecule  Complex entities such as virus particles may carry
several distinet antigenic determmants  An antiserum prepared against
a virus may then contain a variety of speeific antibadies.!

The multipheity of viral antigens can be ilustrated for vaccinia virus
(608) Oa the onc hand, injection of mtact virus particles grves ante
sera that neatrahize and agglutinate virus particles On the other hand,
antigeme fractions can be obtamed which give nive to anttbodies that
agglutinate but do not neutralize the virus particles. It is cJear, then,
that this virus contains at last two types of antigens  The tests for
multiple antigens are often delicate  For example, preapitation of 2
specific antiserum with particles of papilloma virus removes all anti-
body actnvty from the serum (105) The same 15 true for bacterio-
phage particles and antiphage serum  Yet, we can obtain phage
antigen, 1n the form of immature particles, that react with antiphage
antrserum but do not combine with ph hizing antsbody (175)

The most probable interpretation of virus neutralization 1s that
combmation of a sirus particle with antibody blocks certain sorface
groups that are required to imtiate infection  Combination with anti-
body apparently does not destroy the virus It s often possible to re-
cover actrve virus upon remasal of anubody by a variety of treatments.

Several treatments suppress infectinity without altering the anti-

gementy of viruses  This indieates erther that the changes mvohed m
inactnation by these treatments are of a finer chemrcal nature than
can be detected by tests of serological specifieaty, or that the groups
affected 1n the mactination process are not directly mobed m the
A ot pecificity, that s, are not part of anhgenic
def This 1s il dable, smee mactiation may result
from slight changes i one localized pont of a virus particle  Usually
the treatments that leave the virus antigeme but not nfectious {for
ecample, formalin or radutions) are those that mactivate the virus
without extensise protemn denaturation

The problem of the possession of mulhple and different antigeme
determmants by certain viruses is connected with the problem of cross-
reactions. It is generally found that a serum reacts more strongly or
at higher dilution with 1ts homologous antigen than with heterologous

Flus fact 18 mot nccessanly reflected m the diferences of the reactions obsersed,
ince the reactions depend entirly on our methodologv  For cxample, there 13 7o

a priory Teason to consider the ag, and the ) bodes as
: . ' . T t V.-, «F vgus particles may
. * = with the same anti-
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the amount of phage present 1s small as compared with the amount of
antibody, so that the astibody avarlable to each pasticle is not in-
fluenced by the number of particles present.

The second rule 1s that phage mactss ation 1s a practically fsr il
reaction  Serum-mactinated phage is not reactnated by dilution.
Some phages, however, can be reactivated by sonic vibration {21} or
by treatment with papain, which digests the antbody {366},

The thsrd nule is that the logaritm of the fraction of phage fhat
remams active after a certarn bme 1 a msture wath antiody 1s pro-
portional ta the tune of contact and to the conventration of antbody.
This 15 expr d m the folt

P

>

> 3
emHE loa‘IT:) = MC xog,,,l;’i = 043020 {0}
where P, 15 the mitial phage actwity, P s the residual active phage
after t minutes of contact with a concentration C of antisexrum, k15 2
constant {“fractional rate of nactnation”), which, withm the bmts of
vahdity of eq 9, characterizes the rate of mactivation of a gven
phage by a gunen serum  Expenmental data sustrating this relatson
are grven m Fgure 50
‘The wterpretation of the relation 1s not completely clear  The equa-
ton 15 that of a first-order reaction or of a bimolecalar reaction with
one teagent mn Jarge excess It suggests that one anttbody molecule
<an bnng about smactnvabion of a virus particle 1§ several moleendes
were needed, there would be an witial lag m the rate of phage n-
actnvation, when few or none of the particles have as yet combed
with the mmmal numbers of antibody molecules necessary for wact-
vatwn  Not every molecule of antibody that combines with phage
nactrates ¢t, however The phage particles that survive antibody
treatment are already modified by combmation with antthedy  They
are adsorbed less rapadly by sensitive bactersa and sometumes are not
aasorbed at all hy some of thew )mst bactertal strams (365) Upon
they show an d size  Probably, anhbody mole-
cules can cominne with different sites of the phage surface, but only
the molecule that happens to block a certain spot suppresses the
actvity  This spot may be umque an the phage particle, os st may
become smgled ont g postenion, m the sense that, if 2 phage utiizes
for to tivated spot, the result
may be a faure to grow Indeed st 18 koown that some serum-

mactvated phages retain at least part of thexr ability to be adsorbed
by bactera
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discrete antigens, but may represent the fact that the virus strams
possess antigens sumlar but not identical to cach other. The anti-
bodies produced as a response to a gren antigen may consist of a
vanety of antibody molecules with varying affinity for the common
antigen. Ieterologous antigens remose only those antibody molecules
that have a stronger, less disenminating affinity, leaving the weaker,
more speeific ones behmd G tions may then be i
as an mndicaton of chemical similansty and relation, but not neces-
sanly as proof of the possession of a number of identical antigenic
groups in common,

SCROLOGY OF BACTERIOPHACES

Bacteniophages ailustrate well the serologieal speaifiaity of viruses,
smce practically every strain of bacteriophage isolated in nature is
found to be an anhgemecally distinet entty  Some bacteniophages
are better antigens than athers, as measured by the potency of the
antisera that can be obtained agamnst them Two bacteriophages
actne on the same bacterum are often completely distinet serologi-
cally. Cross-reactions generally occur only among bacteriophages that
are similar n other properttes, for example, 1 morphology, and the
strength of the cross-reactions may be taken as an indication of the
degree of relatedness  As a consequence, serological properties pro-
vide a cons enient basis for phage classification  For example, a large
number of coli-dysentery phages fall into eleven major serological
groups that do not cross-react (110} No serological relation eusts
between phage and host, antibody agamst the host gites no evidence
of combmation with the phage, and vice versa A typical group of
related phages mcludes the T-even (T2, T4, T6) serres of coli-phages
(169) TResults of cross-neutralization experiments are guen in
table 15

Agalutination reactions can be observed with hughly concentrated
phage suspensions, parttcularly 1f the phage is a “large-particle” one,
or with phage-coated bacteria (121} The neutralization reaction
is, however, far more mmportant, particularly because the titration
methods for phage allow precise quantitatnve studies of the neutrali-
zation process.

The basic finding 15 exp d by the Iled °F law,”
which states that a given concentration of antiserum in a given tme
will inactivate a gnen proportion of the phage present, mdependent
of the total amount of phage (29)  This law holds true as long as
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5000 anttbody molecules of rablnt may be adsorbed by 1
phage particle (317). Absorpuion of o serum wath 2 sufficient amaust
of phage, active or mactnated by formal, can remove all the ney-
tralizing antibody of the serum

Equation B 15 of prachical ymportance wm phage sesearch  Once the
ralee of L, the fractional rate of mactnation, s boawn for 2 gnen
screm-phage cembnnation, we can calculate the serum concentration
that will gne any desised amount of survieal m the desired mtenal
of tme  The values of & for a given antiserum and different phages
mtieate the degree of serologial refationshsp among the phages  An
unselated phage wall gne a K salue of 6, a weakly cross-reacting phage
will have a R value much Jower than that of the homolagons phage
(table 18)

Table 15 C lrzation by rep
bacteriophages TI-T7

antisera against

|

, L = fractional rate of mactnation, eqration  (mmn~'}
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Although serum-macti ated phage cannot be reactivated by difution,
1t has been rendered actine agam by digesting away the antibody with
the proteolytic enzyme papam (366}  This indicates that the sirus
particle was coated by antsbody but not destrayed

An mportant obsenvation {which appears to be valid for al} virtses )
1s that phage-neutralizing antibody cannot prevent the multiphcation
of phage that has already been taken vp by senstne eells (167)
Thas fact will be ducossed agam m chapter 8 In hine wath this ob-
servation, it 1s toel with the phage carmed
wside lysogenic bacteria, which continue therefare to carry Jatent phage
after having grown m auhiphage serum
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Equation 9 15 not always strictly followed  An imtial Jag in macti-
rvatton 1s often present for low seruin concentrations.  Another frequent
deviation 1s the occurrence of a more resistant fraction of phage, which,
however, 1 not genctically resistant, since it does not give risc to a

! T T T T T T

s

00z
001 L)
0
Minutes
Figure 50 Neutrahzavon of bactenoph by homol or ke

antiserum  The fraction P/ P, of residual infectious phage as a function of time
of exposure to anyserum at 87° C @ Phige T2 4 ante-T2 scrum diluted 1064000
o Same, diluted 1 18C00 T Same, diluted 1 4000 x Phage T4 +ant-T2
serum diuted 1 4000

resistant progeny  The resistant fraction may represent physiologically
diffcrent phage particles. It might possibly consist of particles that
have combined with antibod: lecules wathout being mactivated and
in such a way that some necessary portion of their surface, although
stull unblocked, has become protected from fusther antibody molecules
by steric hindrance on the part of the antibody already adsorbed
Analysis of preaipitates formed by phage and antibody shows that
some of the large ba h for example, coli-phage T2, can take
up as many as 90 antibody molecules before losing actisity. Up to
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{see page 71 and Bgure 28}, fix complement with antiphage serum
but do not combine with neutralizing anbibodies (175)  Thus, there
1s more than one lype of anhgen m some phages The antigen that
gives nise to 1 ly localized m the
phage tail, whereas another antigen, remgmmble by complement-
fixation tests, 1s located 1n the phage head (3992). Antibody aganst
the head antigen does not neutralize the phage. These observations
are 1 line with the conclusion (see chapter 8) that the phage tail
represents the organ of attachment of phage to the host cell

SEROLOGY OF PLANT VIRUSES

The ant:gemc pmpemes of pl:mt \:ruses were discovered relatively
recently (536) The dology is nfl d by the fact
that relatively large amounts of virus matenal are often available, for
example, for tobacco mosaic virus It 1s feasible, therefore, to run
precipitation tests  These can actially be used to measure the amount
of virus matenal m a preparation (see 43). Two methods are em-
ployed In the optimum precipitation method, a constant amount of
virus suspenston 1s mited with vanous concentrations of antibody, and
the muxture 1n which precipitation first appears 15 considered as the
optrmum for the reaction In the end-pomt method, one determnes
the smallest amount of antigen that reacts with a constant amount of
antibody In these tests, as mn all precipitation reachons with plant
viruses, 1t 15 important to distinguish between specific and aspeafic
precipitation, since the viruses tend to be precipitated out of solution
by a number of foreign matermals, particularly proteins

Antisera have been obtamed agamst several plant viruses, Those
viruses agamst which no antibodzes have been found may simply have
been present m amounts too small to give visible precipitation  Com-
plement fixation, which has been successfully applied to plant virus
work (641a), may be useful in detecting smaller amounts of virus

Neutralizatton of plant viruses by anttbody must be distinguished
from the aspecific neutralization which oceurs with normal sera It is
genemlly recogmzed that speafic neutralization occurs, but that the

of virus with hzing antibody 1s 1 bl
upon dilution of the mixture Tobacco mosaxc virus can be recov-
ered m active form from a muxture with antibedy by digesting the
antibody with enzymes Quantitative studies on the rate of neutrali-
zation have been few and relatwvely mconclusnve  They are comph-
cated not only by the aspecific neutralization by normal serum, but
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Complement fization by phage-antiphage serum combinations oc-
curs.  Its speofierty, as measured by the extent of cross-reactions, is
sumtlar to that of neutralization reactions with the same seram (39%).
The role of complement i the neutralization reaction tself is obscore
Addition of complement reduces the serum-neutrabization rate for
phage T1, for example, but increases the rate for phage T2 (311},

Phage particles are not the only phage-specific antigen  Lysates of
several phages contain a smaller, ultrafiltrable component, which com-
bnes specifically with antiphage serum even when the antiphage
serum has been produced by injection of punified phage (11). These
[ pecific soluble sul or ultrafiltrable factors are detected
by their serum-bloching power, that 1s, by their abifity to reduce the
phage-neutrabzing actiity of a serum (sec table 16)  They have the

Table 16. The serum-blacking power of phage and of ultrafiltrate of
phage lysate
From DeMars et at (175)

Treincubation of Antiphage mrum with ultray olet-insetivated homologous phage or with the phage
frre ultrafiltrate of a lyeate of the homoluguus phage rmfuces the phag~neutralizing ahihity of the

eum
— . .

Tube Away ) Per Cent
Num- € ontenta o T | Suemrel
ber Thaze | phags
7

[ oo {aaa | o [rrxwtf 100
See— | b [ st | b e
2 | Serum® st fphae | m | 22100 3
e ————fagee | T | 4500 e
3 | Serum + 78 X 10? T2 (1 Vinactinted) rrxwt{ o
4 | Berumn + 23 X 108 T2 (U} inactnated) 4x 08| 62
5 Serum + 77 X 108 T2 (LY tmactss ated) 1gx10t{ 23
6 | Serum +26 X 10" T2 (LY 1nnct 43X 10* 8
7 ] Serum + 87 X 10° T2 (L V anact 16 x 10t 2
8 | Serum + ultrasltrate diluend 1 3 17x0 | 2
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same serological cross-reactivity as the corresponding phages. They
are of mterest because they may represent speaific phage building
blocks and may throw some hght on the process of phage synthests.

Immature phage particies produced by infected bacteria in the
presence of the dye proflavine and resembling empty phage heads
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virus with neutrahizing antibodies (see 121). In the first place, the
recovery of actinity from virus-antiserum mutures becomes progres-
snely less complete the longer the mixtures are allowed to stand
Second, actual absorption of the neutrahizng power of a serum by
washed wvirus particles has been demonstrated  Burnet and his col-
laborators, usmg for virus titration the accurate method of pock count-
mg on the chonoallantoic membranc of the chick embryo, showed
that the neutralization of a vaniety of viruses by antiserum can best be
mterpreted m terms of a reversible combmation between virus and
antibedy The reversibility 1s more or less complete dependmng on the
virus With rabbit myxoma virus, for example, concentrated antisera
gne irresersible neuh’\l]zahou whereas with louping 11l wvirus the
Teachion seerned 1o be tompl ble  With mg viruses,
it can be shown by :\hsorphon tests that the neutralizing antibodies
are the same as those that prevent red blood cell agglutination by the
warus 1 vtro, under conditions where the antibody must certamnly act
on the verus stself

It 15 now certam that the mechanism of action of virus-nentralizing
antibodies 1s not fundamentally different from any other antigen-
antibody reaction  The outcome of an moculation with a virus-anti-
serum muxture depends upon the availability of the surface groups of
the virus particle needed for infection at the ttime of the contact of
the virus with a susceptible cell  This conclusion 15 supported by
the finding that intradermal injection of antiserum against vacema
protects a rabbit agamst dermal mfection if given 24 hours previous
ta, or simultaneously with, the injection of wirus, but not if given as
litle as 5 mmutes after virus wjection at the same site  This tllus-
trates the mability of antibodies to affect virus that has already been
taken up by the hnst cells  In general the outcome of moculations
sath mistures of wrus and antserum will depend on the et balance
ot several processes the bility of the taby ml
tion, the rate of uptake of active virus by sensittve cells, and the rates
of spread of the virus, the antibody, and the virus-antihody complexes
through the tissues,

A possible biol 1 sigmfi e of the xeversibility of the combina-
tion of animal viruses with neutralizing antibodies has been suggested
by Burnet (121) Reversibiity favors the survival of the virus, both
m 1ty spreading witlun the host orgarusm and m passing from host to
host  The ability to combne reversibly with antibodies, hemg advan-

taggeons to ammal vinuses, would be tavored by natural selection,
whereas for 1

Lility of the combmation with
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also by the fact that, due to the low efficiency of the methnds for
testing infectinty, large amounts of virus must he used. so that the
concentrations of antigen and antibody are of the same order. There-
fore, the results are very sensitne to small variations in the concen-
tration of erther reagent

Since virnst s hhe tobacco mosaie virus are available in Jarge amotunts
we can eastly perform absorption tests, i which the antibodes that
react with a virus are remosed by prolonged treatment with an evcess
of that virus, and then the reaction of the antiserwmn with a diferent
virus 15 tested By thes method, the serologieal cross-reactions among
plant viruses have been studied i some detail - The patterns of rela-
tonslup obtaned 1n this way are i agreement with those derived
from other methods, especaally cross-protection tests  The results of
a typteal ¢ross-precipitation test with absorbed antisera are shawn
in table 14

Crude preparations of plant viruses, ike those of bacteniophages and
of ammal siruses, often contain materals that share the serological
specificity of the cirus particles bat not theie mfectissty (49, 473)
These materials may even he antigenically mare powerful than the
sirus stself - Thesr exact relation to the virus particles, as precursors,
breakdown products. or abnormal forms, is currently a matter for
speculation

SEROLOGY OF ANIMAL VIRUSLS

The serologteal reactions of antmal viruses, discovered sery euly
after the recognstron of virus diseases. comprise a major parhon of
medteal virology  Antibodies play an important role in the course of
animal sirus diseases and m a varety of important procedures in the
prophylaxis, diagnosis, and therapy of these discases  Serologieal
reactions have been studied both m ammals that can support virus
growth and 1o animals that cannot  Jn those that can, the role of
antibodies 1n immumty ph has been tl ghly mestigated

In vivo fests of the infectivity of mustares of a csrus with the
homologous antiserum show a reduction of activity, commonly mter-
preted as due to 2 combmation of the virus with neutrahzing anti-
bodies. This nterpretation had been challenged because the com-
Bination is duficult to demonstrate Indeed, virus activity can often
be re 1 from tralized with body either by dilu-
tion or by centrifugation It was, theref d that antiserum
acts by stumulatmg the resistance of the host tissues (570). Good
e has been obtaned, however, for actual combmation of the

evidenc
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virus with neutralizing antibodies (see 121} In the first place, the
recovery of activity from virus-antiserum mistures becomes progres-
suely less complcte the longer the mistures are allowed to stand.
Second, actual absorption of the neutralizing power of a serum by
washed virus particles has been demonstrated  Burnet and his col-
laborators, nsing for virus titration the accurate method of pock count-
mg on the chorioallantoic membranc of the chick embryo, showed
that the neutralization of a variety of viruses by antiserum can best be
interpreted 1 terms of a reversible combination between virus and
antibody The reversibility 1s more or less complete depending on the
vires.  With rablit myxoma virns, for example, concentrated antisera
gne wreversible neutralization, whereas with louping il virus the
reaction seemed to be completely reversible  With snfluenza viruses,
1t can be shown by absorption tests that the neutrahzing antibodtes
are the same as those that prevent red blood cell agglutimation by the
‘irus m wtro, under conditions where the antibody must certamly act
on the irus wself

It 1s now certain that the mechamsm of action of swus-neutrahzing
antrbothes is not fundamentallv different from any other antigen-
antibody reaction The outcome of an moculation with a virus-anti-
serum muxture depends upon the availability of the surface groups of
the virus particle needed for infection at the time of the contact of
the virus with a susceptible cell  This conclusion 1s supported by
the finding that intradermal imjection of antiserum agamst vaccinm
protects a rabbit agamst dermal infection 1f ginen 24 hours previous
to, or simultancously with, the injection of virus, but not if gunen as
hittle as 5 minutes after virus mjection at the same site  Thus dlus-
trates the mability of antibodies to affect sirms that has already been
taken up by the host cells In general, the outcome of moculations
with mixtures of virus and antiserum wll depend on the net balance
of several processes the reversibility of the virus-antibody combina-
tion, the rate of uptake of active virus by sensitine cells and the rates
of spread of the virus, the antibody, and the virus-antibody complexes
through the tissucs

A possible biological significance of the resersibility of the combina-
tion of ammal viruses with nentralizi bodies has been sutge
by Burnet (I31)  Reversibility favors the survinal of the virus, both
mats spreading withm the host orgamsm and 1 passmig from host to
fiost The ability to combne reversihly with antibodies, being advan-
tageons to ammal viruses, would be fasored by natural selection,
whereas for bacteriophaties irrevernibility of the combmation with
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anttbody would not be a handicap for survival 1n nature, where phage
docs not generally meet antibody.

In vitro serological reactions of animal viruses, such as agglutination,
precipitation, and complement fixation, reveal the antigenic compleuty
of most viruses. Crude virus preparations often contain, besides the
virus particles, other virus-specific antigens. A good example of these
noninfectious virus antigens, often called specific soluble substances
(585), 15 the SSS of vacaimia virus (606). Centrifugation of a crude
preparation of vaccinia from the rabbit's skin leaves a supernatant
which, after being freed of residual elementary bodes, contains large
amounts of a specific protetn antigen, the so-called LS antigen  After
purtfication, the LS fraction gnes precipitaton and complement-
fixation reactions with antisera prepared erther agamst the virus
particles or agamst pure LS The LS antigen has been found to
consist of protern malectles, about 300,000 1n molecular weight, carry-
ing two distiet and separable antigenie functions L and §  The L
function 15 suppressed by heating, the § function by treatment with
chymotrypsin  The two antigemc functions are carmied on the same
molecule. This is shown by the fact that complete LS antigen 1s fully
precipitated by antisera prepared agamst cach of the partial antigens,
LorS Antibody agamst LS also agglutinates clementary badies, -
cating that some LS antigen 1s probably located on the surface of the
virus particles, from which 1t can actually be extracted  The antibody
agamst LS daes not, however, neutralize the vinus  The LS antigens
of all viruses of the smallpox-acemmia group appear to be wentical,
although the viruses duffer in other antigens

Extraction of vaccina virus pasticles yields at least two other anti-
gens, a nucleoprotewn antigen removable by alkali and the so-called
X-agglutinogen Both antigens induce production of antibodies that
agglutinate the virus particles but do not neutralize them  The an-
tigens that gne nise to hzing badies app 1y cannot be
extracted from the virus particles without bemng destroyed

Many other viruses give nse to specific soluble substances com-
parable to the LS antigen of vaccima m therr relation to the viruses
For example, infl viruses are d by spearfic comple
ment-fixing substances (355) These are virus speeific, m the sense
that the SS§ of nfluenza virus A do nat react with sera against the
serologcally unrelated wfluenza virus B. The miuenza §SS are not
stram specific, however; they are apparently identical wn all strains 'of
a gnen vires type (A or B) The virus pnrticlc§ themseh s contain,
besides complement-fiving antigens similar to their SS5, other comple-
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ment-fiung antigens, which are often stram speaific. Neither of these
complement-fixing antigens 1s identical with the antigens that induce
neutrabzing antibodies

‘The soluble antigens play an imp role m d d
‘They are often readily obtamable in fawly large smounts, for example,
from the dermal pulp of vaccina-nfected rabbit shin or from the
spleen of ammals with lymp chor C
fixation tests may be uscd to reveal antibodies agamnst soluble antigens
or to detect the antigen 1tself in a patient’s serum

The soluble antigens are also of great theoretical mterest  Indeed,
they appear to represent portions of specific virus matenal produced
m excess by the infected hosts. They may originate, exther by excess
formation of specific virus components or by breakdown of virus par-
ticles within the host.  The first alternative seems to be supported by
the appearance of complement-fiing SSS 1 eggs fected with -
fluenza viruses several hours before any virus activity 1s recoverable
(302, 353) This method for m\eshgnhng virus synthesis by following

4 ly the f of v p Is will be d

m chapter 13

It has been suggested that the $5S may play a role in favonng the
survisal and spread of a virus within the host by acting as blocking
agents for eirculating antivirus antibodies (12I) It must be men-

tioned, however, that a b of §S§ with ! anti-
bodies has not yet heen demonstrated for ammal viruses, but only for
the “vltrafiltrable factors™ that p certamn phages

The Iiterature on serology of amimal viruses gnes the impression
that thewr serologcal specificity 1s rather vamable Even i the same
outbreak of a virus disease such as influenza sexeral distinct antigentc
types of virus may be 1solated  Thus situation may be the result of
natural selection  [ndeed, a hugh rate of serologscal mutability would
provide for a wider range of antibody resistance and would, therefore,
be advantageous to the virus in its struggle for survival

MEDICAL ASPECTS OF VIRUS SEROLOGY

The semloglcal properties of ammal viruses provide a bass for much
of the and dures of medical \irology.

Antibodies are produced 1 an infected orgamsm either 1n spectal
tissues or possibly also m the very tissue m which the virus grows
{581} The antibodies can prevent the spread of virus from cell to
cell, but are probably wactive agamst tracellular virus  Crrenlating




132 Serological Properties of Viruses

anttbodies are also ineffectual agamst the spread of viruses that are
transported along nerve fibers. By the time the symptoms of a virus
disease mamifest themselves, most of the cells that are going to be
mfected already contain the sirus and pratect it from ciculating
antibody. This seems especally to be so with neurotropie viruscs.

Because of this, passite {mmunization, consisting of the injection of
preformed antibodies, has mamly prophylactic applications, for
cxample, durimg epidemics of measles  With diseases such as measles
{and probably also poliomyelitis), the blaod serum of a large number
of human adults contains antraral antibodtes. It 1s therefore prac-
tica} to wse for passne the lobulin Fraction
extracted from large pools of himan plasma

The sohd natural immunization followng recosery fram most virus
diseases 1s partly due to the persistence of airculating antibodies, which
may be found 20 years or longer after recovery, for example, in yellow
fever There 1s often a lack of correlation, howcver, between the
degree of immunity on the one hand, and the presence aod amount of
pentrabzing antiboies i the blood on the other hand (554) Tests
for local antibody may be of greater sigmficance since the degree of
immumty 1s closcly correlated with antibody present at the site of
possible i as in | hial wask 10 nf) (212).

The mechamsm of the long persistence of antibodies aganst some
viruses 15 obscure  Some authors mcline to the beltef that some virus
or virus fragment remais permanently in the organism and stimulates
antibody production (556) Other authors favor the idea that an
antigen induces a modified pattern of globulin synthesis, which 1s then
retaned after the antigen has disappeared (112)  Some nonviral and
certanly noneself-reproducing antigens, such as bactenal polysac-
charides, catse [ ! ibody f but the Jogical
response 1s never as persistent as that which follows recovery from virus
diseases

Vacenation against virus diseases 15 of great prophylactic value  Its
success—well illustrated by the case of Jennertan vaccination agamnst
smallpox by means of vaccim surus, or by that of vaccination against
yellow fever with an egg-passage variant—represents one of the major
conquests of medical sqience It was thought at first that the o?ly
vaccines that gave a sabisfactory were those active
vitus. This was probably due to the fact that the amount of antigen
present 1m inactive virus preparatians was usually msufficrent m“snmu-
late the [ of an adeq body Jerel  The
of several \iruses m Jarge amounts has permitted the preparation, for
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example, with mfluenza, of powerful vaccines consisting of svirus 1n-
actnated by such as i or ul )} d
which preserve the antigenic power
In vaccmation by means of actise virus, a low antigen content m the
lum may be d by the prod of more virus antigen
m the vacainated organism  Varous methods are used m different
cases Partially mactisated virus vaccines have been employed  They
may owe their effectiveness to the fact that they contam actie and
mactive virus 1n proper proportions, so that the level of antibody pro-
duction under the stimulus of the mactive virus 1s, presumably, suf-
ficient to keep the reproduction of the active virus at the nonpatho-
genic level  Vacemes consisting of a mixture of virus and antibody
probably act through a mechanism of the same type Their value will
depend on the relative chances for migration and diffusion of the virus

and the antibody from the site of ) and on the hihity
of the antigen-antibody comb Some 1 may be made
by i} e virus by an at 1 route, which presents

severe infection but not immunization In all cases, the choice of an
adequate vaceine 15 based on purely empirical cniterna of effectiveness

The most effectine vacemes to date have been those consistmg of
mutant forms of viruses that possess the ability to multiply and cause
antibody production 1n a host, for which they are either mildly patho-
gemie or not pathogemie at all  The best etamples are 1mmumzation
agamst smallpox wath vaccmna or cowpox wirus {from vacca = cow,
hence the words vaccme and vacunation) and vacemation agamnst
yellow fever with a virus vanant 17D that was 1solated after repeated
passages 1n tissue cultures and 1 chick embryos

Vaccmation 1s often comphicated by the fact that what 1s considered
as one virus may occur mn a vanety of serologically dsfferent, often
unrelated strams  For example, three major serological types of polo-
myehtis virus have been deseribed The recognition of such sero-
logical differences 15 of paramount mmportance for any effective sero
logical treatment and diagnos:s An effective prophylavis requires
vacemnes containig at least the most frequent serological types (493)

Serological procedures provide the most important and often the
only relable diagnostic tests for virus diseases, since the actual 1so-
lation of varus from patrents 15 difficult and even 1 specialized Iabora-
tones succeeds only m a fraction of cases  The choice of serological
method vartes from virus to varus (13, 345, see 605 for an extenstve
tabulation)
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anttbodies are also incffectual aganst the spread of viruses that are
transported along nerve fibers By the tune the symptoms of a virus
isease mamfest themselves, most of the cells that are going to be
infected already contan the virus and protect it from cireulating
antibody. Ths seems espeetally to be so with neurotropic siruses

Because of this, passive immunization, consisting of the mjection of
preformed  antibodies, has mamly prophylactic appheations, for
example, durmg epidemies of measles  With discases such as measles
(and probably also poliomyelitss), the blaod serm of a large number
of human adults contams antiviral antibodies It 15 therefore prac-
tical to use for passne i the g globulin fraction
extracted from large pools of human plasma

The sohd watural immunszation followmg recovery from most sirus
diseases 1s partly due to the persistence of ) bodies, which
may be found 20 years or longer after recos ery, for example, in yellow
fever There 15 often a lack of correlation. however, between the
degree of mmunitv on the one hand. and the presence and amount of
neutralizing antibodics m the blood on the other hand (554). Tests
for local antibody may be of greater sigmificance smce the degree of
immunity is closely correlated with antibody present at the site of
possible infectton, as m bronchial washings in influenza (212)

The mechamism of the long persistence of antibodies agamst some
viruses is obscure  Some authors inchne to the belief that some virus
or virus f remarns | Iy m the and stmulates
antibody production (556) Other authors favor the idea that an
antigen mduces a mochfied pattern of globulin synthests, which s then
retamed after the antigen has disappeared (112) Some nonviral and
certainly non-selt-reproducmg antigens, such as bacterial polysac-
chandes, cause prolonged antibody formation, but the serological
response 1s Dever as persistent as that which follows recos ery from virus
diseases

Vaccnation against virus discases is of great prophylactic valee, Its
success—well tllustrated by the case of Jennerian vaccination against
smallpox by means of vaceima virus, or by that of vacemation against
vellow fever with an egg-passage vanant~represents orie of the major
conqueests of medical science It was thought at first that the only
vaccnes that gave a satisfactory inymunity were those contanmg actne
virns. Tlus was probably due to the fact that the amount of antiger:
present 1n inactive virus preparations was usually msufficient to stimu-
late the p 1 of an iy level The purl.ﬁCﬂUOn
af several viruses m large amotnts has permitted the preparation, for
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a

example, with of p ful vaccines of virus -
activated by such as formol or ul let arradiation,
which presenve the antigemie power

In sacemation by means of active virus, a Jow antigen content m the
moculum may be compensated by the production of more virus antigen
m the vacomated organism  Various methods are used i different
cases. Partially inactivated virus vaceines have been employed  They
may owe their effectineness to the fact that they contamn active and
iactive virus in proper proportions, so that the level of antibody pro-
duction under the stimulus of the mactive virus 1s, presumably, suf.
ficrent to keep the reproduction of the active virus at the nonpatho-
genic level  Vaceines consisting of a mixture of virus and antibody
probably act through a mechanism of the same type Therr value will
depend on the relative chances for mrgration and diffusion of the virus

and the antibody from the site of I and on the hility
of the ant, tibody comt Some 1 may be made
by Y 1 virus by an at i} route, which presents

severe mfection but not immumzation  In all cases, the choice of an
adequate vaccine 1s based on purely empirical eritena of effectiveness

‘The most effective vaccines to date have been those consisting of
mutant forms of viruses that possess the abihty to multiply and cause
antibody production m a host, for which they are ether mildly patho-
genic or not pathogeme at all  The best examples are 1mmumzation
agamnst smallpox with vacana or cowpox virus (from tacca = cow,
hence the words vaceme and vaccination) and vaccmation agamst
yellow feser with a virus varant 17D that was isolated after repeated
passages 1n tissue cultures and i chuck embryos

Vacemation 15 often complicated by the fact that what 15 considered
as one virus may occur 1n a vanety of serologically cifferent, often
unrelated strans  For example, three major serological types of poho-
mychtis virus have been described The recogmtion of such sero-
logical drffcrences 1s of paramount importance for any effective sero-
logical treatment and dagnosis  An effective prophylaus requires
vaccines containing at least the most frequent serological types (493)

Serological procedures provide the most mmportant and often the
only reliable diagnostic tests tor virus diseases, since the actual 150~
Tation of virus from patients 15 difficult and even 1n specialized labora-
tonies succeeds only m a fraction of cases The choice of serclogical

method vanes from virus to virus (13, 345, see 605 for an extensne
tabulation)



134 Serological Properties of Viruses

The virus-neatralization test, in which we determine the reduction
m mfectious titer of a virus preparation after mving it with the pa-
tient’s serum, 1s Jaborious and not too satisfactory, but has il recently
been the only available test with some viruses such as poliomyelits
(542), although complement Avation has been reported (125). For
vizuses that agglutinate red blood cells (sce chapter 13) the serum to
be tested may be examined for 1ts power to inhilnt hemagglutmation.
Flocculation tests (agglutmation or precipitation) generally require
too much virus antigen to be of practical use, but might be improved
by usmg as antigens virus-coated bactena or collodion particles.
Complement-fication reactions on the paent's serum are often the
method of chorce, using as antigen either the virus itself or its soluble
antigens The antigens need not be punfied, but anticomplementary
substances, particularly hipids, must gencrally be remored either by
extraction or by other methods

Skin tests have been devised for a few virus discases. The Frei
test for lymphogranuloma consists of intradermal mjection of macti-
vated virus material. A positive reaction—a large papule at the site
of inoculation—1s generally present both i infected and in recovered,
mmune mdmvaduals A similar skin test for mumps has been described
(£08)

Most dragnostic tests become positive Jate 1n the disease or even
only dunng convalescence, a fact that reduces their value Some
reactions appear earhier than others, however, for example, comple-
ment fixation with soluble mumps antigen can often be detected tn the
first day of disease  Usually at least two samples of serum are tested,
one taken very carly during disease, the other durmg comvalescence
Presence of antibodies agamnst a virus in the first ssmple may jndicate
a previous history of virus infection and generally speaks agamnst a
role of that virus m the etiology of the current disease, Appearance
of antibodses in the convalescent sample 1s the significant finding, but,
of course, 15 more valuable m diagnosis and eprdemiological survey
than from the viewpoint of therapy When feasible, repeated tests m
the course of the disease provide the most useful mformation



CHAPTER

7

Environmental Effects
on Virus Particles

In ths chaptes we shall diseuss the effects of varous envasonmental
agencies on the properties of free viruses, The range of detectable
effects 35 homted by the mamber of ohservable properties of z gnen
virgs  Some of these are physical properties af the virus parhicles
themseh o3, others are phases of virus-host mteraction  Thus, we may
recognize specific chemical changes of a virus, such as can be pro-
duced by chemeal txmcmenf of wlmcco mosaie virus, for example
Or, we can af virus par-
ticles by changes ﬂmt swe and shapc \Ve may obsen e changes
m antigenic or m hemagglutmatng activity  And finally, we may
observe Josses of infectuity

Where the process of infection has been annlyzcd m tetms of 1n-
drndual steps of host: s for some b it
may be possible ta recogrize virus changes that suppress rcpmductmn
by blocking ene or another of the steps  For example, a varus particle
may be wmactne hecause of wability ether to attach stself to a sense
tive cell, or to penetrate through 1ts wall, or to perform some of the
later tales requured for production of new vrus

Infferent environmental agents may mactivate virus particles i a
ranety of ways, by suppressing one or more of thes sctwvities  Yadeed,
many of these virus activities have been recagmzed from the study of
mactive partieles  For example, we know that the attachment of a
phage to 2 hagtenum 15 not necessanly followed by invasnion and kill-
g of the bactenal cells, because we Snid that by exposure to x-rays a
phage may be rendered mcapable of killimg the bactertom, although
s st} advorbed by 1t (683)  As a whole, the n\nh!y of vanons agents
to eatsse a of Lmls prog 15 an ble tool sn virus
research  One aof this 15 1n the prepa-
ration of nommfections viras Laccines

135
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Jnactivation and disintegration studies on virus suspensions may
provide some information concerning the structure and composttion of
the viruses  We must admat, however, that the information that has
been gamed from straight inactivation studies, includmg detaled
analyses of the hinetics of ation, has been altogether disap-
pomting.  Tlus 15 only an expression of our 1gnorance of the relation
between structure and function in the chemistry of comples biological
molecules

The nformation avarlable on the effect of chemical and physical
agents on virus particles 1s different from that available, for evample,
for bacterna, partly because it has been gathered by imvestigators
guided by different practical purpdses  Problems of spoilage are
hardly involved m work with viruses  The practical goals of macti-
vation studies on viruses are the presersation of virus actinity in the
[aboratory, the separation of mfectuaty from serological activity for the
production of vacaines, and the chowce of setable manpulations m
the handiing of viruses for punification and concentration. A more
distant goal 1s the possible application of nactinating agents to the
suppression of virus infectivity inside the host and to the chemotherapy
of virus diseases.

We must be aware ot the fact that the stability of virus particles
exposed to various environments is a “chemical stability,” that 15, 3
static kind of stability To alter a virus partscle we must change sts
structure  The situation 1s somewhat different from the one encoun-
tered, for example, 1n the study of the stability of bactera. Here we
are dealng with an “organismic stabilty,” that is, with a dynamic
system 11t a state of continuous flux, mnta which and from which com-
ponent e} are conti 1 T q, lated, ehminated,
and broken down In such a system, irreversible inactivation may
occur foll g rather mild I changes, smce any disturb-
ance of the dynamic siteation may lead to lack of protectron agamst
new situattons produced by the orgamsm’s own activittes For
example, a virus and a bacterium may be equally sensitive to 2 Jower-
ing of the pIHl  To mactivate the virus with 2a1d, we must add acd
The bacterium, hawever, may be killed by a change m bulfer concentra-
tion which allows 1t to accumulate enough acid from its own metabolie
activity to bring the pH down to the toue level  Studtes on the stability
of metabolizing bactena are morc propetly to be considered as analo-
gous to studies on the stability of viruses instde the host cells, a field
that as yet has barely becn developed
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Very few virus changes hiave been desenbed that are not secom-
panted by Joss of virus actiaty  To such nonlethal changes belong
some changes by chemical treatment of tobacco mosae varus (624},
and the reproductive delags produced 1 bacterophage by small doses
of radnation {433},

Changes i the imfectev ity of virus particles brought about by exter-
val treatments can be classBied mto three major categorses reversible
mhbition, wactn ahon mthoul loss of antigensarty, and disintegration

b b with
bacternal debris bas been obsenved  Inhihition of mifectivity of many
plant vimses by a sanety of substances, including psoteins, enzymes,
and plant and msect extracts, has been desenibed repeatedly  Some
has been attnbuted to a yeversihle combination between rurus end
inhtintor {43}  Usually, howeser, the lubrhion of mfection 1s better
explared by an effect of the mhibitar an the host cells rather than an
the virus {281a, 62}a) A vanety of plant extracts can affect plant
virus reproduction, even when sprayed an mfected leares as late as
1 day atter moculation with the virus

Inactnation without disintegration of the virus particle 1s generally
efifected by treatments that do not cause extensne protemn desaturar
twon Rad and mild with cf Is such as formalin
or hydrogen peroude often produce ths result  Protracted or intense
treatments witle an agent that at fst only causes a loss of actnty lead
to extensne & and & often acc
changes m shaye and morphology of the virus particles and sometienes
by thewr actual breakdown, as for tobacco mosaic virvs or vacema
vuus treated with allalt  Occasionally seseral properties of a virus
can be suppressed one after the other by progressne treatment with
one single agent soch as ulteaviolet radiation {(301)  The propecties
that are destroyed first are probably those that require the greatest
degree of structural integrity and are, therefore, suppressed even by 2
shght chermeal aleraton  The abihty to reproduce 15 generally ost
very soon, whereas antigenictty 1s mxy stable, apparently requring
for s supp af: fimg of the vms protemns

It 15 important to Leep m mmd that the effect of any treatment on
virases 18 mffuenced by such condittons o3 the composihon of the
smedhum and the femperature  Sometimes it 1s difficult to decrde which
agent 1 actually vesponsible for the obsersed wirps change, smee a
number of unfasorable conditions aYf present together may eause more
damage than wauld the sam of thesr mdivdual effects
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PHYSICAL AGENTS (EXCLPT RADIATION)

Temperature effects. In crude preparations or in other medma of
complex organic composition, most viruses are quite stable at room
temperature, mactivation often L ble at e
around 50-60° C, the range where denaturation of many proteins pro-
cecds at an appreciable rate  Important differences among s iruses are
present, however  Thus, some plant viruses, Iike tobaceo mosaic, are
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Figure 51 'The mactnation of viruses by heat  (a) Phage TS m broth at
vanious temperatures  From  Adams (6) (b} Plant viruses w phnt sap [
Tobacco ningspot, 50°C 1T Tobacco mosnic, 90° C  MI Tobaceo necosts, §6°
C 1V Alfalfa mosa, 625° C  From Price, Arch ges Virusforsch 11373, 1940

practically stable at 65° C and are only mactivated at an appreciable
rate around 70° C  Aster yellows virus and certain other viruses are
rapidly destroyed even at comparatively low temperatares  The aster
yellows virus 1s mactvated m its insect vector at 82° C (889)  Infected
plants can be cured by immersion i warm water (390) The situation
may be different, however, for such mactivatton in the host For
example, a bacteriophage quite stable at 30° C is inactrvated if phage-
mfected cells are kept at 43° C (432)

The rate of mactivation of viruses at different temperatures 15
ential. The ratio of the virus activity V to the imtial activity Vo
ishes with i ing time ¢ of exp ding to the equa-
tion for a first-order reaction V/V, = e~*%. Deviations from this rule
are generally due either to aggregation of virus particles or to hetero-
geneity of their heat sensitivity. The course of mactivation of several
viruses at different temperatures is illustrated in figure 51.

expon
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Because of the exponentral mactiation just desenbed, we cannot
speak rigorously of a “thermal inactivation powt” for a virus, since
survival always depends on the duration of exposure to heat and on
the mitial virus Many m the | con-
cerning thermal mactivation pomnts of viruses reflect the occurrence of
a narrow temperature range within wiich the mactiation rate passes
from low to very lugh values, that 1s, virus mactivation generally has a
hugh temperature coefficient. The range of thermal stability 15 that
temperature range in which the mactivation rate 1s so low that no
decrease m activity can be detected,

The 1 , exp of a first-order reaction,
indicates that a constant fraction of the particles undergoes an m-
activating chemical change mn each umt of time and that one such
change 1s sufficient to mactivate a particle The temperature effects,
accordmg to chermcal kinetic theory, reflect the fact that in a popu-
lation of molecules there 15 a distnbution of molecules with different
energies The only molecules that can undergo reaction (with a fived
probability ) are those that possess at least a certain “energy of activa-
ton” characteristic for the reaction 1 questtan  The frequency of
molecules whose energy equals or exceeds the actisation energy m-
creases with temperature The reaction rate k as a function of the
absolute temperature T 1s given by the Arrhentus equation

A= geEET [10)
where R 15 the gas constant {1987 calories per mole per degree C),
A and E are constants charactenstic for a given reaction, and E 1s the
energy of activation A monomolecular reaction rate results from the
fact that the rate at which the activated molecules react 15 slow com-
pared with the rate at which the equilibrum among molecules of
different energes 1s established, so that at each time the fraction of
molecules with energies greater than the activation energy 1s a constant
fraction of the total number of molecules. Thus, the reaction rate
measures the fraction of molecules whose energy equals or exceeds the
activation energy necessary for the reaction *
* The dependence of the reaction rate on the temperature 15 more fully expressed,
according to the theory of absolute reaction rates (2562), by the equation

o Tt AT
k= TT' art/Rr _ 7", aat—raty/Rr _ 77', et ppaviorastyrr 10s)

This formulation evpresses the kinetes of two reactions, a first resersible one, m
which the ongmal molecules become activated, and a second one 1 which the
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The validity of equaton 1015 tested by the so-called Arrhenius plot,
log k should be a Tinear function of 1/T. Such a plot for the denatu-
raton of tobacco mosate virus is shawn w figure 52 The slope gives
the salue of I R, from which we can caleulate the valuc of E Data
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Figure 52 The natural logarthm of the rate constants k for denaturaton of
tobacco mosaic Arus protemn at vanous temperatures, as a function of the mverse
of the absolute temperature T {Arthenius plot)  The straight hnes indicate that
the energy of actsvation 1s constant over the temperature range meluded  Upper
hne 3 mg of virus per m) Louer hne 6 mg of virus per m!  From Lauffer,
Price, and Petre (405}

for sanons viruses are gnen n table 17 The activaton energy for
thermal mactivation of maost viruses 1s high, of the order of 30,000~
150,000 calories per mole  Such high activation energies correspond to
tugh Q0 values ¢ For example, an activation energy of 90,000 calonies
per mole corresponds to a Qrg of 50,

Actwvation energres of this order are unusual m ordinary chemical
reactions but are observed for protein denaturation, a fact which sug-

actinated molecules undergo the obsersed chemical change In equation 10a,
« and b ate the Boltzmann and Plinck comstants, SF%, AHS, and aS$ are
the changes in free energy, in total energy, and m entropy in the acfivation re-
action (A1t corresponds to E in equation 10), AEt 1s the change i energy
at constant pressure, P 1s the pressure, and@ AV is the volume change mn the
activation reaction  Equation 10a explams why the reaction rate may be sagsd

even for seactians with high acthation energy, if actnation s accompanied by a
M — Pabntsl oh e o Femy smsemr ve cmall Staches

2 The Qpg { = kry10/hs) 15 the mtio between the reaction rates at tno tempeta-
tures differing by 30° €
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Table 17. Activation encrgy for the inactivation of several viruses

by heat

E {calonies | oo

per mole)
Tohacco necrosis sirus m plant sap 7,300 a
Alfalfa mosaic virus in plant sap 75,000 a
Tobacco nngspot virus (56 5-65° C) n plant sap 27,600 a
‘Tobaceo ringspot virus ($5-56 5° C) tn plant sap 78,800 a
Tobacco mosare virus (84-95° C) m plant sap 195,000 a
Tohaceo mosate virus (68-84° C) i plant sap 55,300 a
Tobacee mosate virus {denaturation of vinis protein) 158,000 b
Influenza virus A 81,000 b
Bacteriophage T1 1n broth 106,000 <
Bacteriophage T4 1 broth 131,000 ¢
Bacteriophage T3 1 broth 86,000 ¢
Bacteriophage T7 m broth 77,000 L3

Sources a, Price, Areh ges Varusforsch 1378 (190), b, Lauffer, Price, and
Petre (403), ¢, Adams (1)

gests that thermal mactivation results from denaturation of virus pro-
temns Indeed, the thermal mactivation of several viruses 1s closely
poralleled by the loss of therr serological specrficaty, whach 15 de-
pendent on the mtegnty of protem structure  This 1s true, for example,
for tobacco mosawe virus, latent potato mosaic virus, and several
bacteriophages  The role of nucleic acid changes m thermal mactiva-
tion 1s difficult to evaluate, smce hittle 1s known about heat effects on
nuclec acids

Some plant viruses {tomato bushy stunt, tobacco necrosis) are rap-
udly mactivated by heat at temperatures lower than those which
denature most protems (see 43, 405) The energy of activation for
theur loss of wmfectivity 1 rather low, and there 1s a wide range of
tempeiatures at which these viruses are mactivated at measurable
rates  Thermal mactivation at the lower temperatures 15 not accom
panmied by loss of serological specificity One may suspect that m
these cases thermal mactvation 15 due erther to the destruction of
some particularly heat-labile portion of the virus or to the thermal
acceleration of virus mactivation by some other mechamsm, possibly
by combmation with some medium component
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The vahidity of equation 10 1s tested by the so-called Arrhenios plot;
log % should be a hnear function of 1/T. Such a plot for the denatu-
ration of tobacco mosaie virus 1s shown m figure 52, The slope gnes
the value of ER, from wineh we can caleulate the value of E. Data
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Figure 52 The natural loganthm of the rate constants k for denaturation of
tobacco mosate virus protem at vanous temperatures, as a function of the mverse
of the absolute temperatare T { Arthemus plot)  The straight hnes mdicate that
the energy of actnation 1s constant over the temperature range mcluded  Upper
line 3 mg of virus per ml  Lower lne 8 mg of virus perml  From- Lauffer,
Price, and Petre (405).

for vartous vuuses are given m table 17 The activation energy for
thermal nacttvation of most viruses 1s high, of the order of 30,000-
150,000 calories per mole  Such high actisation energies correspond to
hugh Qys values * For example, an activation energy of 90,000 calones
per mole corresponds to a Qg of 50

Activation energies of this order are unusual in ordinary chemical
reactrons but are observed for protein denaturation, a fact whrch sug-

actnated molecules undergo the obseried chemieal change In equation 10a,
« and h are the Boltzmann and Planck constants, AFY, AH?, and a5t are
the changes 1n free energy, m total energy, and 1n entropy m the actnation 1e-
attion {AH? correspondy to E n equation 10), AE? s the change tn energy
at canstant pressure, P s the pressure, and AVE 15 the volume change m the
actination reachon  Equation 102 explains why the reaction rate may be 7apid

even for seactions with high actnation energy, if activation 15 accompanied by a
P e+ oonene e amall Studes
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protem agawst denaturation  Smilar protection by proteins 15 ob-
served when a suspension of virus (phage) 1s shaken Here the for-
eign protein prevents “surface denaturation” by competing for surface
area (5). Addition of blood serum or beef estract is a common prac-
tice m virus preservation. For research purposes, salt-free purified
gelatin is often used as a protective agent,

CIHEMICAL AGENTS

In spite of many studies, 1t must be acknowledged that ittle funda-
mental information has yet come from the study of chemical treatments
on viruses, mamnly because of the difficulty of interpreting changes m
virus properties m terms of chemcal changes

Enzymes. Enzyme studies are sometimes complicated by the occur-
rence of some reversible inhibition of virus xctwity by combmation
with enzymes just as with many other protetns No meammngful pat-
tern has emerged concerning the ability of one virus or another to
withstand different enzymes Moreover, viruses may be mactivated
by nonenzymatic impurities 1n enzyme preparations  The resistance
of tobacco mosase virus and vaceima to some proteolytic enzymes such
as trypsin has been utilized m purification procedures to get nd of
proteinaceous mmpurities

In spite of therr relatively large content of nucleic acid, virus par-
ticles are not mnactivated by nucleic acid depolymerases from paunereas
(r 1 and desovynt lease) The nucleic acids and the
protems of viruses, however, after bemg extracted from the virus par-
ticles are rapidly attacked by nucleases and proteolytic enzymes,
respectively In therr natwve form withm the virus particles, they are
evidently not accessible to enzyme attack, probably because of -
accessibility of the atomic groups upon which the enzymes can act
Thus, the organization of virus particles, hike the orgamzation of living
cells but not necessanly by the same mechanism, protects the mdi

vidual agamst ic b W In some bacterio-
phages. agamst desoxyr 15 probably due to the
protemn membrane of the virus particles (309).

Other chemicals.  Several chemucals, when used m the proper con-
centrations, produce mactivation of viruses without loss of serological
specthaty Fﬂrmtalm and phenol have been employed successtully m

Man cennnat e
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The observations reported above concern virus particles suspended
m crude medm or m relatnvely concentrated salt solutions  Viruses
iluted 1n distilled water or saline solutions are often much less stable
and become rapidly mactivated even at room temperature  Careful
studies for vanous bacteriophages (6) lave shown that the concen-
tration of mndividual sons 15 the cntical element  For evample, coli-
phage T5 1s as stable in presence of 10 2 M Mg+ + or Cat* as in
nutrient broth, whereas m 10— M NaCl the rate of inactnation at
the same temperature 1s over one mullion times faster  Higher con-
centrations of Na+ are protectne The energy of actnation is not

p bly different i daff, solutions  Evidently the virus can
combme with vanous cations to give reversible combinations, which
are more stable than the virus particles m uncombmed form  The
mactivation rate observed at a certamn 1on concentration pmbnb\y
measures the fraction of virus present in uncombined form

Ileat treatment 15 not a choice method for cffecting separation of
various virus properties, since these properties are often lost at sumlar
rates  Ap interesting exception 1s shown by the nfluenza yiruses,
which at 55" C lose their infecttvity much faster than their hemaggluti-
nating ability (327)

Effects of pIl. The pll stability of different viruses s of mterest
mamly 1n connection with virus extraction and punfication At least
far tobacco mosaic virus, the stability range of virus activity 15 nearly
the same as the range of stability of the virus protem in respect to its
physical characteristics. At pH above 85 the virus 1s broken mto
smaller umts It has been claimed that these can be rejoined together
by lowering the pH, although without return of mfectivity (587)

Most ammal viruses have optimum stabilities around pH 7, with
ranges varymg widely around this pomnt  Infectivity may be sup-
pressed by aexd or alkaline treatment without loss of antigemeity.

Drying and shaking. Most viruses withstand drying from the frozen
state, a procedure commonly used for the preservation of virus speci-
mens  Wide differences exist in the stabulity of different viruses i the
dry state  Inactivation 1s probably brought about by oxidation in the
course of the drying process  The presence of foreign proteins in the
mediuim (as 1 blood serum, plant saps, and bacteriological media}
exerts an appreciable amount of protection, probably due to a com-
petstion for oudizing agents

This 15 an nstance of a very general situation, by which foreign
rus activity against mactivating agents by competi-
just as an excess of one protein protects another

protemns protect Vil
tion mechanisms,
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may oceur Inactnation of some plant vnts diseases by heat treat-
ment of mfected plants 1s apparently due to the remarhable heat sens:-
huty of these yiruses as contrasted with the host plants (390)
1al h has been ful m the use of sub-

stances, such as antibwotics, chosen on empirical gxounds and later
proved to be mhintory of }
success depends on differential susceptbihty of host and parasite,
either because the host does not require the mhibited enzymes or
because of different sensitivity or accessibihty of host enzymes and
bacterial enzymes The classic example 1s that of the sulfonamdes,
which mterfere with the utiization of paraaminobenzowe acid, the re-
quirement for which is greater for many pathogenic bactena than for
ammal orgamsms

As we shall see m later chapters, viruses appear to use for their

the ‘himery of the host cells It therefore

seems hikely, on the one hand, that the metabolic-mhibitor approach
to antivirus chemotherapy will be less likely to succeed than m anti-
bactenal chemotherapy On the other hand, success might depend
on the discovery of enzyme systems, erther carned by the host cell or
possibly by the virus 1tself, whose suppression would be tolerated by
the host but not by the virus  Thus, the logical expectation 1s that a
successful chemotherapy of virus diseases will be the outcome of a
detailed analysis of the physiology and biochemstry of the virus-
infected cell, which may reveal the vulnerable pomts of the enzymatic
processes mvolved

There are objections, however, to this reasoning  Our knowledge of
the synthetic mechamism of cells 1s stul very hmited, and a clanification
of varus-host metabolism may take decades Indecd, an appreciable
amount of mfon'nanon on ce!l metabollsm has been obtamned from a

ce Ae aEalo oo

chemotherapv’s successes Tt is a fact that m bactenial diseases most
of the enzyme mhibitors rationally discovered through metabolic stud
1es have proved of no chemotherapeutic value

The intensive search for chematherapeutic agents agamst virus dis-
eases has yrelded some hmited successes Several infections produced
by viruses of the psittacosis group m man (lymphogranuloma vene-
reum, trachoma) respond to sulfonamide therapy, although psittacosis

atself does not Poittacosts, hawever, 15 successfully weated by pen-
llin, chl , an

terramyein,
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reversed m vitro by suitable treatments, For example, formahn in-
activation of tobaceo mosaic virus may be partially reversed by dialysis
(561). Some bacteropl after jon by formalin, can be
partially seactivated by placing them m a medum with high protem
content (376) Mercunc chloride nactivation of several siruses has
been reversed by treatment with hydrogen sulfide. Apparently the
METCuric 10n suppresses virus activity by combiing with the sulf-
hydnl groups of protems, from which 1t can be displaced competr-
twely by other —SH compounds  Sulfhydnl compounds can also
counteract the mactivating cffect of several ovidizing agents, a fact
which identifies the —SH groups of the virus as the sites of the m-
actnating oxudation  In contrast with such reversible mactivation 1s
that produced by chemicals, such as trea, that cause extensive protein
denaturation Virus particles mactnated by urea are often broken
down imto fragments {403)

We already mentioned that certamn chemical treatments can produce
chemical chauges detectable by analysis of virus proteins without
suppressing the virus infectivity ~ Schramm and Muller (588) reported
that all the free ammo groups of tobacco mosaie could be covered
without inactnation, but Stanley and Iis coworkers (see 62) con-
cluded that only 70% of these groups (plus 20% of the phenol-plus-
indole groups ) could be combined with acetyl or phenylureido groups
without loss of infectvity  The resulting virus was homogeneous m
size and differed electrophoretically from normal varus,

Iodine could block the sulfhydnl groups of tobacco mosaic with-
out 1nactivation, but 10dine treatment prolonged enough to affect the
tyrosmne groups was mnactinating  The activity of the modified viruses,
although undimimished when tested m one host, was occasionally re-
duced 1 another host, a fact that indicates that virus growth 1 dif-
ferent host cells requires different levels of structural integnty

From a practical point of view, the observation that most viruses will
reman actwe for several years i 507 glycenin, whch kills most bac-
terial cells, has been utilized 1n preserving virus vacemes

Virus inactivation and chemotherapy. Most of the agents that m-
activate virus particles m vitro are not specific 1n their action on viruses,
but act because of thewr ability to alter protems The purpose of
chemotherapy bemng the suppression of a virus mgide ats host without
damage to the host, any chemotherapeutic agent must have a differ-
ential toviaity for host and parasite.  Protein-denaturing treatments,
however, g produce pee fic p ! destruction.
They will, therefore, be of little use in therapy. Exceptional cases




ot 7 Radiation Effects 147
a quantum, and chemical change may ensuc if enough energy is
transferred to the clectron  The energy required to pull an electron
completely out of an atom or molecule (1omzation energy) s of the
order of 10 ev or more. A quantum of t-ray or gamma ray (1onizing
radiations) can remosve an clectron from an atom, leaving a positine
ion {tonization). The ejected clectron generally possesses enough
energy {fast electron) to act as a secondary bullet, ejecting electrons
from other atoms or molecules until all its energy 1s spent  The
ejected electrons will be captured by other atoms to form negatne
10ns, 50 that for every electron that 1s ¢y cted an 1on pair 1s produced
A molecule from which an electron has been ejected has a ugh proba-
bility of undergomg chemical change m the course of the sesulting
electronic reanrangements

Particulate radiations (beta rays or fast electrons, alpha rays, pro-
tons, deuterons) act Tike the fast electrons emitted under x-ray bom-
bardment  The maw diffcrences consst of the mare-ar-less close
packing of 1onizations along the track of the particles through matter,
which for heavier patticles 15 practically an “1omzation column ™

Weaker quanta (visible and ultravialet hight) do not remove elec-
trons, but can only produce excilations, that is, they can raise an
electron to a state of higher energy (nomomizmng radiations)  The
rearrangements that follow may Jead to chemical change, but the
probability of chemical change following exestation of complex organic
molecules 15 generally much lower  Most exaited atoms or molecules
return to the ongmal condition without chemical change, and the
extra energy 1s d ted into heat  E: are also produced by
omzing, radiations  About one-balf of the energy of x-rays 18 spent
 producing such exeitations

There 15 a fundamental difference betw cen 1omzing and nomomzing
rachations  Absorption of somzing radiation 15 nonselectise among the
atoms and molecules exposed, and therefore the probability of 1omza-
tion of an atom 1s unaffected by its chemmeal combination  Thus, the
absnrption ability of a substance depends only on its density and on
the atomic number of the atoms  Most biol
differ little from one another (and from water) average atorme
composition

Absorption of ultraviolet and visible hight depends instead on chem-
1cal structure, since a quantum of a given energy will only be absorbed
by electrons g the proper bility, whch 15 d d by
wntraatomic and snteratomic forces Thus, among substances of bio-
logtcal importance, nuclexc acids strongly absorb ultraviolet by means
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chloromycetm, and related antibiotics have been uscd widely in a
vartety of virus diseases, especially in the 1ll-defined group that goes
under the name of “primary atypical pneumonia,” but the therapeutic
results arc questionable (346). Aurcomycin and terramycin bave
proved effective in cheching certain virus diseases of mice (257)

Another possible Ime of approach to virus chemotherapy stems from
the discovery of specific organic inlulntors of virus adsorption onto
susceptible cells  Certain bacteriop} are not adsorbed by sensi-
tve bacterra in the presence of mdole (170)  Influenza virus can be
prevented from fecting senaitne cells by certam polysacchandes
(346)

Formation of tobacco mosarc virus m 1solated discs of tobacco leaf
tissue can be inhibited by purme and pyrmmidme analogues (151, 477).
Amino acid analogues can prexvent formation of influenza virus (2),
but their potential theray value 15 doubtful. Other app
to virus chemotherapy include attempts to interfere selectisely with the
energy supply of virus-nfected cells (199a).

RADIATION LFFECTS

Radiations ocenpy a special position among the environmental agents
that can affect virus particles  They provide a powerful tool mn virus
research  To understand why, let us recall bricfly some fundamentals
of radiclogy

Electromagnetic radiation mcludes infrared, visible, ultraviolet,
rocntgen, and gamma rays, each type of rachation bemg characterized
by 1ts wavelength  If 2 beam consists of a single wavelength it 15 called

h I has a dual ch that of a wave phe-
nomenon and that of a discontimuous sum of discrete packets of energy
called quanta The energy E of a quantum depends on the wave-
length A according to the relation E = 12,400/x If A is given in
angstrom units, E is obtamed m electron volts (1 electron volt or ev
1s the energy of an clectron of 1 by a potential diffe of
1volt), Yellow light of 5800 A consists of quanta with 2.14 ey, ultra-
yiolet light of 2536 A, the major output of common germicidal Jamps,
has quanta of 49 ev, for x-rays of 01 A, the quantum energy 15
124,000 ev.

Al radiation effects are caused by the absorption of radiation energy
in matter. They depend on the energy of the quanta and cn1 the nature
of the absorbing material. Irradiation, then, is a bombardment with
 beam of quanta, Each electron belonging to an atom may “absorb’
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more stable ones ‘These, which probably meclude perowdes, can be
demonstrated by adding virus o a previously yradiated medwm (666).

Most of the mactination of viruses irradiated m salt solutions 1s due
to the shortlived agents (see figure 53) The properties of particles
imactivated n this way may differ from those treated with the long-
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Frgure 53 The mactnation of bacteriophages by x-rays, extler 1 nutrient
broth (direct effect) or i phosphate buffer (durect +- mdirect effects)  Abscissa
duration of rtadiaion  Ordmate proportion of residual infections phage  X-ray
sntensity £0,000 roentgens per hour Data from Watson (665, 666)
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of thewr purine and pynmidine rmngs. The absorption coefficient
(logarithm of the inerse of the fraction of encrgy absorbed hy a 1-em
layer of a substance) for various wavelengths defines the absorption
spectrum of a substance (see figure 48). Absorption spectra of pun-
fied irus susp are easily I with a spectroph t

Visible hght 1s absorbed only by colored substances and 1s generally
much less effective than ultraviolet m producing chemical change, the
quantum cnergy (3 ev or less) bemng Jower than the energy of most
chemical bonds m organte materials.

We sec then that the characteristic feature of the absorption of
radiation 15 the prod m the rradiated material of modified atoms
andt molecules distybuted m a seattered way The seattening will be
geometrically more random in weaker radiations, where the full energy
of one quantum 1s used in one single colhiston, than for jomzing radia-
tions, where ejected electrons act as secondary bullets producmg more
or less ! clusters or col of jonizations,  Because of the
discontmuous nature of the absorption processes, chemical change will
be produced in discrete spots, as though the radiation energy brought
each recelving molecule to a d ting to a large nse in
temperature

The analysis of the frequency of a biological reaction (for eample,
the mactivation of a virus) as a function of the energy, the mtensity,
and the dose of radiatton may provide information about the number
of chemical alterations required, their location, aad therr nature.  More-
over, the rand of the hombard often produces differentral
damage m different parts of a virus particle, resulting in dissociation of
ats vanous properties  Radiations actually represent a sort of micro-
surgical tool for the analysis of the dependence of various virus prop-
erties on the integrity of the virus structure

We must distmguish between reactions produced directly, by pr-
mary absorption of radiation m biol 1 material (photoch al
reactions), from secondary reactions resultmg from the chemical ac-
tvity of substances produced by the primary reactions in the medmum
that surrounds the virus.

Toniziag radiatien. A wrus Tated, for example, with
x-rays, loses 1ts reproductive activity at a rate that depends i parf on
the medium  With dilute or purified viruses i water or salt sa]uhz.)m,
the wactivation is faster than m erude suspensions and 15 due mainly
to toxic agents produced by radiation absorbed in the medium {in-
direct effects) (239, 408, 441). The touc agents fall into two cate-
ble, short-ived agents, probably OH and H racucals, and

gories. unsta;
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mentally and compared with the \olume of the virus particles, several
results of such compartisons are gnen 1 table 18 This analysis is less

Table 18, The inactivation of viruses by xrays

Dumeler
f Target,
Dase that | & :
v Pasticle Size | Gives | Coloulated
wrus (mullimucrons) | 17/Fg = e~ A
(ocutgeny |0 Le 407
{olh-
Ducrous)
Phage S13 16-20° 94 X 10 1590
T’hage 11 50 (+ tal) 9 X 10t 30
Phage C16 65X 95 (4+ tal) | 4 X 10% 42
Vacama 210 X 260 1 X108 0
Rabbit papilloma 66 43% 10! 30
Foot-and mouth 15-30° 28 X 10° 27
Tobacco necrosis 17 94 X 10% 16
Tatnate bushy stunt 81 62X 10° 19
Tobacco mosaie 15 X 300 48 X 10° 22

comphcated than 1t may appear The situation may be compared to
one m which a man fires many shots at random 1nto a large target
contaimng an mvisible bull’s eye, which when it nngs a bell ¥ be
knows the area of the target, the number of shots he has fired at 1t,
and the number of times the bell has rung, he can calculate the size
of the bull's eye

Suppose that the dose of radiation that reduces the actiity of a
virus suspension to the level V/Vy = e~t (=~ 0837) 15 60,000 roent-
gens, a dose that produces 1047 jomizations per em®  With this dose
one 10mzation will occur on the average m each volume 10-17 cm®
This will be the action volume Similar caleulations have also been
used fo estimate the size of genes from the rate of induction of gene
mutation by vrays (407)

Table 18 shows that smaller varuses have generally smaller action
volumes, that 15, are more resistant to radiation  Most authors have
gone farther and have assumed that the action volume or “target” 15 a
teal volume, which represents that portion of 4 varus particle within
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lived agents. For cxample, bacteriophage mactivated by mmersion
n irradiated buffer 1s stil adsorbed by bactera, whereas the same
phage wradiated simultaneously with the buffer is quickly rendered
unadsorbable

These types of mactivation are not directly due to primary photo-
chemical reactions, but are effects of chemical poisons produced by
radiation 1n the medium  They share the properties (for example, the

perature depend ) of chemical reactions among solutes

The indirect, secondary nature of this mactwvation is shown by the
fact that, if the virus 1s rrachated dry, or if an excess of some pro-
tecttve substance (gelatm, peptone, tryptophan, thiourea) 1s added to
the medium, so that 1t may compete with the virus for the radiation-
produced poisons, the rate of mactivation becomes much slower.

Yet, even in the presence of any amount of protective substance
there remamns a residual, unprotectable mactivation, This 1s pre-
sumably due to a dircet effect of radiation absorbed within the virus
iself (444) The rate of direct mactivation (see figure 53) generally
follows the exponential law

/1 = 7P (1]

where Vg 1s the mitial virus titer, V the residual one, and D the dose
of radiation, usually measured n roentgen units *

The rate of this direct mactivation 1s mdependent of the tempera-
ture and of the time over which the dose 1s spread  Thus, the process
has the cl 1stics of a true photoch 1 reaction  Equation 11
1s similar to the rate equation for monomolecular reactions It ndi-
cates that each virus particle 1s mactivated by one independent event
or “hit,” corresponding to one primary act of absorption (generally
one tomzation)  Considerations of this type are the basis of the so-
called “hit theory™ of radiation effects (see 407)

One virus particle 1s mnactivated by one radiation lut  Let us go a
Iittle further. If the dose D in equation 11 1s measured m number of
jomzations per umit volume, A becomes the volume (“action volume™)
within which one 10n1zation occurs at the dose for which V/Vo = Lo
(smce then AD = 1) This action volume can be measured expert-

3 One roentgen or 15 the dose of x-rays or gamma rays that liberates 1n 1em?
of awr an amount of sons carryung 1 electrostatic umt of electrical charges Thx;
corresponds to about 18 X 10!2 1on pars (one negatne and one positie) m 1 em’
or of maternl with the average composition and density of protoplasm

water
of ¥ diations, Like protons or alpka particles, are often guen i

Doses of particulate ra J
“roentgens equivalent physical” or rep
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quantum 1s the Int that mactivates a virus.  Not all quanta are effective,
however, the quantum yield, that is, the rato effectice quanta/absorbed
guanta is often of the order of 10-* to 103, indicating that most of

2 T —T" T T
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Figure 5§ The mactnaton of bicteniophages by ultraviolet hght,  Abserssa
seconds of exposure to ultraviolet hglc (2537 A, mtensity 1 erg X sec =1 X mm~2)
Ocdinate proportion of residual mfectious phage  The irradition and assays
werc carned out under yellow, nonreactinating gt Note that the sunnal cunes
for the T-evcn phages are not cxponential from the start, but extrapolate to an
mbtial tter 18 wimies greater than the one experimentally measured

the quanta absorbed by a virus particle exther fail to produce permas
nent chemcal change, or produce changes still compatible with mfee-
tiaty (506) The swrviving particles may show a delay n reproduc.
tion, howeuer, as 12 found with bactenophages (433), Indurect effects
through the medium can generally be neglected for vimses iradsated

with ultraviolet m water or salt solutions, which absorb very hitle of
this radiation
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whieh every 1omzation s effective, while outside of it the virus is
wholly unsusceptible For comparison of the action velumes with the
actual volume of the virus, several refinements are made {407), cor-
recting for the waste of 1ontzations that occur mn clusters or in tightly
packed columns (smce one particle can be mactivated only once, a
cluster of 1omizations 1n one target can only be as effective as one 1niza-
tion)  For small viruses, the calculations give target sizes not oo aif-
ferent from the sizes of the virus particles (table 18), whereas for large
visuses the targets are much smaller than the particles  According to
the assumptions of the target theory, the large viruses consist of an
essentral genetic portion, the target, and of a portion where radiation
damage does not suppress reproduction  For several viruses, the target
has a volume simular to the volume of the viral nuclec acid (210a)
Variations of the calculated target size with different radsations have
been iterpreted as due to nonspherical shape of the targets, and have
becn used to estimate the number of elements (supposedly spherical
and corresponding to genes) m which a target must be resohed to
account for the discrepancy n effectiveness of different radiations
This type of analysis may go farther than is yustifiable by our knowl-
edge both of radiation and of viruses and may, therefore, be misleadd
g We know now that a virus particle may be iactne (unable to
reproduce) because of any one of a number of reasons—mability to
attach to a host cell, or to penetrate 1t, or to reproduce m 1t Each
of these losses of function probably represents a damage to a different
structure, and the probabtlity that an tion 1 an mact
vating damage may be different from one region of a virus particle to
another The main conclusion that we can derrve from the analysis of
the direct effect of 1omzing radiations on viruses is that small viruses
are inactivated by almost every ionization withm them, while larger
virus particles with more complex orgamization may survne several
somzations. Inactnation m all cases results from one successful 1oniza-
tion, not from the summation of the effect of several, as proved by
the rate of mactivation (equation 11) The parallelism between virus
s1ze and -ray sensitnv ity may be useful m estimating the size of a yirus
by wterpolation in cases where other methods are unavailable or
inapplicable (684). .
Ultraviolet light. The rate of mactivation of viruses by ultr.avmm
Iight has generally been reported as exponential, obeying equation 1'1.
more refined study sometimes reveals deviations from the exponentjal

jattons whose intery 15 Neglect
one might conclude that the absorption of onc

ate (figute 54), d
ing such desviations,
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has been studied especially with hages and infl viruses

Ultraviolet leaves to some phages the ability to be adsorbed by host
bactena and to kil them, although the phage has become unable to
reproduce. The nonreproducing but hilling phage disrupts the struc-
ture of the host cell, suppresses the synthesis of host enzymes, and
interferes with the growth of other phages m the same cell, just Iike
actne phage. N-rays, acting duwectly on phage, can render 1t still

ﬂ
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Figure 55 The suppression of “acious properties of wfiaenza varys by wltra-
violet light From Henle and Henle {301)

adsorbable but nonkilling and nomnterfermg, probably by suppresstg
its penetration nto the cell

For imfluenza wiruses (figure 55) increasmg doses of ultraviolet
suppress, 1n the following order, mfectnity, toxieity, abihty to mterfere
with other stramns, smmumnizing abihity, and hemagglutination capacity
(801) Swmlar observations have been made with other viruses

R vati ); with irrad d viruses, Rad, t
vated phage particles have been reactnated in two ways  First, ultra-
violet-inactivated particles can be reactivated by causing them to be
adsorbed to bactena and then exposing these bactera to wisible light
(193) This photoreactuation 15 an example of a general phenomenon
occurrng with ultraviolet arradiated organmsms
shght extent with x-ray-inactivated phage

It occurs to a very

The second type of reactivation 1s observed when some phages
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The action spectrum for inactivation, that is, the quantum yield for
various wavelengths, has not been determined 1 detail for any virus,
but from data on the relative effectis cness of varous ultraviolet wave-
lengths it appears that for several viruses the relative effectiveness
follows closely the absorption spectrum of nucleic acds  This indi-
cates that most of the inactivating quanta are absorbed by these
compounds

Quantitative work on ultraviolet mrradiation requures exposure of
virus m nonabsorbent media (water, salt solutions) to prevent screen-
g by ultraviolet-absorbing substances such as pratemns and other
organic compounds  Thin layers of opaque suspensions can be used,
continuous flow techniques have been devised for use in ultraviolet
wradiation for production of virus yaccines (416). Since glass and
cellophane are opaque to ultraviolet, open or quartz-covered con-
tamers must be used

Inactivation of some bacterophages by visible Iight has been re-
ported (402). 1t may be due to a photodynamic action of light through
the agency of some component of the medium rather than to a direct
photochemical reaction  Several viruses, indeed, have been shown to
be mactivated by the photodynamuc actiont of dyes in the presence of
Iight (516).

Radioactive decay. An mteresting experiment pertment to radia-
tion effects has been made (319) with bacteriophage grown 1n bac-
tenia containing large amounts of radioactine phosphorus P Phage
particles contaming many radioactrve atoms are unstable and lose
activity at an exponential rate, as the radioactive decay proceeds.
On the average, a particle 1s mactivated by 1 out of 10 F** disinte-
grations, All phage phosphorus 15 presumably in nucleotide form,
1 atom per nucleotide Hence, the above observation suggests that
there is 1 chance out of 10 that the alteration of a single nucleotide
n the phage particle renders it mactive  Either some nucleic aty
portions of the virus are mtnnsteally nonessentual, or there 1s a hmited
chance for each of several alternate portions to be utilized in repro-
duction, so that the fraction of effective damages may correspond to
the fnverse number of such alternate portions

Separation of virus propertics by radiation. Probably every sirus
can be rendered uninfectious by radi while i its antt-
gemcity. Ultraviolet-inactivated virus vacemes have been perfected
repeatedly for rabies, equmme encephalomyelitts and other viruses
Moreover, sadiation-treated virus may stll react with its host cells
even after losing its abihity to reproduce. Such residual interaction




CHAPTER

8

Virus-Host Interaction
The Bacteriophage-Bacterium System

VIRUS-HOST INTERACTION

Up to this point we have discussed the properties of the material
particles that represent the static, extracellular form of the viruses  In
this form, viruses may be considered as m a resting state, no repro-
duction, no metabolism take place  We must now study how viruses
perform, that 15, how they mteract with the hosts m which they
reproduce  We do not know a prion: to what extent the properties
of ntracellular virus resemble those of the extracellular virus particles
Inside the host cells, as we shall see, the virus behaves as a cell com-
ponent, and little 15 known about the structure (and even less about

the mode of perfc ) of any cell as it eusts o the

cell in the natnve state  We know that the cell 15 nnt merely a bng
a mixture of comp but an d and

whole Whatever the t of

and

they may confer upon mndividual constituents properties that are Tost
or unobservable after extraction and 1solation of each component
Actually, viruses provide very favorable material for the study of

cellular mtegration itself
The central problem m the study of the mtracellular behavior of
viruses 15 that of their reproductive mechamsms  On the one hand,
clanfication of these mechanmisms would give us a better understanding
of the nature of viruses and of their natural relationships, and, mn the
practical domain, would help us control their propagation  On the
other hand, inf on the ) of viral d may
throw hglit on the central problem of biology, that of the reproduction
of indiidual specific biological elements, such as genes Reproduction
of cells must be a consequence, a final result, of more clementary
n which individual carniers of sp y, probably mndi-

157
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inactnated by ultraviolet are mixed with host bacteria in such a way
that each bacterium adsotbs scveral inactive phage particles  Some of
the bactenia hiberate active phage  The phage has been reactivated
by mteraction among wmactnve particles withi the host cell (multi-
pheity reactivation, 436),

Both photoreactivation and multiphicity reactivation will e discussed
n chapter 9 Similar reactivation phenomena have been desenibed
for influenza viruses (303)  Their possible occitrrence must be kept 1
mind, for eaample, m the use of radition-nactivated vaccines

Intracellular jrradiation of viruses, Irradiation of vims-infected
cells has been performed with a number of viruses In some cases,
as with papilloma virus of rabbuts, the manifestations of discase can
be suppressed by doses of radiaton much smaller than those needed
to actvate free virus  The effect is probably due to a nonspeafic
action on the host cells (240).

With bacteriophages, no cure of the nfected cells by radiation treat-
ment has been observed, but the abulity of the mfected cells to hberate
virus can be suppressed by radiation i a way that suggests a direct
action on the mtracellular virus  The changes of radiation sensitraty
during the infection are mndicative of the evolution of the virus mside
the cell (64, see chapter 9). Radiations have also heen found to mduce
mass lysis and hberatron of phage from several strams of lysogenic
bacteria (454)
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to without P Iysis and is lly Liberated
mto the medium  We can recognize this phage if we have avadable
another bactenal strain that reacts to 1t wath visible lysis, so that
plaques or clearing of cultures may be obsenned The lytic condition
1s one 1 which the phage, alter nfecting a cell, causes 1t to lyse
within a short time, generally before 1t diides agat, with Liberation
of new phage,

Phage strains that can establish a lysogenic relation with bactena
are called temperate phages  Strans that do not estabhish lysogematy,
but regularly Jyse the cells they infect, are called tirulent

The lysogenie condition 1s probably more important 1n perpetuating
phages 10 nature and also m providing mformation as to the relation
of phages to cell constituents and as to their onigin ~ Yet, more 15 known
today about the lytic condition, which 1s easter to analyze Especially,
a large amount of our mformation on virulent phages has been derned
from the study of a fow selected systems  One such system, illustrated
1n table 19, consists of 7 phages (T1, T2, T8, T4, T5, T6, T7), all active
on a common host bactertum, Eschericlua colt, stran B In the past
decade a large group of workers has deliberately concentrated on the
study of these viruses i an effort to clanfy the mechamsms of viral
reproduction (19, 169)

THE LYTIC TYPE OF PHAGE HOST INTERACTION

The broad features of the Iytic condition can be visualized 1n the
dark-field mucroscope or, better, in electron micrographs talen at
mtervals after mang phage and bacterra (443)  Furst, the phage
particles stick to the bactenal surface A period of mtracellular events
ensues, followed after a relatively short interval by a sudden lysis and
liberation of Jarge numbers of phage particles (see figures 29-31) Al
that 1s left of the cell structure 15 a lacerated cell wall, which later
disintegrates

e e study of phage-b recerved 1ts
greatest impulse by the translation of this cycle of exents 1ato a quanti-
tative procedure called the one-step grouth etperiment (205) Leas-
mg the justification of each step for the following sections, we shall
describe here the essential procedure (174)

Concentrated sensiive bacteria under standard cultural conditions
are mixed with phage, and phage fixation (adsorptian) 1s allowed to
proceed for a bnef period, shorter than the mummum interval between
adsorphion and lysis (the latent period) Then the mixture 13 diluted
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lecul 3
vdual are sepheated in I form, except for mutations.

Viruses carry speorfic genetie matertal. Since they can be stadhed in
isolatton and then transmtted to uew host cells 1t may be possible to
trace, quahtatively and quantitatively, the changes n the intracellular
evolution of the speafic viral matenal  Viruses may indecd be the
material of choice for the mvestigation of biological repreduction.

In the mteraction between & virus and 1ts host, we distinguish 2
sertes of phases, mchiding the entry of the virus into the host orgamsm,
its spread and local, tts rey mside ible cells, its
Itberation from these cells and secondary spreading to other parts of
the host organism, and finally, its release from the host and transmis-
ston to new hosts  From the standpomnt of virus biolegy, each of these
phases rases problems related to specific virus properttes. We wish
to know how a virus particle acts on the surface of a seusitive cell;
what part of the virus penetrates, and how, what effects it has on the
propertics of the cell. how the virus reproduces, and by what process
1t1s released  Moreover, we ask what determnes the ability of a yirus
to grow in one type of cell and not m another, that 1s, what properties
make 2 given ammal or plant, or a given tissue, capable of supporting
reproduction of a gnen virus  Finally, we inquire as to the ecological
selations between a virus and 1ts hosts, which allow the continued
propagation and survival of the virus in nature

Virus-host mteraction at the cellular devel has becen studied most
thoroughly m bacterral viruses  These can be considered as smmphified
models because of the uniceflular character of their hosts, We sball,
therefore, start our discussion with an amalysis of bacterophage-bac-
termym relation  We must realize, however, that results vaid for a
geoup af viruses cannot @ priont be assumed to be vahd for other
viruses  We already know that viruses are grouped together on
methadological grounds rather than on grounds of natural relationship.
Even among viruses active on the same host there are fundamental
differences It will be our task to descnibe what 15 known m well-
studied cases and then, from the avalable matenal, to attempt what-
ever generalizations may be yushfied

BACTERIOPHAGEBACTERIUM INTERACTION

Even withn the group of bacteriophages, 1t ts impaossible to gen-
ze from one virus to another. We recognize, however, two mafor
relationships, the lysogenic and the Iytic  In the
phage 15 carried by bacterial cells from generation

erali
-pes of hostvirus
fysogenic relation,
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to generation without conspicuous lysis and 1s occasionally liberated
mto the medim.  We can recognize this phage if we have avmlable
another bacterial strain that reacts to 1t with wisible lysis, so that
plaques or cleanng of cultures may be observed The lytic condstion
1s one m which the phage, after infecting a cell, causes 1t to lyse
within a short time, generally before 1t divides again, with liberation
of new phage

Fhage strams that can establish a lysogenic relation with bactena
are called temperate phages  Stramns that do not establish Iysogemicity,
but regularly lyse the cells they nfect, are called virulent

The lysogesic condition 15 probably more wmportant 1n perpetuating
phages 1n nature and also 1n providing information as to the relation
of phages to cell constituents and as to their origin - Yet, more 1s known
today about the lytic condition, which 15 easser to analyze Especially,
alarge amount of our mformation on virulent phages has been dernved
from the study of a few selected systems One such system, 1llustrated
1n table 19, consists of 7 phages (T1, T2, T3, T4, T5, T6, T7), all active
on a common host bacterum, Escherichia coli, stram B In the past
decade a large group of workers has deliberately concentrated on the
study of these viruses m an effort to clanfy the mechanisms of viral
reproduction (19, 169)

THE LYTIC TYPE OF PHAGE-HOST INTERACTION

The broad features of the lytic conditton can be visualized 1n the
dark-field microscope or, better m electron micrographs taken at
mtervals after mrang phage and bacteria (443)  Furst, the phage
particles stick to the bactersal surface A period of mtracellular events
ensues, followed after a relatnely short mterval by a sudden lysis and
Tiberation of large numbers of phage particles (see figures 29-31)  All
that 15 left of the cell structure 15 a lacerated cell wall, which later
disintegrates

The q study of phage-bacterum receved its
greatest 1mpulse by the translmon of this eycle of events into a quanti-
tative procedure called the one-step growth experiment (205) Leav-
ing the justification of each step for the following sections, we shall
describe here the essential procedure (174)

Concentrated sensitive bacteria under standard cultural conditrons
are mixed with phage, and phage fivation (adsorption) 1s allowed to
proceed for a brief period, shorter than the minimum nterval between
adsorption and lysis (the latent period) Then the mixture 15 diluted
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to such an extent that adsorption 15 pracnca"y stopped by the de-
creased § of phage-t Platings are made
at mtervals for phque counts, and results of the type shown in fgure
56 are obtamed The low plateau represents the latent period, no lysis
accurs and the count remais constant because each mfected bacterium

80 T T T

a

o

Relative phage count
Y
-3
T

0

Minutes
Figure 56 A one-step growth evpcriment with bacteriophage T1 on Escher
1whia coli, stram B, 10 nutnent broth at 37°C  Phage and bactena, at a ratio
1 10, were mived at tine 0 The muvture was diluted after 4 minutes, when 43%
of the phage had been adsorbed  Assays were made at intenals after dilution
Average phage yield per nfected cell = 62 X 100/43 = 138

that 15 plated produces only one plaque on the solid medwm whateyer
1ts mtracellular phage content at the moment of plating The nise
plaque count corresponds to lysis (this can be checked by microscopic
observations), and the final plateau 1s due to the fact that the newly
Iiberated phages fail to meet any bactenum 1n the diluted mixture and,
therefore, remam free and do not reproduce any further This proce-
dure thus 1solates one step or cycle of growth, if dilutions were not
made, there would be a series of steps blurrng mnto one another, due
to repeated, nonsynchronized cycles of adsorphon and hiberation, until
Iysis 15 completed or until bactenal growth stops, and with 1t phage
reproduction  In a mass lysate of this kind, the titer often reaches
10" mfectious wmits per ml, or more

The one-step growth expenment provides wformation on the dura-
tion of the mtracellular phage development and on the amount of
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phage produced. I Ll hifications can be devised in order
to stody many vanables (single, multiple, mived infection; tempera-
ture effects; medium composttion)  Several of them will be discussed
1 the following sections.

Single particle expaniment.

ZR 7= 3
< = 0.
NG, s U
Omin 5min

Figure 57 Diagram of a single-burst expeniment with phage In the diagram,
one out of st tubes {second rw) contamns an infected bacterium, one tube con-
tams an unadsorbed phage, and one tube contams an uninfocted bactersunt
After 30 minutes the mfected bacternni have hscd  The contents of each tube are
plated on indnidual plates for phage count  The first plate (lekt, bottom row)
shows the yseld ot phage from the infected bactenum  From  Delbruck, Harey
Lecture Series 41 161, 1945-1916

Qne important modification of the one-step growth experiment 1s the
stngle-burst expersment (108, 205, figure 57). Here, after phage is
adsorbed by the bactema, the mixture 15 diluted untid its content of
nfected bactena 1s very low, say, 2 per ml, and many small aliquots,
for example, 02 ml each, are distributed into a sentes of tubes before
lysis begms  Mast tubes will recerve no infected bacterium (in the
abme example, a fraction £=°4 = 067), some will contain one (a
fraction 0,494 = 0268), aud very few wll contain more than one
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{a fraction 1 — (I 4- 04)e=°* = 0062). These frequencics are cal-
cufated from equation 1 (sce page 48), assummg a random, inde-
pendent distnbution of infected bactena in the vanous samples  The
tubes are then incubated, and after lysis 15 completed the entue con-
tent of each tube 1s plated on one plate for plaque count  Most of the
plates will have esther no plaque or possibly I plaque or 2, represent-
sng residual nonadsorbed phage, which, of course, fails to reproduce
The other plates will have relatively large amounts of plaques, and
most of them contain the yreld (“burst™) from a single bactenum.  The
burst size chstrbution 1s generally wide, showing great dispanities m
the amount of phage produced 1 mdividual bactena (table 20)

Table 20. The distnbution of yields from individual Escherichio coli
bacteria infected with phage T2 (single-burst distribution)

{a) Average number of mfected bacteria
per plate, egleulated from phage -
o L33
{h) Total numher of plates o6
{r) Expected numher of pltes withont
9 X e = 45
() Number of plates found wnhout
bursts 39
(€) \verage number of mircted bactena
per plate, cak ulated from () tn (39 00) = 09
f) Caleulatedd pumber of plates with
1 burst 96X 09 % e =35
@ Cu)culaml number of plates with
2 burs 9610 9* ¥)e~* < 16
W (‘aleuh!c«l numbes of plates vith
3 or more bursts W~ (10T G 08, et =B

Fate comnt distnbution

9 o7 92 i 161 26D
3% [ 92 17 163 478
41 75 99 us 163 v
45 75 101 12 e 208
48 76 102 180 201 407
49 8t s 180 206 $13
33 8 my 132 209 477
56 8D 106 135 A5
58 90 e 136 216
63 a un 1t 280

Total count I8
Average yield, ealeulated from fe) THIB/(B0 X 48} = 02
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In experiments of the one-step or single-burst type, the unadsorbed
phage can be elimmated before lysis begins, cither by washing the
bactena free of supernatant flutd or, more comeniently, by addmg to
the muxture some antipliage serum, which inactnates the free phage
without affecting the adsorbed phage (167) Serum action must be
stopped by further dilution before lysis begins, to avoid mactnation
of the newly hiberated phage

ADSORPTION OF BACTERIOPIIAGE BY BACTERIA

Kinetics of phage adsorption, The fixation of bacterrophage par-
ticles on susceptible bactena 1s easly demonstrated by electron mi-
croscopy  Quantitafrely, i€ is studied by following the disappearance
of free bacterrophage from a mixture with bacteria, the bactenal cells
are separated from the free phage by centrifugation, and the free phage
1s titrated  To avoid hberation of new phage, all measurements must
be made m the latent period betare lysts, which can be prolonged by
lowermg the temperature  Sometimes we can nse heat-Jalled bactensa,
which retamn the ability to adsorb certain phages (578), then the free
phage can be measured without centnfugation, since phage adsorbed
irreversibly on heat-killed bactena 1s lost and forms no plague

Fhage adsorption follows a first-order reachion in relation to the con-
centrations of bath bactena and phage.

APt = ~EPB Pyl = o~k 112
whese P, 15 the concentration of free phage, Po 15 the mttral phage con-
centration, and B s the bacterral concentration K (cm? mn~—!) 18
the adsorption rate constant This relation yustifies the practice of
smterrupting adsorption by dilution, which decreases the bactersal con-

From a knowledge of K, we can predict by means of
equation 12 the amount of phage that wil be adsorbed by a ginen
number of bacterta in a given ime  Equation 12 1s valid for maxtuses
with either bacteria or phage m excess, up to ratios “phage”/“bacteria”
of the order of 200 for large-porticle phages  Thus, several phage
particles can ‘be adsorbed by each bactersum, wuntl complete coating 1
reached

“The 1atio Pas/B (the average number of phage particles adsorbod
per bacterfom} 1s Ry called the maltipheity of inft ? Smee

S The term multiphorty of infection 18 somsthung of & musnomee, simer the o

P/ iy be Joser than 1 Indeed, expressis such a3 ‘malthoty of infec-
005" are commonly employed

ot



o 8 Adsorption of Bacteriophage by Bacteria 165

the adsorption ability of indis idual bactenal cefls 1s approximately uni-
form, the fraction B, /B of bactena that adsorb n particles will follow
a Pewson distnbation
3 »
P PR LT
)
The number B, of hacteria without phage will be
o = femFan

In typreal cases, adsorption of ope or more phage particles by o
sensitise cell sesults in the death of 2 bacterium, a colony count of the
surviving bactena { = By} will, therefore, permut an estsmate of Pon ‘B
This method of the adsorbed phage s p; larly useful
15 the study of phage particles which have become unable to reproduce
bt which can still be adsorbed by bacteria and il them. Phage m-
actinated by ultraviolet bight often behaves in thas way (441)

Equation 12w often followed only for the st %0-957 of reduction
wn free phage. A less adsorhable phage fraction gemains, which, how-
ever, after reproducing gives nse fo 2 progeny af normal adsorbabihiny
Combinstion of some phage wath mhibstors may be the factor re-
spoustble for the ’ess adsorbable {mctmn

Chemical for ad The 4 ol ph;\gc by

1

sensitne bactena 15 il d by the p ) f the
bactersa {mamly through the smaller size of older cells, and posslbl)
through the production of slyme or capstles) and, even more markedh,
by the composttion of the medsusm. In pure distled water or i a
concentration 10~ * M of monovalent wons (N2~ or K). adsorption
of phages of the T group fails to ocenr  Increasing cation concen-
trations render adsarption possib]e’ the optimum concentrations, :}m
15, those rates, are cly
each phaﬂe and each son  Concentrations above optimum often reduce
the adsorption rate of phage  This 15 probably due to 2 combmation
between the 1ons and the bactenal surface seceptors  Some data ave
gnew i table 21

Adsorphion . salt solutions wath low concentrations of eations s
reversible, erther by dilution or by transfer to distiiled water At higher
ome reversible adt 1s promptly folloned by a
fast ureversible reaction  The resersible adsorption does not lead to
any detectahle changes n the host cell {230, 333)

Tn complex salt-contarmng media or 1 buffers with optimum son
stotentratin the adsorption rate constant K approaches s alues of 4
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Table 21. Optimum salt concentrations for irreyersible adsorption of
the T phages onto Escherichia coli, strain B

The concentrations given below allow phage adsarption at the maumum rate
Data supphed by Dr. T T, Fuck

T1 1073 3 Mg*+ or Ca**, or 10~% M Na* or K+ or NH,*
T2, T4, T6 107" M Nator K+ or NH,*+

T3 107 3 Na*or K+ or NI, *

T7 1072} Na* or K* or NH(*, or 1073 31 My++

to 5 X 10-% am® min~*  This 1s approumately the value that can be

leulated for the rate , on the p that almost every
collision between phage and bacterium results in adsorption, from the
known salues of the radws r of the bactena and of the diffusion
constant D of the phage (K = 4#rD, sce 165)

This resalt, showing the enormous efficiency of the adsorption re-
action, suggests that phage adsorption can occur followmg contact of
the phage with any portion of the bacter:al surface Indeed, the maxi-
mum absorption capacity of 300 particles of a phage about 100 ma in
diameter corresponds to the coating of about one-third of a bactenal
cell3X 1p

The remarhable fact is that, although specific for each phage, the
fon requirements for reversible adsorption are not specific for phage-
bactenum combmation  They are identical to the requirements for
adsorption of phage particles to cation exchange resins or to glass (for
example, to sintered glass filters), an adsorption which, biologically
speaking, 1s clearly nonspecific (535)

A similar sttuation holds for another category of requuements for
phage adsorption, namely for organic cofactors (see 17) Phages T4
and T6, among the strains of the T group, are only adsorbed by bac-
teria (or by glass filters) 1f therc are present in the medum certamn
cofactors L-tryptophan 1s the most effectne cofactor of adsorption,
other amino acids are much less effective  Substitutions m the aro-
matie ring of tryptophan {for example, m 5-methyltryptopban) may
preserve cofactor activity, substitutions in the aliphatic chain abolish
! 1 1s a comp e inhibitor of trypto-

it Indale, a tryptop
phaa action (J70)- . .

The Lanettes of tryptophan action 1s complex  The amno acid com-
bnes reversibly with phage, the reaction bemng rapid in both direc-
The wnfluence of concentration on activation and deactivation

tions ing that each tryptophan molecule is ad-

 best interpreted by assum
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sotbed ndependently onto the phage particle, and that actnation
results from the formation on the phage surface of sel-stabnhzing
compleves, cach comples consisting of 5 moleentes of the amimo acid
(a29)

Together with the results on the mfluence of roms, the cofactor
phenomena can be wterpreted by assuming that the phage’s surface—
modified by the cofactor molecules, when these are needed-prasides
2 base on which 1ons hecome attached and form a certam pattern of
electric charges, which rust be present to peratt contact between the
phage and the speesfic bacterial veceptors  Irreversible adsorption or
fixation wilt then ocevr by other more speafic, possibly enzymatic
hinding mechanisms {236}

The actnity of mdole as a tryptophan inlalator 15 remarhable, m
that it provides an example of a potential speesfic defense mechamsm
aganst viruses (170)  Iadole 15 @ product of the metabolism of typto-
phan by Eschenchia coli, the host bacterwa for the tryptophan-requar-
g phages T4 and T8 1T tryptophan 1s present i excess i the
medium indole 15 produced and can act to prevent adsorphion of these
phages

The nature of the bacterial receptors. As a rule, only bactena that
can grow a phage 1l adsorb 1t Some cases are hnown i which the
phage can be adsorbed by bactena unahle to support s growth and
to be lysed, sernlogical cross-reactions have been found between the
normal host for a phage and the monhost hactena that adsarb that
phage (545) This suggests a role of the antigenc constitutron of the
bactertal surface m phage adsarp A fauly good 1 easts
between the possession of certam antigens and the sensttivity to dof-
ferent bactenophages {see 101)  For example, the phages acine on
bactera of the genus Salmonella can be disided mto several groups,
some actice on rough strains only, some on smooth ones, snoothoess
and roughness of bacteria depend on the possession of certan anhgeos
Some phages aganst typhosd bacills are spearfic far strains carrying

the so-called Vi antigen, wiich 15 present w virulent strawns  These
phages and therr substeans (see page 206) are used w the phage-
typing mcthod for the sdenhiication of ndmidva) Vestrams of
Salmonella typhosa (157, 157a)  Phage typrag 15 used with 2 variety
of other organtsms (156}

It seems plansible that the surface antigens of the bactena ace
actually smvolved m the sdsorption of phage  Sensitne bactena yeld
fractons that spactnate homelogous phage spenfically. and these
phage-inaetn ating apents, once pimfied, are similar o Jnown bac-
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terial antigens (206, 263, 415), The situation is by no means simple,
however, Some workers report speaific phage-inactivating power m
polysaccharide fractions (206), others only in carbohydrate-lipoid-pro-
temn compleves n native form (484) or n their ipocarbohydrate por-
tion (257a)  Also, phage comt pecifically with carbohydrate-f
cell walls obtaned by extracting the cells 1n a series of successive treat-
ments (668) These residual cell walls are slowly destroyed upon
incubation with phage, but the mechamsm of this process is as yet
unknown

These facts and the numerous exceptions to the rule of simlarity
between antigemc properties and susceptibiity to phages may be

d for by the (109) that phage receptors and anti-

body receptors are not necessanly dentrcal, but may represent van-
ously overlapping portions of certain reactive patches of the bacterial
surface,

THE LATENT PERIOD OF INTRACELLULAR DEVELOPMENT

Problems of phage reproduction. Following phage adsorption there
is an mterval before lysis durng which, normally, more phage 15
produced The average yield of phage per bactenum or burst size,
as determined by one-step growth expeniments, is the ratio

(Fial tites) — (Unadsorbed phage)
(Imtual titer) ~ (Unadsorbed phage)

The average yields tor the T phages on young growmg bactena are
shown in table 19, yields from old bactenia are lower

The series of events between phage adsorption and lysis has to be
reconstructed from more or less indirect evidence obtained by a vartety
of methods. The evolution of the virus-infected bacterum m the
latent pertod 15 complex  Some stages can be recogmized from the
eustence of abnormal situations in which the evolution of the system
stops early Thus, phage adsorptton may nat be fallowed by any
other noticeable changes m the bactersum, which goes on dviding, this
occurs, for example, with t-ray-imactivated phage (665) Or the
bacterium may be hilled but may fail to produce any active phage
and to undergo lysis, as with ultraviolet-iactivated phage (441), or,
for phages Iike T5 and others, 1n the absence of Cat + (7).

A phenomenon, which contrtbutes only mndirectly to the undc:s'mnd-
ing of the normal phage-bacterium evolution, is lysis from without
(166); this is produced by rapid adsorption of a very large number of
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phage particles, actne or inactnve. This hysis apparently results from
massise damage ta the baetenal susface, no actne phage 15 released,
not even the ongnal ones, and the celi does nat vndergo the specsfic
cytochermeat changes which, as we shall see, are often associated with
phage-cell integration (#43),

Phage reproduction, when present, takes place mside the bactenum
The new phage 1y not vistble by electron mucroscopy on the bactersat
sutface, nor 15 3t accessible to antiphage serum action  The phage-
reproducing mechanism becomes refractory to antsphage serum action
withun seconcls after phage adsorphon Direct absenvatinn nf the phage
aside the bacterium, esther by dark-Beld microscopy or by electron
sreroseopy, welds results difficult 1o wterpres and of hittde value,
dwect methods must be employed  Before describmg and evaluating
such methods and their results, let us connider bnefly what we are
Jookmng for and what we may expect to find

A virus particle mfects a cell, and ses eral munutes later seieral hun-
dred particles emerge  What s the relation of the mitid particle to
the £nal ones? Does the mibial partile penetrate the bacterum as a
whole or n part? Does it appear as such among the progeny particles®
Or does &t contnibute rateral to the composiwon of one or more of
them? If so, are these matenals speafic?

How does the mual particle preside over the formabian and specr-
ﬁc:ty of thc new ones® Daoes it cavse a transformation into virus of a

ora hess of vuus from pecific busldug
b\ocks° Are these supplied by the bacteral cell, by the external
medum, or by bath® Are they syntheszed and put together by
mechamsras provided by m tmczeuum, by the vins, or by both
What types of 23
“patternhike,” or others® And wbere dnes the necessary energy come
from?

Does a virus particle “grow,” that 15, produce more viral material
wathe ws owa borders, then spht wto two or more particles® Or
15 the new virus put together from seratch and ali at once, by copyng
& preexistent verus that provides 2 model for assetably of nonspecific
blocks? Or else are there intermediate levels of organtzation m which
the buikding blacks, still free 1n the cell, become more aned more varus-
Lke thugh a senes of stages of creased structural complenty and
speaiberty®

It1s clear that these problems deal with the functional organzation
of the viras-miected cell, and that bitde con be Jearned about them by
analogy with other nituations, since the functional orgamzation of the
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cell, particularly at the level at which speaific syntheses occur, remains
as yet a field where even speculation has hardly dared venture, Virol-
ogy may ultimately prove the field of choice for its clanification.

The sections that follow provide evidence of various types on intra-
cellular phage development They suggest a complex and by no means
final picture, m which the phage particle introduces a specific portion
of itself into the host cell, modifies the pattern of specific syntheses
the host, and utilizes, at least 1n part, the enzymatic machinery of the
host to obtam buildmg blocks, on which 1t impresses its own viral
spectficity - Most of this development takes place n stages  Mature,
mnfectious phage particles are formed ouly 2s an end product of the
Process as a whole

Premature lysis, Artificial breakage of phage-infected bactena long
failed to yield any actne phage  Success was finally obtamed by the
use of a variety of methods. sonic vibration (for phages such as T3,
that can stand this treatment) or “lysis from without” of the cells by
an excess of a diff phage (182), h 1 disruption of cells by
decompression (234) Cyamde or some other metabolic mhibrtor 1s
generally added 1n order to stop the progress of phage dexclopment at
a precise moment

These methods reveal that increasing amounts of active phage are
obtamed from mnfected bacterta 1n the second half of the latent period
(figure 58), 1n the first half, howerer, no actne phage 15 recosered
Thus there 15 an eclipse of the nfecting phage, a phenomenon that
probably occurs for 2ll virus nfections, as shown hy the nonrecover-
abuhity of most viruses immediately after infection  The eclipse 1s cer-
tamly real, and, as we shall sce, the first virus particles that appear
after the eclipse are not the infecting particles, they are already part
of the final crop of new virus

The rate of appearance of mfectious, intracellular virus 1s nearly
Tinear. An apparent increase mn rate at the beginning 1s caused by an
inhomogeneity 1n the tme of appearance of the first actine phage
particle in mdividual bacteria  The rate of appearance of the new
wirus, however, does not represent the achual rate of phage synthesis,
but only the rate at which individual phage particles “mature,” that 15,
graduate to the infectious stage

Thus 1s shown, for example, by the effect of addition of the dye pro-
flavine (damno acndinium sulfate} to bacteria infected with phage
T2 (227) The dye allows lysis ta occur normally, but only as many
mature, active phage particles are hberated as were already present
when the dye was added, none appears if the dye was added before
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the muddle of the Iatent period 3 one examines the matenals hiberated
by these bactena, ane finds by electron mucroscopy that they contan
many macthve, tailless, incomplete phage particles or “dovghnuts™
{Bgure 25, page 65), 1n numbers approumately stilar to those of
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Figure 35 Premviure lysis of Eschenchia coli cells wfected with phage T4r
Tremature Jyas was produced at miznals by diluting m 2 muxture of 19 -3 v
cyrode {to stop furthes phage production) and of phage T6 m ecess {¢o mauce
b)) Abscissa bme mteevat betwesn mfection and dilution in osmde  Qedi
nate amount of phage prescnt m per cont of the phage vield that wonld be ob.
taned by natwrat bas  Conve § data from s single expunment, with 7 Tdr par-
ticdes adsorbed per el Cune 2 combumed duts fsom four cvperimients with
sogle nfechon  Cunc 3 cuntal one-step prowih cune, sngle wiction Nate
that (ke samples then before 13 munes contamed fess mfectuss phage then the
onginal wiocwhim  From  Docrmann (182)

active phage particles that would have been produced mn the absence
of the dye (175) These “doughuuts” are not adsorbed by bactessa
ey contan fittle or no nuclere zed, they contam an apprecrable
amount of salfur, presumably 1w protem They fix complement
with antiphage antiserum bat do not combune o sth phage-nentralizsng
anhbody
. The doughnuts produced 1n proflavine are symiar 11 morphology to
immatuse phage forms that can be scen m mechamcally disrupted
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bactena befare the mature phage particles appear (417). Counts of
the doughnuts and of tarled particles from bacteria disrupted at various
times reveal an increase in doughnuts, followed by an increase s tailed
forms  This suggests a transformation of the doughnuts into tuled

Y

bs In the p of proflavine this transf fon fails to take
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Figure 5. Increase i the number of immature phage particles (“doughnuts™}

mude bactena of £ colt B wfected with phage T2 1 presence of 4 g of pro-

fasine per ml Electron microscope counts on extracts of premiturely hsed
bhactena, From DeMars et al (175)

place (figure 59) Thus the doughnuts appear to be organized pre-
cursor elements of the phage particles. At a later stage of evolution
one detects nuclere acid-f icles, which are still f but
are adsorbed by bactena (464)

It 15 clear that phage synthesis goes through stages, the active phage
particle being a sort of final, mature form  Once in thus form, as we
shalt see Jater, a phage particle no longer multiphes n the bactenum
1n which it has been produced  Ability to infect a new bacterjum 1s

tly acquired by a transf of the particle, which stops its
r:;:mduction within the cell of its origm. The rate of appearance of
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active phage, as obtamed from premature hysis e<peniments, probably
represents the sate at whick the fnal maturation seaction takes place,
and may differ from the rate at which the productionr of individual
phage vephcas takes place.

The weomplete, talless particles are not the only phage-speeific
matenial obtainable, hesides active phage, mside mfected bactena A
serologically specdic uhtrafiltrable factor, which combmes with phage-
wewtralimng antibody (see page 126), can be obtamed by disaption
of mfected bacteesa throughont the echpse penod (175)  This facter
WETeases 1 amount prior to and m pasaliel with the mcrease of actne
phage  Some of it hberated, along with mature phage, wpon normal
lysis The ultrafiltsable factor probably represcuts matenal on ats way
to beconung phage and contammng the antigen responsible for neu-
wmalizing antibody

Thus premature hsis evperunents tell us that, followmng mfectian,
the nfecting particle 15 so altered as to be nomnfectons  After an
echipse penod lastng almost half the latent penod, sew phagespeafic
elements of vanous complexity ¢an be detected m mereastag aumber,
unm thc wature parhcles are finally formed

fonn of the ing phage following ad For
p}uge T2 wfecting £ colt B, the disappearance of the mfecting phages
as mfectious umis and the eamug of the echpse pertod have been
explataed by the brillant work of Hershey and Chase (218, wsmg
ssotopic fracers  Phage labeled with P in sts muclere acrd {or with
5% yn 3ty selfur-ammo zexds) vin be obtamed by growmg it w Iabeled
raeda and punfying it from the lysates  This phage can then be used
o infeet unlabeled bactersa, and the fate of the P or § of the wfecting
phage ean be traced by measurng the radoaehinty of sanovs Syactions
{whale bactera, extracts, mecum, ete )

Using labeled phage T2, Hershey god Chase found that the phos-
phoms of the infectmg, phage that 15 ws nuclei acd. sepasates from
the sulfur, The phosphorus apparently penetrates the bacteral cell
and arruires some of the properties of the bacteral madlere aard, for
example, ¥t becames accessible to desoxynboruclease 2etion i bae.
tenia heated 2t 80° C Swrprism@ly enough, the sulfur appears mstead
to xemam at the surface of the hactena ¥t can be removed from the
baetena by vialent shaking of infected bacterra m a votary nuver
{Wanng Blendor) uithout pretenting the growth of phage m these
bactena and its nosmal hbgration

This xemarkable sesult can be visualized m the hght of the known
orgamzation of the particte of this phage, winch, upon osmone shock
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bactenia before the mature phage particles appear (417). Counts of
the doughnuts and of tailed particles from bactersa disrupted at various
tumes reveal an merease 1 donghnuts, followed by an increase i tatled
forms This suggests a transformation of the doughnuts into tailed
particles  In the presence of proflavine this transformation farls to take

e
-

Doughnuts per cell
8 8 3 8
T

»
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Minutes after mfection
Figure 59 Increasc in the number of immature phige particks (“doughnuts™)
wside bactenia of E coli B mfected with phage T2 m presence of 4 ag of pro-
Havne per m]  Electron microscope counts on extracts of prematurely Jyscd
bactena  From DcMars et al (175)

place (figure 59) Thus the doughnuts appear to be orgamzed pre-
cursor elements of the phage particles At a later stage of evolution
ane detects nucleic acid-free particles, which are still noninfecttous but
are adsorbed by bacteria (464)
1t is clear that phage synthesis goes through stages, the actis e phage
particle being a sort of final, mature form Once 1n this form, as we
shall see later, a phage particle no lenger multiplies m the Imcten’uv!
1 which it has been produced  Ability to mfect a new bacterium is
tly acquired by a tran of the particle, which stops its
oduction within the cell of its origin. The rate of appearance of

pp
repr
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counteed for by the fectious particles  The excess phage DNA cor-
respond to the amount needed to supply 40-50 phage particles 1 thes
phage DNA w5 m the form of immatuse phage “pueles,” we may con.
clude that durng growth of phage T2 1n o bactenumm there 1 2 popu-
Iation i of up to 40-5¢ pasticles. This population
15 bly repleted by multiph and depleted by mnaturation,
and ats size remains more or tess constant  The multiplying nonmfec-
twus form of phage has been called the vencfatie phage

Thus, the phage DNA penetrates the bacteral bost, while little or
5o phage protesn does  Phage DNA mcreases very early alter mfee-
tion, while phage-speaific protem 15 not obsened, even by sensitne
serolagical tests, until a few rminutes before mature phage appears It
15 therefore puzzling that the verv first morphologically recogmzable
new phage clements that con be wolated from prematurely (hxrupted
bacterta are DNA-free, Jly specific pasticles—th
(417} or therr taled suecessors (464) It 1s possidle that the phage
pseteins are produced around the phage DNA, but that they remain
separable from st untd & late reaction occurs, which bnds them nto
stable form and puts the fast touch upon the mature particke

Origin of phage conststuents in infected bacteria, The amount of
new phage produced wm a b ponds to as much
as one-tenth or mare of the moss of the bactermam  VWhat s the
ongm of the matenals that go to form the new phage® How are they
synthesized® And where does the energy for thesr synthesis come
from? Phages seem to contam ouly protews and DNA  These sub-
stances could erther derne from constituents of the bacteral proto~
plasm already present m the cell at the time of mfechon, ox they could
be assimilated from the medmm after mfecton  Experiments with
isotope tracers show that both sources contribute matenals for phage
synthesis  These expensments are carned out as follows { 143)

Suppose sve grow bactena m a medmm contaang phosphorus com-
pounds “labeled” by a certam content of the radwactine wotope P22
{one-half of whase atoms disintegrate 1o every 14 3-day mterval, grving
nse 10 5% gtoras) - All the phosphorylated components of the bactera
will costam some phosphorus recognizable by sts radioactine emission
of beta rays  These bactera are washed resuspended mn nouradio-
actve medmim, infected wath phage, and allowed to lyse  The new
phage s punfied, and the rad y, that s, the of P2
m #ts phosphorus, 1s measured  If 252 of the phage phosphorus
dersved from matenal present in the bactena at the time of mfechion
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(transfer from 5 N to 1 N NaCl), separates into a S-nich, P-free “ghost”
or “skin” (see figure 28, page 68) carrying the main antigens of the
phage, and a fraction of highly polymenized nucleic acd (308}, Ap-
parently, upon infection, the phage skm remams on the bactenal sur-
face, whereas the nuclere acrd, possibly accompanied by same $-free
protein. penetrates and imtiates the production of the new phage
(figure 60) Thesc abservations on phage T2 have becn confirmed for
several other coli-phages of the TI~T7 system (see, for example, 401}.

PS
£,

o 5 [ p
2
W

1 2 3 4 5

Figuse 60 Diagram of the transformation of the infecting phage particles ac-
cordmg to data by Hershey and Chase (313) 1 Phage and bacterum 2 Ad-
sorption 3 Separation of the phosphors-contumng core (P, stippled) from the
sulfur-contamsog skin (§) 4 Remonal of skin by stumng 1n a Waning Blendor
5. Production of new phage. contaming phosphorus and sulfur without parboipa-
tion of the sk of the mfecting phage

These observations explan at once the echpse of recoverable infec-
tive particles following mfection and the mabiity of antiphage sexum
to stop phage reproduction Complete phage particles cease to exst
as orgamzed umts, and the phage shins, carrying most and possibly
all the phage antigens, remam on the outside and take no part in the
reproductive process.

The eclipse 15 thereby explamed  The problem of phage production
becomes that of the mechanism whereby the sulfur-free phage pr-
mordium or “nucleus” that penetrates the cell gres nse to the full,
mature virus parhcles i the yeld

The discorexy of hydroxymethyl-cytosine i phages of the T2 group
(8%7b) has made 1t possible to follow the synthesis of phage DNA in
infected bacteria (3152) When the phage-specific DNA and host-
speaific DNA are measured at antervals in miccted cultures, the phage
DNA begins to merease soon after mfection, while the bactenal DNA
decreases.  After the appearance of mature phage the phage DNA

contiues to increase and is ahways 1n excess over the amount ac-
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counted for by the infectious particles The excess phage DNA cor-
respond to the amount needed to suppl 40-50 phage particles. If this
phage DNA is m the form of immature phage “nuclei.” we may con-
clude that durmng growth of phage T2 in a bacterium there is a popu-
lation consisting of up to 40-80 immature particles  This population
1s bly repleted by multipl. and depleted by maturation.
and tts size remains more or less constant  The multiplying nonnfec-
tous form of phage has been called the tegetatice phage

Thus, the phage DNA penetrates the bactertal host, white httle or
no phage protein does Phage DNA 1ncreases very early after mfec-
tion, while phage-spectfic protein 15 not ebseried even by sensitne
serological tests, unti! a few minutes before mature phage appears It
is therefore puzzlhing that the very first morphologically recogmzable
new phage elements that can be isolated from prematureh disrupted
bacteria are DNA-free, lly specific particles—the dougl
{4I7) or ther taled successors (434) It 1s posable that the phage
protemns are produced around the phage DNA, but that thev remam
separable from it until a late reaction oceurs, which Innds them nto
stable form and puts the last touch upon the mature particle.

Origin of phage constituents in infected bactena. The amount of
new phage duced ina t ponds to ns much
s one-tenth or more of the mass of the bacteriom  What 1w the
ongin of the matensals that go to form the new phage® How ave they
synthesized? And wlere does the energy for therr synthesis come
from® Phages seem to aomtain enly protans and DNA  These sub-
stances could either derive fromm comstituents of the bactenal proto-
plasm already present i the 1] at the time of infection, or they could
be assimilated from the mednin after fofection Expermments with
1sotope tracers show that bth sonsces contribute matenals for phage
synthesis  These experiments are carrhed ont as follows (143)

Suppose we grow bactrria in a v diny containing phosphorus com-
pounds “labeled” by a cortaly content of the radioactive sotope P
(one-half of whose atoms dnfnte grute in every 14 3-day mtenval, guing
nse to §7 atoms)  All the plenphorylate d components of the bactena
will contain some phosphorie secognizalie by its radioactive emission
of beta rays These bactena are wastud, re suspended m nonradio-
active medium, infected with phage, and allowed to lyse The new
phage 15 punfied, and the rad ty, that 15, the fper
w 1ts phosphorus, i measwred. 1 95% of the phage phosphorus 15
denved from material present in the bactena at the time of mfection
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{bacterial contribution) and 75% comes from phosphorus taken in from
the medium after infectron (medium contribution}, the ratio (P**/P
total) m the new phage will be one-fourth the ratio in the labeled
medium m which the bacterta had been grown. Thus the P?* content
of the new phage will be a measure of the amount of phosphorus that
has been transferred from bactenal cell to phage Of course, the
“medium contnbution” need not represent material that goes directly
into phage It 1s simply the matenial that has been taken up by the
cell after infection.

Alternatnely, unlabeled bacteria may be placed in labeled medium
at any desired mterval of time before or after mfection, and the trans-
fer of P2 from medim to phage may be measured. Or else, labeled
phage, prepared by growth m labeled bacteria 1n Jabeled medium, may
be used to infect unlabeled bacterna in unlabeled medium, to study
the fate of the phosphorus of the nfecting phage, as already discussed
1 the preceding section  Stmuilar expertments can be done by labehng
sulfur, carbon. or nitrogen with 1sotopes, erther radioactve or stable,
the stable 1sotopes are measured with the mass spectragraph  Since
carbon and mitrogen are present i both nuclerc acid and protemn, they
can be used to label exther motety. whereas phosphorus provides -
formation only about the ongn of nucleic acid, and sulfur only about
that of sulfer-contamming protein  We can also incorporate into bac-
tena certam preformed, labeled bwlding blocks (punnes, pyrimidines,
armno acids), whose transfer from host to virus we can then follow

The main results obtamed from this type of study on phages of the
TI-T7 group can be summanzed as follows (L4, 237, 313, 3%4, 892,
163, 465, 6270, 667a)

1 Of the phosphorus of the mfectmg phage, about 30-507 appears
m the new phage, whether within one of them or distnibuted among
many we do not know. The new phage m tum transfers the same
proportion of 1ts horus to a folk phage With
a yield of 100 particles per bacterium, the contnibutton of one mfectng
phage particle 15 not more than Y400 Of the DNA of the new phage
Mast of the parental phosphorus 1s found in the progeny produced in
the frst half of the latent perrod

2, No sulfur 1s transferred from parent phage to progeny phage, as
expected from the fact that the phage sk, contaming all the phage
sulfur, takes no part 1 reproduction. Likewsse, no sigmficant amount
of amino acids is apparently transferred from parent phage to progeny

phage \
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3. About 20337 of the mtrogen and of the phosphorus 1 the DNA
of the new phage in T2, T4, T5, and T6 comes from the hacteral can-
tributions; the rest {65-807) comes from the medim, For T3 or T7,
about 75% of the phosphorus comes from the host, and for T1 abont
55%.

4 Purines and pynmudies present in host DNA contnbute 157 or
more of the correspondmg compounds in the new phage

§ About 80-907 of the nitrogen of the phage protem 15 contributed
from the medsm, 10-20% from the iost

G, The phage protem mtrogen is derived from substrates in rela-
tively rapid equilibnem with the medmm, whereas the mitrogen and
phosphorus m phage DNA are derned from a fairly Iong-lned pool
of ds {punine or p Ine bases,
tules)  Thus pool ss fed partly by preeustent bactersal pro(ophsm.
partly by new syntheses from the medium  The contribution of the
infecting phage to the phosphorus of the new phage may either go mto
the pool or represent a transfer of intact chunks of phage DNA,
Definite evidence on this powt 15 stdl lacking  The bactenal con-
trbution to the phospl poal dernes pred ly from the bac-
tensal DNA, but the ratios of yanous DNA constituents are not identi-
cal m bacteria} and in viral DNA  This mdicates that the bactenal
DNA 15 not transferred in miact large chunks to the new phage

7. By maksmg labeled medrum available at various trmes for }-mmute
intenvals only, precedmng or followng phage infection, and isolatmg
the phage obtamed after premature lIysis at vanious times, it can be
shown that each phage particle deaws, from the avaslable pool, ma-
teraly thu have cntered the poal at any tume durmg an mtcnal of

8 The phage particles that are produced last contan proportionally
a hugher medium c )i of phospt and i, than the
particles formed first, as though the ongual bactersal contribution had
become depleted

Thaea o Ba b W10 o ool e .

remams approvimately comtant, although phage DNA 15 already
formed during this penod (3152}  Later, DNA increases at a rate
about Jmear The total RNA remans constant The total protemn
wcreases Jinearly from the moment ot infection {144)
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(bacterial contribution) and 75% comes from phosphorus taken 1n from
the medmum after infection (medium contribution), the ratio (P*/P
total) w the new phage will be one-fourth the ratio 1 the labeled
mediam 1o which the bacterta had been grown  Thus the P*? content
of the new phage will be a measure of the amount of phosphorus that
has been transferred from bacterial cell to phage Of course, the
“medium contnbution” need not represent material that goes drrectly
mto phage It is simply the matenal that has been taken up by the
cell after mfection

Alternatively, unlabeled bacteria may be placed n labeled medium
at any desired interval of time before or after mfection, and the trans-
fer of P** from medium to phage may be measured. O else, labeled
phage, prepared by growth in labeled bacteria in labeled medium, may
be used to nfect unlabeled bactena in unlabeled medium, to study
the fate of the phosphorus of the mfecting phage, as already discussed
1 the preceding section  Stmular expertments can be done by labeling
sulfur, carbon, or mtrogen with 1sotopes, etther radtoactive or stable,
the stable 1sotopes are measured with the mass spectrograph  Smce
carbon and nitrogen are present m both nucleic actd and protein, they
can be used to label either moety, whereas phaspharus provides mn-
formation only about the onigsm of nucleic acid, and suliur only about
that of sulfur-contammg protem  We can also corporate into bac-
teria certatn preformed, labeled building blocks { purines, pyrimidmes,
amuno acids), whose transfer from host to virus we can then follow

The main results obtained from this type of study on phages of the
T1-T7 group can be summarized as follows (144, 257, 313, 384, 392,
463, 465, 627a, 667a)

1 Of the phosphorus of the mfecting phage, about 30-507 appears
1n the new phage, whether within one of them or distributed among
many we do not know The new phage 1 turn transfers the same
praportion. of tts phospherus to a following phage generation With
a yield of 100 particles per bacterum, the contribution of one infecting
phage particle 15 not more than 3.0 of the DNA of the new phage
Most of the parental phosphorus is found 1n the progeny produced i
the first haif of the latent peniod

2. No sulfur 15 transferred from parent phage to progeny phage, as
expected from the fact that the phage skin, containing all the phage
sulfur, takes no part m reproduction  Likewise, no significant amount
of amino acids 15 apparently transferred from parent phage to progeny

phage.
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bulding blocks, but these arc used to build phage protoplasm rather
than bacterial protoplasm  We use the word “protoplasm” as a con-
vement ferm to mclude all that ss chemically and functionally specific
1 2 given cell (enzymes, antigens, genetic substances ), even though
the chemical basis of the specifiesty shill escapes us We may Iist here
some of the evidence for the above statement (see 144},

1. After phage fection, bacteral respuation continues at the same
rate as at the moment of infection  No rate merease occurs, esen with
bactersa that were actively mercasmg in size and m respiratory actn-
sty befose wfection.

2 Inlibitors that block the energy-yrelding process of bactena also
prevent phage prod Consersely, treat that block cell
duvision but allow bactenal metabolism to continue {pemeilln, mus-
tard gas, radation) allow phage growth to take place (18, 534).

3 In bactena that require for growth a supply of some essential
bldmg block~for example, an ammo acxd~phage synthests requires
the same supplement (541) It would be interestmng to test whether
thss rule holds only for substances, such as amino acids, that actually

.o oy ~ . A

4 No enzymahic adaptation accurs after phage mfection (439), even
ultravsolet-wradiated phage, which 1s unable to reproduce but ean still
Al the bacteria, prevents tic ad: i Itiswellto I:
that enzymatic adaptation reqnres actual synthesrs of specific enzyme
protein

5 Only one enzyme actwily is found to mesease in E colt B in-
fected with phage T2  Desavyribonnclease actwaty sacreases many
times {5082} This may reflect an actual increase i amount of enzyme
or only a decrease 1 a desovyribonuclease nhibitor (383) The des-
oxynbonuclease may play a role in the breakdown of host DNA and
possibly in the synthesis of phage DNA.

The rale of phage in the synthesis of new phage The wfecting
phage appears to assume the direction of specific syntheses, st allows
the bactertal machmnery ta produce the butddug blocks, but decides
how these are to be put together The mechanism by which the actual

‘pattesmng” of new protoplasm by the phage takes place remains un-
known Jt 15 on the same level as the mechamsm of replcatton of
auy “self-repreducing” malecular structure m any cell

The phage-infected bacterium, however must syathesize certain
substances that were not present 1 the vninfected cells, In fact, the
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The data as a whole fit the following picture of the synthesis of
phages ltke T2 and 1ts relatnes  Phage mfection stops the synthesis of
RNA abruptly. It allows or sttmulates a breakdown aof bacterial DNA,
1t stimulates synthesis of new DNA and of new protein, both marked
for use i phage synthests  The new protein derives mostly from the
medwm and from } Jecular-weight, acid-soluble ni frac-
tions present 1n the cell at the moment of infection, The DNA demnes
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Figure 61 Schematic representatton of the synthesis of angus constituents of
Eschenchia colr, stran B infected with phage Tdr  Infection takes place at ime &
a, The amounts of +anous chemical Fractions, b, the redation of DNA synthests to
phage formation  Data from Cohen (143, 144)

from a pool fed by the meditm and Ly breakdown of the bacteral
DNAZ

1 and the synthesis of phage We have
secen that the phage-infected cell perfe h which lead to the
formation of phage-specific matenals, Several questians anse  Which
portion of the new syntheses is carried out by bacterial machmery, and
which by phage machinery? Is there synthesis of speaific bactersal
components or only of specific phage components® How are these
syntheses directed?

Extensne evidence dicates that m bacteria nfected with the T
phages many bactenal enzymes that were present at the time of infec-
continue to work, they provide energy and synthesize nonspecific

N Totete v - -1 catalyzed the comversion
smpatible with the results

tion
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Figure 62 Cytological changes m Escheriua coli, strain B mfected with phage
T5 a-d, Chromatin stan (HCl1 Giemsa) (@) Uminfected cells, {b) 15 mm-
utes after wfection, the mfected cclls show no organized <hromatn, {¢) 30 min-
utes after mfection, the infected culls show vanable amounts ot granular chro-
matin, (d) 4% miputes after mfection, the fected cells are fitd with ciromatin
and undergo lysis o, Cytoplasmic stam (Hiomne)  The chromatin bodies re-
main unstamed  (e) Uninfected, (f) 10 ymnutes, (g) 30 mwmutes, (h) 45 min
utes  Note that this method gives the rerverse appearance of the chromatin stam
Courtesy Dr R G Murray, Umiversity of Western Ontano, Londor, Ontano
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DNA of the T2, T4, T6 phages contains, mstead of cytosine, the
5-hydroxymethyl-cytosine (687h). Tlus compound, as far as we know,
15 not present either m the bactenal host or m any other biological
materal  The synthesis of phage DNA must entail a synthesis of this
pynmdume Thus, the infecting phage does not simply redurect the

bly of building blocks produced by bacterial but ac-
tually determmes the synthesis of specific compounds  This determi-
nation might or might not require the intervention of enzymes con-
tributed by the phage. It 1s possible, for example, that the presence
in the cells of the vegetatne phage primes or stabilizes the synthesis
of the new compound by bactenal enzymes.

Phage infection and b ial izati A of the
nature of the process by which the phage replaces the pattem of
bacterial protoplasm with its own 1s provided by cytological obsena-
tions (445, 498) One of the first changes noticeable in a bacterium
after phage mnfection (within 2-3 minutes) 15 an alteration of the
morphology of the bactenal nucles, the DNA-containing bodies In
fised and stamned preparations of bacterta infected with phages Iike
T2, the nuclel are seen to be broken mnto chromatic blocks, which move
to the periphery of the cell If the infecting phage 1s active, the nu-
clear disruption 1s followed several mmautes later by appearance of new,
g Jar ch whch 1s probably phage Infe with nactne
but killing phage (mactnated by ultraviolet) causes nuclear disrup-
tion and simply leaves the cells without orgamized DNA  With phage
T5, where the latent penod 15 longer, there 1s an nterval of time be-
tween nuclear breakdown and appearance of new chromatin. Durnng
this mterval no cell structure grving the cytochemical reactions of DNA
1s recognizable, although DNA 15 certamnly present i the cclls (fig-
ure 62)

The nuclear changes provsde an explanation of the hlling of bacteria
by phage that cannot reproduce  They also suggest that the redirec-
tion of syntheses may be due to the elimination of the bactenal gencs

I , with therr repl by

as d of p .
phage genes in that role.

As for the synthesis of speaific viral components, such as hydroxy-
methyl-cytosme, by phage-infected bactena, the cytological pich‘lrc
suggests that the role of the phage may be to introduce specific
genetic determinants for the production of the needed enzymes
Thus, the virus would mdeed troduce new enzyme systems into ”fe
host cell, not, however, as preformed phage enzymes, but as genetic
patterns for enzyme synthesis,
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The Bacteriophage-Bacterium System
(Continued)

GENETIC ANALYSIS OF PHAGE REPRODUCTION 1

E: of the phage produced by mfected bactera and of 1ts
relations to the infecting phage provides a great deal of information
on phage development The amount and composition of the new
phage as a function of the amount and composition of the infecting
phage permts us to analyze the genetic relations between the twe  We
shall discuss, first, the effects resulting from intracellular phage changes,
and then the effects that follow modifications of the phage input

Spontaneous phage mutations and the rate of phage reproduction.
Bacteriophages as well as other viruses undergo spontaneous mutations
(see chapter 15) Among the phage mutants, the most useful for
genetic studies belong n two categonies, The “host-range” mutants
(h) are recogmzed by ther ability to grow on bactenal strams re-
sistant to the normal stram of phage (434) Thus phage T2h 15 actne
not only on E coli, stram B, but also on strain B/2, which 1s a mutant
of E cols B resistant to T2 An h mutant attacks one or more strams
of bacterna that are resistant to the parent phage Sometimes the
resistant bacteria have acquired therr resistance by mutation from a
sensitive bacterium, sometimes they are found to be resistant upon first
isolation  The h mutants are easily recogmzed by plating with the
resistant bactermum, on which they form plaques, the onginal, wild-
type phage does not

The plaque-type mutants of phages T2, T4, T6 belong to a series
(see figure 63) charactenized by plagues that are either smaller or
sharper or larger or more completely lysed than those of the wild

1 The student should be famihar with the basic facts of genetics to understand
the material discussed 1 the follow g sections
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An mteresting confirmation of this viewpomt 1s an observation on
coli-cells stenhized by mitrogen mustard. These cells synthesize no
DNA but accumulate RNA. Infection with phage T2 causes an im-
mediate stoppage of RNA synthests and a resumption of DNA syn-
thesis, followed by lysis wath phage hberation. Here the phage seems
to have contributed the necessary DNA pattern for phage synthesis
(307a)

The postulated substitution of phage genes for host genes as a result
of infection has been described as “parasitism at the genetic Jevel”
(437) We shall see m chapter 9 that the situations observed with
lysogenic bactena fit, and m many ways enlarge, the concept of an
mtimate tie-up between the genetic apparatus of the host and that of
the virus,

The cytochemical events obsered with the T phages are not present
m all phage-host systems, however With many other systems, RNA
and enzyme syntheses continue until lysis, and the only observable
change in synthetic pattern 1s a delay of several minutes i DNA syn-
thests (6032) This suggests that the shift i production from host
DNA to phage DNA 1s the cnitical step, whereas the other changes m
synthetic patterns may be restricted to special cases,
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The Bacteriophage-Bacterium System
(Continued)

GENETIC ANALYSIS OF PHAGE REPRODUCTION *

E of the phage duced by infected bactena and of its

relahons to the infecting phage provides a great deal of information
on phage development The amount and composiion of the new
phage as a function of the amount and composition of the mfecting
phage permits us to analyze the genetic relations between the twvo  We
shall discuss, first, the effects resulting from intracellular phage changes,
and then the effects that follow modifications of the phage mput.

Spontaneous phage mutations and the rate of phage reproduction
Bacteniophages as well as other viruses undergo spontaneous mutations
(see chapter 15) Among the phage mutants, the most useful for
genetic studies belong 10 two categories The “host-range” mutants
(h) are recogmzed by thewr ability to grow on bactenal strains re-
sistant to the normal stram of phage (434) Thus phage T2h 1s active
not only on E coli, siram B, but also on stram B/2, winch 1s 2 mutant
of E coly B resistant to T2 An k mutant attacks one or mare strans
of bactenia that are resstant to the parent phage Sometimes the
resistant bacteria have acquired thexr resistance by mutation from a
sensitive bacterum, sometimes they are found to be resistant upon first
solation  The h mutants are easily recogmized by platmg with the
resistant bactenum, on which they form plaques, the ongnal, wild-
type phage does not

The plaque-type mutants of phages T2, T4, T6 belong to a senies
(see Bgure 63) charactenized by placues that are exther smaller ar
sharper or larger or more completely lysed than those of the wild

1The student should be familiar with the basic facts of genetics to understand
the matenal discussed 1 the followimng sechons
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type (309)  Most of these vanations reflect quantitative changes 1 2
praperty of these phages, the so-called “lysis snhibntion”, if @ bacterum
already 1nfected 15 remfected with phage before lysis oceurs, it lyses
late and produces a lngher yicld of phage (187} Mutations of the
plaque-type senes lead either to elimmation of lysis inlubition (mu-
tants r = raprd lysis) or to a reduced mhibition (mutants w0 = weakly
mhibited)  Exaggerated imhilntion may be responsible for the m type
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Figure 63 Plagues of pluge T4 and of vanous plique-type mutants 1, wild
type, 2, m (munute), 3, fu {turbid), 4, fo tu (double turbid mutant), 5, r (rpid
lysis), 6,7 tu, 7, rm, 8, 7ttty Note the suppressise action of non-r plaques on
the development of nughboriog + plaques  Courtesy Dr A H Doermann, Oak
Ridge National Laboratory

(mnute plaque). The various mutant plaque types are easily recog-
nized, they are frequently obsersed m platings of lysates of the T-even
phages, the frequency of mutants being often between 001 and 1%,

The mutations that give nise to these phage mutants take place only
dunng i Iular phage reprod and are apparently spon-
taneows events, 1n the sense that the factors that control their oceur-
rence are unknown We only know that these factors act m a com-
pletely random fashion

Let us now consider the mutation process more closely, When a
mutation oceurs i a bacterum, the phage yield contains both normal
and mutant phage (434) The amount of the mutant phage present
1 the yield of the bacterium in which the mutation has oceurred must
depend on the mode of phage reproduction, or at least on the mode of




cn 9 Phage Mutations and Reproduction 185

reproduction of the portion of genetic matenial (“gene”) responsible for
the determination of the mutated character New phage genes must
anse by a replication of some sort from preevistent genes. 1f a muta-
tion has a constant probability of at each repl the
number of mutants to which a mutation gives nse i the bacterum
depends on the sequence of replication  For example, if each phage
replica is produced mdependently of the other replicas, mutated
repheas will be distributed at random among the mfected bactena

N

A

Figure 64 Diagrammatic representation of possible sequences of production
of virus elements A, Increase by repeated reduphcations B, Increase by suc-
cessive rephcations of the mtal element C, Increase by rephcation of the last
element produced  Solid dots mdicate mutants  Mutants are produced  clones
of identical sibs m case A, singly n case B, and 1n senes 1 case G Case A agrees

with the expenimental findings (Luria, 438) From Luna, dnn Missours Botan
Garden 32 235, 1015

If a phage replica_on the other hand, can 1 turn reproduce and give
nise to further replicas, and so on, the mutated replicas will often be
m groups or “clones” of mutated sibs? These possibilities are allus-
trated m Bgure 64

By counting all the mutant plaques T2r m the mdividual yields of
several thousand bacteria mwfected with phage T2, 1t 15 possible to
show that the mutants, when present 1 a bactenal yield, are grouped
m clones of 1dentical sibs {438) The distibution of clones of various
sizes (1 mutant, 2 mutant, 3, 4,5 mutants per clone) 1s very close
toad that 15 calculated by that the
of phage genes 1s an exponential process, following the equation

N=2

(151
where N 15 the final number of gene copies and n corresponds to the
oumber of phage generations that have taken place

#A “clone” 15 the group of all the ndmduals demved from one ancestor by
vegetative reproduction
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Tus equation 1s formally analogous to the equation for clonal repro-
duction of bacteria, protozoa, or any other vegetative cell population.
It tells us that the phage genes reproduce from 1 to 2 to 4 to 8, rather
than by the successive production, 1 by 1, of smgle coptes of the origi-
nal gene brought mto the bactenium by the infecting phage particle.

This result, we must remember, concerns indivadual phage proper-
tres: m stself 1t does not necessanly mean that all phage genes reproduce
together as a sngle particle, giving rise to 2 particles, which then
produce 4, and s0 on  All it means 1s that mdividual determinants of
phage heredity reprod exp lly by duplicati
Whether or not they do so all together, assembled 1n a smgle element,
has to be shown by other methods

Multiple and mixed infection, When several phage particles attack
the same bacterium, we speak of multiple infection if they are all alike,
of mixed infection if they are of different types The results are dif-
ferent and depend on the degree of similarity between the particles
Multiple mfection gives results quite similar to single mnfection  The
Jatent period, the phage yield, and the time of appearance of mature
particles, as shown by premature lysis, are not significantly different.
This similanty bet single and multipl 15 not due to 2
Iimtation m the number of infecting particles that can penetrate the
cell, rather, st mchcates that the amount of phage produced 1n a bae-
terium 15 limited by some other mechansm

When multiple infection consists of two nfections with the same
phage, separated by an interval of several minutes, the second phage
contingent, after bemg adsorbed, 1s often actually destroyed, and part
of 1ts phosphorus 1s shed into the medium 1n soluble form (238). This
may mean that the phage skin and nucleic acid separate, and that the

nuclete acid 35 partly released outside  Tlus second phage contingent
does not participate 1n reproduction, nor does it contribute phosphorus
to the phage progeny (237) It may, however, give sign of its presence,
for esample, by lysis mlubition
Mixed infection with unrelated phages. Experniments on mixed m-
fection are done using indicator strains of bacteria, which sclectnely
reveal cach phage in a mixture of phages  The usual ndicator strains
are bacterial mutants resistant to one or another of the phages T! fie
spountaneous mutetions of bactena to phage resistance have proved very
iseful 1n the study of bacterial geneties (442) A mutation may pro-
sistance to one or more phages {see table 22). There is no
n the degree of relatedness of two phages and
f various bacterial mutants to them (177).

duce re:
obvious relation betwee:
the cross-resistance pattern of
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Table 22. Bacteriophage resistant mutants of E. coli, strain B, with
respect to bacteriophages TI-T7

Modified from Luna (433}
Each mutant 15 derved frora %1ld type by a single mutational step

. . Trypto-
— | - | ———— | —=—| phan
T | T5 | T2 T6 T4 | T8 T7 | Requre-
ment
Wild type Bl s 8§ 8 El -
Frequent mutants
B/ R s S El s S 8 +
B/1,5 RIR|S s s|8 s -
B/6 5 s 8 R S s 5
B/3.4 £l s s S )t R s -
B/3, 4,7 L] s S S i 13 R -
B3, 47 L s & S R R R
Complex mutants
B/1.3%.4,7 R 8 ) 8) R )3 R
B/1,3.4,5,7 R R 8 & R R R
B/2,8,4,6.7 8 S R R R b R -
B/1,2,3,4,67 R El R R R R R +

* The braees sdheate serological relationslup hetween phages
¢) The parentheses mdicate ability to produce phenotypically modified phage
{see page 107}

Given a pair of phages, 1t 1s almost always possible to obtain a bactenal
strain sensitive to one phage and resistant to the other  These resistant
mutants are used as mdicators to 1dentify the phages 1 a mixture,
the following way (figure 65)

Suppose we plate a mixed suspension of phages T1 and T2 with
bactenia of the mutant stramn B/1, resistant to T1 and sensitive to T2,
only phage T2 will produce plaques If we use strain B/2 nstead of
B/1, only T will produce plagues 1§ we plate our phage suspension
with mived mdicators, that 15, with a mixture of bactena B/2 and
B/}, all plaques will be “turbid,” since the plaques formed hy each
phage by lysis of the sensitive bactena will be overgrown by the other
bacterul type resistant to that phage (168) Clear areas will be ob-
served where plaques of the two phages overlap

This techmque also makes 1t possible to test whether a bacterum
sensitive to two phages, when mfected by both of them, iberates both
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types. The host bactera arc mfected with the two phages, and a series
of samples are plated before lysts, with smgle and with mixed indr-
cators A bacterrum that Liberates only T2 gives a plaque on B/1, no
plaque on B2, and a turbid plague on the mived indrcators 4 bac-
tenum that hberates only T1 gives a plaque on B/2, none on B/1, and
a turbid plaque on mived indicators  Only bacteria that Iiberate both
T1 and T2 gave clear plaques on the mixed mdtcators,

;LJ T

(2} (c)

Figure 65 Platings of a mixture of bactenophiges T1 and T2 on sanous ndi-
cator bactena (@) Indicator B/1, sensitive to phage T2 only () Indiator
B/2, sensittve to phage T1 only () Mived indicators B/1 and B/2, both phages
furm terbid placues, with clear areas of Yysis where the plaques overlip  En-
larged about 282X

The results of mived mfection depend an the degree of relatedness
of the mfecting phages In the T series, 1f the phages are unrelated
by morphological and serological cntena, the resulting phenomena,
which have been grouped under the genesal term of intesfesence (see
chapter 14), can be summanized as follows (168)-

1. There 1s no mterference 1n the adsorption process Adsorption 15
normal for both phage types, until extenssve coating of the bactenial
surface becomes a hmiting factor

2 There 1s complete mutual exclusion A given bacterium liberates
exther one or the other of the unrelated phage types, never both

8, There s a depressor effect the excluded phage causes a reduction
1 the yield of the successful one  This depressor effect can he counter-
acted, withm several minutes after mfection, by addition of antiserum
against the excluded phage. This suggests that the depressor effect 15
exerted by same portions of the excluded phage that are located on
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the bactenal surface and are st accessible to antiserum, possibly the
skhins of the excluded phage

The mechanism of mutual exclusion 1s not yet clear  As we shall
see later {page 202) a phage coming from outside may sometimes ex-
clude maturation of a phage already present nude the bacterium, that
15, of a lysagemcally carried phage (669) In these and probably n
all cases, mutual exclusion may myolve a competition for some single
prece of maclinery needed for phage mataration It 1s possible that
the excluded phage muftiplies m the mived-mfected bacterra and
sumply fails to mature.

Thus, mutual exclusion and depressor effect may result from different
types of interactions m separate regions of the mfected cell  The most
remarkable feature of mutual exclusion betsween unrelated phages 1s 1ts
all-or.none character, no exception to which has been reported

Mixed infection with velated phages. When serologically related
phages such as T2, T4, and T8 nfect the same bactersa, mutual ex-
clusion fails and mast bactera liberate particles of both types (173)
1f the phages are very similar, for example, 1f they are mutants of the
same phage, every bactenium 1s a mixed yielder In a mass lysate
derned by mixed fection with a pair of mutants of the same phage,
the ratio of particles resembling the two parent types 15 generally the
same i the yield as in the infecting misture  This indicates that little
mtracellular selection takes place for or agamnst exther phage type

Participation of many infecting phage particles m reproduction 1s
only possible, howeser, if mfection 15 almost sinultaneous A few
mnutes of delay cause an exclusion between related phages (195).
This excls 15 d by destruction and partiaf release mto
the mediurn of the excluded particles (238)

Genetic recombination  When two related phages, diffening from
one another m at feast two characters, infect the same bactera, a new
phenomenon 1s observed  Tius consusts of the appearance of phage
types that were not present i the mput and that represent new com-
bunations of the characters of the parents  Thus, fection with Tdr

and T2 gives nse to four types T2, T2r, T4, T4r, mfection with T2h
and 'T2r gses T, T2r, T2hr, and T2 (173, 310)

The discovery of this “recombmation’ opened a new feld m virus
genetics It svon became clear (314, 3I5) that each character that
atted as a recombnation unit represented one of two alternative forms
of some discrete phage portion or gene, and that recombsnation was a
reshulling of these genes  Thus, we should write more correctly and
m complete analogy with usual genetic termmology
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types The host bacteria are infected with the two phages, and a senes
of samples are plated before Iysis, with single and with mixed indr-
cators. A bacterium that liberates only T2 gives a plaque on B/1, no
plague on B’2, and a turbid plaque on the mixed indicators A bac-
terium that liberates only T1 gives a plaque on B/2, none on By, and
a turbid plaque on mixed mdicators  Only bactena that hberate both
T1 and T2 give clear plaques on the mived mdicatars
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Figure 65 Platings of a muture of bactenophages T1 and T2 on vanous mdi-
cator bacterla  (a) Indicator B/I, sensitne to phage T2 only  (b) Indicator
B/2, sensitnve to phage Tl ouly  (c) Mixed indicators B/1 and B/2, both phages
form turbid plaques, with clear areas of hysis where the plagues overlip  En-
larged about 213X

The results of mixed nfection depend on the degree of relatedness
of the infecting phages In the T seres, if the phages are unrelated
by morphological and serologreal critera, the resulting phenomena,
which have been grouped under the general term of interference (see
chapter 14), can be summarized as follows (168).

1. There 1s no mterference in the adsorption process Adsorption is
normal for both phage types, until extensue coating of the bactenal
surface becomes a2 hmiting factor

2. There 1s complete mutual cxcl Agnenb Tiberates
erther one or the other of the unrelated phage types, never both

3. There 1s a depressor effect the excluded phage causes a reduction
in the yricld of the successful one  This depressor effect can be counter-
acted, withm several minutes after mfection, by addition of antiserum
agamst the excluded phage. Ths suggests that the depressor effect 15
everted by some portions of the excluded phage that are located on
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the bacterial surface and are still accessible to antiserum, possibly the
skins of the excluded phage

The mechamsm of mutual exclusion 15 not yet clear  As we shall
see later (page 202) a phage coming from outside may sometimes ex-
clude maturation of a phage already present wnside the bacterium, that
15, of a lysogenically carned phage (669) In these and probably
all cases, mutual exclusion may mvolie a competition for some single
piece of machinery peeded for phage maturation It 1s possible that
the excluded phage multiphes in the mived-infected bactena and
simply fails to mature

Thus, mutual exclusion and depressor eflect may result from dafferent
types of mteractions m separate regions of the mfected cell  The mast
remarkable feature of mutual exclusion between unrelated phages 15 1ts
all-or-none character, no exception to which has been reported

Mixed mfection with related phages When serologically related
phages such as T2, T4, and T6 mfect the same bactena, mutual ex-
clusion fails and most bactena liberate particles of both types (173)
1f the phages are very sumlay, for example, if they are mutants of the
same phage, every bacterum 35 a mixed yielder In a mass lysate
denved by mixed infection with a pair of mutants of the same phage,
i b of amch Ao ool o L e mn o ety the

hittle

Participation of many mfecting phage particles in reproduction s
only possible. however, if mfection 1s almost simultanecus A few
mumutes of delay cause an exclusion between related phages (195)
This excl 1 d by destruction and partal release nto
the medium of the excluded particles {233)

Genetic recombination. When two related phages, differmg from
one another m at least two characters, mfect the same bactena, a new
phenomenon 1s abserved  This consists of the appearance of phage
types that were not present n the put and that represent new com-
binations of the characters of the parents Thus, infectron with T4r
and T2 grves rise to four types T2, T2r, T4, Tdr, mfection with T2h
and T2r gives T2h T2r, T2hr, and T2 (173, 310)

The discovery of this “recombination” apened a new field i virus
genetics It soon became clear (314, 3I3) that each character that
acted as a recombmation unit represented one ot two alternative forms
of some discrete phage portion or gene, and that recombmation % as a
reshuffling of these genes  Thus, we should wnte more correctly and
n complete analogy with usual genetic termmology
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Fehrt X TRt — T2hr, T2h*r, T2hr, T2H

The superseript + mdicates the normal (wild-type) form or allele.
A single-step mixed-fection experiment of this hind 1s called 2 cross.

The important discovery was soon made (314) that independently
1solated r mutants of the same phage are seldom, if ever, 1dentical, and
are actually not allelic, since upon mived smfection with twe r mutants
one obtains some r* recombinants:

T2ry X T2r; — T2ry(r), T2ry(r), T2riry(r), T2r Fr, )

The letters in parentheses indicate the plaque character or phenotype
of each phage  The scheme of figure 66 gres the gepetic interpreta-
tion of these crosses

1t 15 clear that phenomena such as this may res eal essential features
of the process of phage development, this process must be such as to
allow for bination of phage ch to take place A quanti-
tatne analysis of genetie recombmation may be as informative on
phage development as the quantitative analysis of genetic data in
hugher organisms 15 i clinfying the nature and organization of the
genetic material m their germ cells A peculianty of phage genetics
15 that qi e data on b that 1, on the relatne fre-
quenetes of various classes of progeny from a cross, are obtamed by
examining the yield of many bacteria or, at best, the whole yreld of
indiwidual bacterra  The exact number of phage particles of each
parental type that infect mdividual bactena 1s unknown, all we know
1s the average number of the infecting particles  Moreoser, the process
of recombination may occur many times within each bactenum  Thus,
the final result we observe reflects an unknown number of crosses
among an unknown number of parental particles and of their offspring
It has been pomted out that mixed infection of 1 single bacterrum is
equivalent to an expeniment in population genetics rather than to a
cross between two indnduals

The most salient features of the ph of genetic
tion, as studied mainly with phages T2 and T4, may be hsted as
follows (185, 184, 314, 315, 657)

1c

1 In mass popule derived m single-ste ts from bac-
tena mised-nfected with phage of two t)pcs
1. The yields of the two b types are )

equal and characteristic for each pair of character differences
studied, for example, a cross T2h X T2r yields equal numbers
of T2hr and T2h+r+,
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2 Some cl are bined mdependently (unlinked
genes). In a mass lysate the frequency of each recombmant

type m these cases is generally lower than 25% of the total,

the proportion expected 1f there were random assortment of
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Interpretation of recombinant progeny
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SRET2 L parentat
T Crom TinxT2h Progeny 1 SR T2
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= mnute plague” oous
4 “ltravnslet senmty level” ocus
Figure 66 The ch of genetic i! m bae-
terivphage

two mndependent paus of elements The Limitation 15 mter-
preted as due to the fact that not all the progeny particles have
had an equal chance for biparental ongin  The more phage 15
produced m a bacterium (for example, under conditions of
lysis wnlubition) the closer the recombinant frequencies be-
come to the expected 25¢ value In 2 cross between parents
differing by 3 wmstead of 2 unlmked characters, the recombs-
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nants for a pair of characters are divided to two equal
classes, each of which carries one of the two forms of the third
character  For evample. n a cross T2rhm X T2r th+m* (r,
A m anhinked ) onc-half of the rh+ (or of the rth) 15 m, the
other half 15 >, Only three unlinked groups of characters
have as yet been desenibed m phage T2 (sec figure 66).
Linked characters, which do not assort mdependently m a
cross, have been found  They gie frequencies of recombi-
nants ntermedrate between the mmimum observable (about
1%) and 257 The results are compatible with the assumption
that the corresponding genes lie arranged hnearly on “chromo-
somes” and that the recombmation frequencres reflect “cross-
over frequencies™ or “distances” between genes on the same
chromosome, that 1s, additive probabulities that groups of
hinearl¢ arranged genes become separated by crossing over
Thus, 2 “3-point test” (usmg 3 hinked chamc(ers a, b, c) tells
whether a certan gene Lies between two others or heyond one
of them If ¢ 1s between ¢ and b, the frequency of recombi-
nation for the pair @, b 1s approuimately the sum of the fre-
quencies of recombination for a, ¢ and for b, ¢ The linkage
map of figure 68 was constructed after experiments of this
type The valchty of the Iinkage hypothesis 1s corroborated
by “coupling and repulsion” experiments, if a cross ab X AB
gives, say, 37 aB (and Ab), the cross aB X Ab gives 3% AB
(and ab) For inked characters as well, the lugher the phage
yield, the higher the proportion of recombnnants becomes

A recombinant particle may exhibit characters dern ed from at
least 3 parents Thus, in a cross abC X aBe X Abc, some
particles ABC are formed These could not be formed by any
type of exchange between two parental particles only 1f
therefore, the el y act of re 1 is a mating of
phage particles in pairs, followed by redistribution of genetie
elements, there must then be several rounds of matings
each bacterum

Recombinants are already present among the first mature
phage particles that are obtamed by premature lysis at the
earliest time after infection, the frequency of recombinants in
the premature yicld 1s lower than i the final yicld

11. In single-burst experiments from mived-infected bactena
8 The vumbers of

of oppo type produced in
indwvidual bacteria are nerther rdentical, nor sumilar, nor even
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significantly correlated, Ths holds Loth for final and for pre-
mature yreld  1f recombination 1s due fe mating i pairs fol-
lowed by reciprocal exchanges, the result of the mdividual
pairings should be the production of cqual numbers of the
two recombmants Therefore, some other ¢vent occurring
later must distort the numbers of opposite new types that the
mating produces  Unequal reproduction of recombinants after
the exchanges could do 0 Such unequal reproduction may
reflect partly the of phage i
partly the removal of particles from thc rcproducmg popu-
lation by maturation,

As a whole, the recombination experiments reveal a tremendously
complex genetic system in phage Genetic recombmation has been
obsened m all the coli-phages of the T systems i swhich 1t has been
Jooked for (T1, T2, T3, T4, T5, T6) How 1t takes place we do not
know with certanty The most Ithely explanation scems to be a senes
of matings by random pamings, wrespective of genetic type, among
haploid,* vegetative phage particles that have not yet become mature
and mfectious  Recombmation m the pasred phage would occur both
by random segregation of chromosomes and by “crossmg over,” as m
sexually reproducing higher orgamsms  Indeed, it 1s possible to pre-
dict the actual frequencies of recombmants m yartous crosses (for
example, with parents in unequal numbers ) and the lack of correlation
between reciprocal recombimnants on the basts of a model (657) con-
sxshng of repeated, completely random matings m a population of

tatve phages, with (sce page 170) re-
moving mndrvidual phages at random from the sequence of reproduction
and recombmation  The remarkable feature 15, of course, the tremen-
dous frequency of repeated matmgs 1n the short penod of a smgle
mtracellular cycle

Heterozygotes  1f m;mngs among vegetaine phages do occur, 1t
would be d b the nce of mating forms
Among the phage pamclcs compnising the yield of any one cross, about
2% gwve progeny that contamn particles of two types (312) For
evample, m the yield from a cross of T2r X T2r+, about 2% of the
new particles give progeny consisting of 7 and r+ particles 1n equal
amounts  These “segregating” particles produced m the cross are,
then, heterozygous for the 7 locus  The heterozygotes, although they

* “flaploid” indicates a puclus containng 2 single set of chromosomes, “diplonl,”
a nucleus with two scts of homolagons chromosome s
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fit the general picture of a mating mechanism, are difficult to explam
in terms of the mating theory discussed above, especially because the
heterozygous portions of their chromosomes appear always to be very
small,

A study of linkage m heterozygotes of T2 (416a) has shown that
the heterozygous regions of the chromosames are those at which eross-
overs have occurred. The results suggest a spectal mode of phage
reproduction, 1n which the chromosomes are replicated by a liear,
zipper-hike mechamsm  Partial repheas, initrated at opposite ends of
two homologous chromosomes, could jomn together and give mise to
chromosomes with overlapping regions.  If any allelic differences occur
m the duplicated, overlapping regions the particles will be hetero-
zygous for the correspondmg genetic properties.

RADIATION ANALYSIS

Radution treatments have been most valuable in attempts to clarify
the intracellular phage develop by modifying phage m such a
way that its development stops at one stage or another. Thus we learn
that phage adsorption 1s not necessanly followed by death of the bac-
teria, smce x-ray-iactwvated phage 1s adsorbed and disappears without
stopping bactenal growth (665) Likewise, the following stage of m-
vasion, charactenized by bacterral death and nuclear disintegration,
can be dissoctated from production of new phage by ultraviolet treat-
ment of the phage before adsorption (441)  Moreover, new phenom-
ena are observed mn bacteria infected with iradiated phage, depending
on the conditions prevailing upon mfection

Reactivation phenomena. An mactne phage particle 1s defined as
one that fails to reproduce m the host bacterrum  Upon adsorption of
such an mactive particle (sf adsorption can still occur) Iysis fals to
take place and even artificial distuption of the bacterium reveals no
actne phage  If bacteria miected with phage mactnnated by ultra-
violet light (UV) arc exposed to viuble hght or near UV (8100~
5000 A) a fraction of the bacteria produce active phage  This photo-
reactication (193), an instance of a very general occurrence with cells

Qified by UV, 1s ch 1stic for each phage, 15 barely noticeable
after x-ray inactination, and has not been obsened with phage macti-
vated by chemicals No photoreactivation accurs if the srrachated
phage is exposed to Iight in the free, unadsorbed state ,

For phages ike T3 or T7, the damage made by cach UV vq"ﬂm"m
must be repaired by 1 hight quantum, although some of the UV damage
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is irreparable. For phages bike T2, the situation 15 more compheated,
and the hypothesis of a 1 1 repair of mdidual damares requires some
subsidiary assumptions (952) The pigment respousibie for the photo-
chemical reaction may be a flavine  The dependence of photore-
activation on factors such as temperature probably reflects the effect
of these factors on the production and utthzation of the pigment
Another type of reactiiation is obsenved with several phages upon
multiple infeetion with wradiated particles, Active phage is produced
m many more bacteria than those which recenve the few phage particles
that register as actne n single infection (#43)  This mulbiphaty
ion indicates a among damaged phage particles
in “pulling through™ in the same bacterium  The partides must be
either of the same type or of nonmutually exclusine types It was
thought at first that multipherty reactisation was due to genebc re-
combination, with the formation of actne particles by tramsfers of
genetic material among genetically damaged patticles  Further wark
showed however that the genetic recombination hypothesis vas made
quate to §it all the aspects of the phenomenon (194)  Multiphicsty
Teactination 1s prohably due to a cooperation among damaged particles
1 performing some early step n the mtegration between phage and
host cell  Repraduction can then occur if at least one of the particles
15 genetically undamaged  Such a Ity und. d particle
might anse by genetic recombination
Intracellular irradiation. By exposmg phage mfccted bactena to
radiation, therr ability to preduce phage can be suppressed (47) In
this case radution acts on the virus atself rather than on the bacterial
host  Actually, most phages can grow 1n bactena that before mfee-
f1on had received doses of radiation much greater than those needed
to suppress phage growth This situation 15 not surpnising, stnce we
have already seen that the part of the bactermm used m phage syn-
thests 15 1ts enzy matie machinery (which 1s very resistant to radiation)
rather than sts more radiosensttive nuclear apparatus
The analysis of intracellular suppression of phage as a function of
radiation dose g es different results with different phages  With T7.
a small and probably simple phage, the suppression curse m single-
mfected bacterta immediately after mfection 1s 1dentical with the 1n-
2ftnation cune of free phage  Then, after several menutes, t changes
nto 2 “multiple-hit” type of curve  The final slope, that 1s, the proba-
bility of an 10duidual hit, remarms approumately constant (64, fgure
67). This mdicates that suppress:on of the ability of an mfected bae-
ternum to hberate phage requires the macti ation of all the sntracellular
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virus elements, and that the individual elements to be mactivated retain
the same radiosensitivity as the frec virus particles, while their number
mcreases

The situation with T2 is more complex (64, 447). The radiosensi-
tivity of the infecting particle diminishes for several minutes, before

Survival of infective centers

200
UV dose n secands
Figure 67 The mtracellular mactnation of phage T7 by ultraviolet Ight
Absaissa dose of UV hght  Ordinate the propurtion of ifected bactena which
retain the ability to hberate phage  Bacteria, infected at time 0, are chilled after
vanous times of mcubation, iradiated with UV, then plated for assay of plaque-
forming abiity The number near each cunve gnes the time 1 minutes between
infection and chilling  From Benzer (64)

any increase m the number of radiosensitive umts is seen. This be-
havior fits the idea that the phage has to perform an mmtial reaction,
which requires the mtervention of a speafic radiosensitive portion
Tlus portion may be needed only m the first few munutes, after which
the phage reproduces m the form of less radiosensitive umts  These,
1ate m the latent peniod, gi e rise to mature particles.
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SUMMARY ON TIIE DEVELOPMENT OF TIIE T PHAGLS

From all lines of evidence, we can now construct a tentative prcture
of the events of phage development  This prcture 15, of course, pro-
visional, and ser es maimly a purpose of onentation

With a phage Iitke T2, irreversible adsorption ss followed by a process
of imasion  This depends on a penetration of the nueleie acid-con-
tammg phage portion inte the bacterm It 1s characterized, on the
one hand, by a modification of the cell surface, i which a mechamsm
for the rejection of additional phage particles becomes established,
on the other hand, by an mcapacitation of the nuclear apparatus of the
bactenum  In these stages, the phage 1s nonrecoverable m actne
form (iegetatice phage) A radiosensitive phage portion becomes
unnecessary and 15 possibly used up  Then, loganthmie reproduction
of the genetic phage elements begtns, accompanied by genetic recom-
bination The formation of mfectious phage particles, which starts
about the middle of the munimum Jatent penod, 1s preceded by the
appearance of immature clements related to varous portions of the
phage particles  The maturation probably consists of the acquisition
of 2 “cytoplasm” as opposed to a “nucleoplasm™ or genetic core of the
phage The cytoplasm ncludes the protemn skin, the tail, and possibly
other parts of the mature particle  Maturation renders a phage particle
mfectious for other bactenal cells and removes 1t from further partict-
pation i reproduction 1n the cell m which it was formed

Other phages may be less differentiated mto portions of different dus-
pensability and of different function, they also differ in the extent to
which they disrupt host functions and orgamization

PHYSIOLOGICAL GHANGES INDUCED IN BACTERIOPHAGE
BY THE HOST

The concept of a physiologically active, nougenetic portion of the
phage, acquired late in phage development, 1s supported by the fact
that growth in different hosts can mduce transitory changes 1 phage
particles {76, 446) An example of such phenomena, which are ap-
parently fanly frequent and will be discussed mn greater detal m
chapter 185, 15 illustrated figure 63 A phage, for example P2, when
grown on a host strain Sh, 1s generally unable to attach another host B
A few particles attack B, however and ghe rise to a new phage form
(P2B) that can grow regularly on B The change 1s not permancnt,
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howeser, since a single cycle of gross th of P2B on Sh returns it to the
P2 form, which does not grow on B

C!mnges of this type are strictly host controlled. They modify the
ability of a vurus to grow on a given host, In some cases, as in the

Figure 68 Scheme of host-induced mod The figures near

cell of exther B or Sh Modified from  Bertans and Weigle {76)

onc mentioned above, they allow repeated growth on the new host
In other cases, mstead, they may prevent continuous growth on it
The mportance of such phenomena is that they represent the only
Lnown modifications of virus propertics directly induced by the host.
The modifications are not produced by selection of spentaneous phage
variants; they are temporary phage changes due to the ntracellular
environment in a particular host.
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How the host does it, we do not know It may provide the phage
with some special substrate, or it may force the phage to develop
differently because of the lack of some substrate, or 1t may contribute
some specific structural patterns to the virus,

LASIS Or' BACTERIA

The mechanism by which phage causes bactenal lysis 15 unknown
Lysis is not tied to production of mfectious phage, since 1t may take
place in the presence of proflamne, which allows of meom.
plete phage particles (175). Phage hiberation has been clumed to
occur m some cases before visible lysis, possibly as a result of a local-
1zed surface damage to the bactenial membranes, which may allow the
cell contents to escape  Usually, lysis accompames phage liberation
and appears to be a rather sudden breakage of the cell membranes,
which often leaves an empty cell wall that later slowly disintegrates
(see figures 30-31).

Nothing 1s known as to the chemical or physicochemical mechamsms
of lysis, these may mvolve the action of bactenal enzymes, of phage
enzymes, or of both  On the one hand, the accurrence of bacterolytic
substances produced by bactena under stimuh other than phage, and
also upon lysis by phage (270), seems to favor a role of bacterial
enzymes m the Iyhe process  On the other liand, the specific duration
of the latent peried between infection and lysis, which for the same
bacterlum may vary from 13 to 50 minutes or longer dependmng on the
phage, suggests a role of phage n deterrmng the course of lysis  The
latent per:od remains constant even when the bactenal generation time
15 varsed five-fold, by changes in medmm composition  This indicates
1ts independence of the rate of bactenal syntheses  In mixed infection,
with a Jong-latent-p d phage like T2 excluding a short-latent-period
phage Iike T3, lysis and liberation of T2 oceur after the latent period
charactenstic of the excluding phage

Bsctenolyhc sllbs!anccs ln\c been obtamned from heavily wradiated
or 1l particles, but their role m the
normal process of bactensal lysls M unknown In some cases the lytic
action 15 due ta the salated shin ar “ghost” of a dssrupted phage par-
ticle (308) Upon lysis by phage, bactena often release lytic sub-
stances acting upon other strains, but there 15 ittle ex1dence that these
“Iystnes” are phage specific (270)
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howeser, since a single cycle of growth of P2B on Sh retums it to the
P2 form, which does ot grow on B

Changes of this type are strctly host controlled. They modify the
ability of a virus to grow on a gren host In some cases, as in the

Figure 68  Scheme of host-induced I ‘The figures near
the arrows correspond to the traction of <ells 1n which the phage can grow  Phage
2, after 1 cycle of growth in stram Sh, can only grow in 1 of 104 cells of stran B
After 1 cycle of growth in stram B, P2 1s 1n the P2B form, which can grow in every
cell of either B o Sh  Modified from Bertan: and Wergle (76)

one mentwned above, they allow repeated growth on the new host
In other cases, mstead, they may prevent continuous growth on it
The importance of such phenomena 1s that they represent the only
known modifications of virus propertics directly nduced by the host
The modifications are not produced by selection of spontaneous phage
varants, they arc temporary phage changes due to the intracelhular
ensironment 10 & particular host.
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The phages that establish lysogenic relations with their hosts are called
temperate
There 15 no doubt that each cell of a lysogeme stram 1s a phage
carrier (453). Phage liberatton occurs by occasional lysis of a cell
The fi of such sp phage lib was found to be
1 200 cells per generation m one case, 1 50,000 1n another When
frequent, the lysis of indnidual cells can actually be observed under
the microscope and 15 found to be accompanied by hberation of phage,
which occurs only at this time A lysing bacterium hberates an amount
of phage of the same order as the yield from a sensitive bacterum lysed
by the same phage Sometimes the lysogenic bactenta cannot adsorb
the phage they carry, in most cases they can They are generally not
lysed by such remfection with their own phage, to which they are,
therefore, immune
Inside the bactena the p phage 1s as und bl
as a virulent phage 15 1 the early part of the latent penod 1 the Iytic
cycle  No nfectious phage can be recovered by artificial breaking of
the Iysogentc cells I some lysogenic bactena, mass lysis with phage
can be duced, after a latent period of 30-60
minutes, by such means as u'mdmhon treatment with certamn sulf-
hydryl compounds, mtrogen mustard, H.Os, and 10n-chelating agents
(452, 454) This process 1s called tnduction  Even i the “induced”
bactena, lysis or breahage reseals inf phage 1n the
last thurd of the latent period only
Thus we have reason to believe that phage 15 present mn the cell m
a form, the so called prophage, which 1s different from the infectious
particles, and which before iberation must undergo a process of matu-
ration Inside the cell, the phage shares the fate and properties of
all other cell constituents  For example, in spore-forming bactera the
prophage sunnes temperatures much higher than the free phage
could, just as eell protemns m the spore withstand heat treatment much
better than 1 vegetative cells (183} Ap ly the prophage repro-
duces without the cell y, and only dly does
a new situation anse which leads both to phage maturation and to cell
lyss Prophage and bacterral protoplasm are synthesized side by side,
the maturation process, mstead, 15 bound to events that preclude bac-
terial survival  Esen i bactena m which lysis 1s mduced by irradia-
tion, the synthesis of bacterial components (RNA, enzymes) continues
duning the latent pennd before lysis
Ts the mterdependence between and lysis vahd for phage-
bacterum relation m general® If so, the difference between the lyso-
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LYSOGENIC BACTERIA

The prophage and its maturation. Cell-free filtrates of bactesial
cultures often contain phages that lyse other strams of the same bac-
terial species or of related species  Such phage-bacterium associations
sometimes dental of a phage with a resistant

Figure 69 Centered plaques produced by plating a few washed cells of & bso-
gemic stran with an cxcess of a sensitise stran  The senmitnve bactera are Nsed
by the phage liberated by the lysogemc colomes

bacterium that throws off enough sensitne mutants to mamtaw phage
propagation in mass cultures, it 15 then possible to free the bactera
from phage by single-cell 1solations  In a majponty of the phage-
bacterum associations, however, this 1s impossible, ecery eell 15 a
potential source of phage (true Tysogenesis) Plating washed Jyso-
genic cells with a layer of phage-sensitive bacterta {indicator bacteria)
leads to formation of plaques, each plaque bemg centered by a colony
of lysogenic bacterta (Bgure 69)  In platings of unwashed whole cul-
i bacteria we also obser e noncentered plaques, which

tures of lysoge
free phage particles present m the lysogenic culture

ongmnate from
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the host cells  Nonlysogenie cells are exceedingly rare or altogether
absent in lysogenic strams  Therefore, exther the prophages are many
or they are not assorted at random  The evidence gnen below seems
to suppart the ldca that prophage 15 present in single copy, at least
permantnt } , and may be d by a mech con-
nected with chramasamal repraductian

The ablity of a phage to be mmcd ]ysogcmmny. that 1s, 1ts tem-
perate or virulent nature, 15 Iy phage,
upnn mfecting a sensttive bost, produces lysss or lysogenesxs m com-
arahle proportions of cells  This relation explains why the temperate
phages produce a type of plaque consistmg of a partally lysed asea
covered with lysogeme gronth  Virulent mutants can be obtamed
from temperate phages (100)  They give clear plagues and induee no
lysogenests.

After mfection of bactera with a temperate phage, the cells that do
not lyse wmay for several mto lysog and
sensinve, noncarrier offsprmg (424)  Later, no more sensune off-
spung are produced, and every cell dernved trom a lysogenic parent
18 lysogenic

Interesting results are obtamed when these stably lysogenie bacteria
are infected with related phages, which they geuerally adsorh (75)
Some typical sesults are shown in table 23 Infection of a lysogeme
bacterfum with a temperate mutant of its propbage gnes nse to a
temporary mixed Iysogenests, for several cell generations the few cclls
that lvse go.e tived yictds  But after & fow gonerations the prophages
segregate, and ultimately either one or the other prophage remasos m
cach cell

Remfechion of a lvsogemc bacterium with a virulent mutant of its
prophage also leads to temporary mixed Iysogenests  This s followed,
however by return to the crigmal coudition of lysogeness for the tem-
perate phage  An exceptonal finding of o retwrn to sensitivity sug-
Fests that segregation of prophages has occurred, but that the virulent
prophage, bang mherently unable to establish permanent Jysogenests,
becomes elimmated  Altogether, the segregation of related prophages
and therr mutual elrmmation are easily nterpreted if we assume that
permanent lysogenesis requires the fixation of a prophage to some site,
which exsts in single copy and which segregates m an orderly manner

at cell dnrsion, for evample, a specihc chiromosomal location  The
“anchored” prophage can be removed or replaced, completely or w
par, by another propbage of the same type A weakly viruleat mutant
cannot estabhsh stself as prophage, vor can 1t overcome the rmmunity
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genic and the lytic situations would reside only in the frequency with
which the presence of phage sets in motion the unknown series of
events Jendmg, on the one hand, to phage maturation, on the other
hand, to bacterial disintegration and lysis.

Expeniments on mutual exclusion between a prophage and a super-
wfecting, virulent phage are compatible with this pont of view (669).
In lysogenic bacterra induced by UV, infection with a phage unrelated
to the carned prophage can exclude the carried phage from the yield
{1 ¢, can preclude its maturation).  This exclusion can take place even
when the virulent phage 1s added only a few mmutes before the ap-
pearance of mature particles of the carmed phage  We ate led to
belteve that induction does what the prophage 15 unable to do, that
15, ehmimates the functional mtegnty of the cell and allows the pro-
phage to proceed toward maturation, this process can be stopped by
infection with another phage

We may. thus, visuahze a series of alternative rulers of cell destiny—
the bactenal nucleus, the prophage, and the exogenous phage The
prophage of a temperate phage cannot displace the bactenal pattern
without belp from inducing agents  In induced bacteria the latent
prophage captures the lead, not immediately upon mduction but after
an intersal, during which it can st} be displaced by an exngenous
phage

The situation in multiple Iysagenests with unrelated phages fits this
hypothests  Each cell carnes the varous prophage types; but, when
spontaneous phage hberation oceurs, only one phage type matures in
any one cell (74)  Mutual evclusion of maturation among unrelated
prophages may mdicate that the condinions that allow the celjular con-
trols to be overwhelmed permit a competiion among prophage types
for control of the maturation mechamsm, always leading to total vic-
tory of one of the competitors  Mutual exclusion may also mdicate,
howeer, that the factors that permit maturation act spectfically on one
or the other of the prophage types  Related prophages may mature
together (3592},

A prophage may produce immunity to some unrelated phages and
not to others (sec table 23) The mechanism of this immunity 1s
unkanown

The dition of the proph in the Iysogenic cell. If there were
only one prophage copy per cell, some mechamsm should be present
for its orderly reduplication and segregation along with a.rhcr cell
companents. 1f the prophage were present m multiple copies, dwss;
could be assorted at cell division, like other nonnuclear camponents ol
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caused by a related propliage  Strongly virulent mutants, however,
can the i and mature as though the
prophage were not present (sec table 23)

Genetic experiments on lysogenic bacteria agree with the abose con-
clusion (409). The sexual stram K-12 of Eschericlra colt (412) may
eust m ether a lysogenic or a sensitive, noncarnier form with respect
to phage lambda In crosses of Iysogeme by sensitne bactena, lyso-
genesls beha\ es as a single segregating factor, whose position in the

1 map of the can be Jocated with proper linkage
tests This observation agrees with the 1dea of a chromosomal loca-
tion of the prophage, although 1t does not exclude that what segregates
1s not the prophage itself but a genetic determmant responsible for
abibity to carry the prophage

Although the prophage may he intimately bound to the reproductiie
mechamsm of the cell, it 1s not irreversibly bound It can be lost
erther by substitution with related prophages, as shown 1 table 23, or
occasonally by growing the bactena under special nutntional condi-
tions apparently speaific far each case, such as low Ca+ * concentration
(135) or presence of glucose (202)

1t the prophage 1s carmed m single copy m the host’s nucleus, then
the process leading to spontaneous or mduced production of mature
phage from a lysogenic bacterum must involve more than maturation
Tt must consist also of the transformation of the prophage into vege-
tative phage and of the proliferation of the latter Thus, the lysogenic
and the Iytic types of phage-host relation seem to have i common the
full senies of events (vegetative reproduction and maturation) that lead
to the production of many nfectious phage particles from an imtial
nominfections element

The nature of the relation of the prophage to its host cell  The pro-

duction of 1 by Hled infection with phages
makes 1t unnecessary to consider the prophage of a lysogenic cell as a
“normal” cell constituent that becomes & “new varus’ upon accidental
liberation  Yet the possibility of an mtimate relation of the prophage
with the reproductive system of the host bacterum suggests a degree
of integration that goes beyond the metabolic level and reaches to the
genetic constitution of the cell  Once a prophage s established m a
cell, 1t behaves like a cell constituent  This constituent, however, may
behave as a rebelhous and destructive element and proceed to mature
and to lyse the cell If even more complete mtegration were to occur,
resulting 1n a carrer state never tollowed by maturation, we nught
never suspect the presence of a prophage
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common host strain A many of them revert to Vi-phage A, simolar to
the origmal, nonadapted Vi-phage 11 The reverted Vephage A can
then again be adapted by a sugle passage on a different Vi-stran of
bacteria (13a). Thars, at least some of the adapted Vi-phages are not
host-range mutants, but phenotypcally modificd phage vanants (446,
sce pages 197 and 293},

The discorery was made that the differences m Vi-type among many
Vistrains of § typhosa are due to specific bactenophages camed Jyso-
peaically within them (130). These Letent, type-deterrmamg phages
are completely distinct from the Vi-phages derned from Vi-phage I
The most remarkable element of this situation s that the latent pro-
phages detcrmune not only the fost’s susceptibality to nnrelated phages
but also the host's ability to modify phenotypically 1n a specific manner
the Vi-phages that succeed i infoecting it The impheations of these
discovenes in relaton ta ks sagementy and host-controlled sanation
viruses are not yet fully understood The sttuation in Safmonella
typhos 1s certainly pot umque, as shown by obsenations on lyso-
genieity and phage susceptibnbity i other salmonellas {2I35) Tt may
ndeed be an example of a widespread mecharism for controt of sirus
susceptibilaty, not anly n bactera, but in other orgamsms as well

Coli-phages and colicines. Another observation of interest concerns
the relation of Jysogenic phage to the so-called coficmes, substances
produced by certain strams of E colt and lethal for other struns {235)
The colictnes are not varuses, in the sense that they are not reprotuced
m the cell they hall, Yet most colwnes are related, by simtanty of
bost range, to speeific coli-phages  Some eolicine praducing E colt
strawns undergo mass Iy sis, with production of colicme (and no phage),
upon treatment with the same agents that “induce” phage maturation
m bysogente strains (360) We get the impression that the colieme
may be a d farm of some 1 Jly car-
ned phages  Thev might be phage skins without nucteus or without
the abibty to release their nuclens mto the Jiost celt

The obsersations on temperate phages and on their lysogeme hosts
bhave carried ws far from the picture of a virus entenngt a host cefl,
reproducing 1n st, and hecommy actne and free agam  Before our

yes the virus has become more and more a part of the bost cell  The
Free, mfectious form has been reduced to an wmcrdental aspeet of the
ife hustory of the phage There 15 no denyng the deep msight that
these observations promuse to give us mto the nature of host~virus rela-
tionship and even mto the genctic structure of the host  As we shall
diseuss 1 <hapter 18, the facts of lysogeness de nat salve the question
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Observations on the genetics of bacteria of the genus Salmonella
are of mterest 1in this connection (693). Most strains of Salmonella
typhimurium are lysogenic for one or more temperate phages that can
infect other strans (99), Certain strams produce a filtrable agent FA
{1dentical with a phage) that can transmit or transduce mdwvidual
characteristics of the strain of origin to other straios, which are thereby
stably changed and act in tumn as sources of FA  The transducing
agent, hmited 1w activity range to salmonella cultures having m com-
mon the somatic antigen XII, can traasfer to other stratns ada wdual
traits of the strain that has last liberated 1t. The transduced traits
melude nutnitional propertses, fermentative abilities, drug resistance,
and specific antigens.  Only one trait 1s transduced at a time  Pre-
sumably, during maturation, the Salmonella phage may incorporate m
ats parbicle not only the phage nucleus but also some genetrc elements
of the host, possibly from the disrupted bactenal nuclens These
genetic elements are deltvered into new host cells, which, 1f not Iysed,
may accept the new genetic elements in replacement of their own
Tlus phenomenon brings the phage one step closer to a sort of sexual
form of bactenal cell

There are other instances of host properties (other than phage sens-
twvaty or resistance ) that are changed wpon acqusition of lysogencity
In certamn nontoxigenic straws of Ce b 1em diphtheriae the few
cells that upon phage mfection become lysogenic acquire the abihty to
produce the diphtherial exatoxm (236). These observations mdicate
a role of a lysogemcally carmed virus (or of somethug “transduced”
with it) in the biochemical activities of the lysogeme cell  Nutritional
differences occur between lysogenic and sensitive dernatives of other
bactenia, for example, in Bacillus herwm (164a).

L icity, phage plibility and phage modifcation. A re-
markable situation obsersed with some of the Vi-phages of Salmoncile
typhosa llustrates a role of lysogencally carnied prophages not only
1 altenng the susceptibility of bacterm to other phages but also m
mpressing upon these phages certamn specific transformations The
onginal Vi-phage II. upon being plated with dividual Vi»posntnf
bactenal strains, ghves a few plagues  These plaques yield “adlapted’
phages, which attack & common host strain A plus one or a few o
the other Ve-positine strains (157a). By this means, 31 nd:n.ptcd vi-
phages have been secufed, h):rncans of which 81 strains of Vi-positive
typhoid bacills can be “typed” (157, 213a).

The adapted Ve-phages are not (or at least not all) host-range
mutants of the onginal Vi-phage II. Upon a single transfer on the
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10

The Interaction of Plant Viruses
with Their Host Plants

The inf avadlable on the between host and virus
15 loss extensne and less quantitatiie for plant viruses than for bac.
tettophage  Thy is due mamly to the complesity of the hosts, ta the
difficnlties wnofved 1, precise quantitatne work with plant +iruses
and afsa to the different terest of plant pathologssts, svhose main
Practical problems are duagnostic and prophylactic  We shall consider
the growth of vings m miected plants, the changes that take place 1n

mlected cells, the spread of <irus mn the host plant, and the altera.
tions of plant bohsm that pany the i ons of virus
chiseases

GROWTH OF sIRUs

After tobaceo leaves are infected with tobacea mosare SHUS, s
possible to follow the amaunt of virus and its mcrease . the plant
$ap (334) I the moculated leaves are excluded from the maternas
extracted for sap, the sesolts represent amounts of new virus formed
m the plant  Such data, of course, descrbe the mass growth of virus
n the plant as 2 whole and not its pattern of growth s wdnaduat cels
The results depend an the methodolony employed

it had been Teported that tobacen mosare s rus protem, detected by
chemreal solagion m sap from frozen plants, appeared several days
after mfection and reached the maumum after 5 to 8 weeks (623)
With an impraved method far extraction of the leaves aud using elec-
Raphoretic determmation of irus protesws (which appears as an
abnamg} companent w the electropharetic pattern of the c3 toplasmic
Protewn fsaction), y teys protem could be detected 3 days after wfection
and reached maumum after about 2 weeks (675) This early ap-
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of the origin of bacteriaphage. The | lition may include
examples of virus ongm, or 1t may stmply be the ultmate des elopment
of parasitism,

Lysogenicity and phage ecology. The symbiotic relation between
prophage and Iysogente bacteria, with occastonal Iiberation, 15 much
more favorable to the maimtenance of the virus in nature than the Jytic
relation  The lytic relation 1s more frequently observed by superfical
observation because of the dramatic occurrence of mass lysis, but is
more bikely to lead to virus extinction throngh rapid destruction of its
hosts. Most phages probably exist n nature in some lysogenic bactenal
reservour, their occasional hberatton providing them with 2 means for
finding new hosts, which the phage may either lyse or render lysogenic,
Virulent mutants will have little chances for survn al, except under the
artificnal conditions of their selection and maintenance in the labora-
tory The lysogentc condition 1s extremely frequent. In certan bac-
tenial groups, for example, in Salmonella typhmursum, all strams are
Iysogenic for one or more phages that lyse other salmonellas (99)
Indeed, one wonders if every bacterium may not be lysogentc, carrying
phages most of which we have no means to recogmze It might even
be that every portton of the genetic material of a bacterium has some
potentiality to mature mto a transmissible agent, that 1s, to become 2
phage
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10

The Interaction of Plant Viruses
with Their Host Plants

The mf railable on the betneen host and 1irus
1 Jess extensrve and less quantitatne for plant sanises than for bac-
torophage. This is due mainly to the complenty of the hasts, to the
dfficulties mohed in precue quanhtatne work with plant vavses
and olso to the different interest of plant patholomsts. swhose mam
practical problems are diagnostic and prophylactic We shall consuler
the growth of virus 1 mfected plants, the changes that take place n
mfected cells, the spread of sirus 1 the host plant, and the altera-
tions of plant metabolism that accompany the mansfestations of verus
diseases

CROWTH OF VIRUS

Abter tobacco leaves are mfected with tobacco mosue vms. ot 15
possible to follow the amount of vires and its wmcrease wn the plant
sap (334). 1f the spoculated leaves are excinded from the materal
etracted for sap, the results represent amounts of new vrus formed
 the plant Such data, of course, descnbe the mass growth of vicus
1 the plant as a whole and not 1ts pattern of growth 1 mdss wduat cells
The results depend on the methodalagy employed

1t had been reported that tabacen mosate virus proten, detected by
chemscal wsolation 10 sap from frozen plants, appeared several days
after fection and reached the maxinum after 5 to 6 weeks (623)
With an fmproved method for extraction of the leases ond using elec
trophoretic determmation of virus protewy (which appears as an
abnormal component m the electrophoretc pattern of the cytoplasome
protein fractian), virus pratesa could be Qetected 3 days after mfectson
and seached 4 maxmum after about 2 weeks (675) Thus easly ap-
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pearance of virus protein in the cytoplasmic protein fraction, as distmet
from the cliloroplast fraction, 1s accompanied by a decrease in one of
the major protemn constituents of the same sap fraction, probably 2

leoprotem It was 1 (675) that the virus originates by
durect transformation of the normal nucleoprotein into virus protein,
without intermediate breakdown to nonspecific building blocks. Direct
evidence for this conclusion 1s Jacking It was, howeser, noted that
the total amount of cytoplasmic protemn remamns constant, whereas the
proportion of virus protein increases from 0 to 407, Moreoser, virus 15
known to be formed 1n detached and darkened leayes, where syntheses
are slower (640) The results are compatible with the 1dea that virus
synthests 15 accomphished from nonspeaific blocks and that the decrease
i normal components 1s simply due to their normal breakdown with
reduced replacement  In tobacco plants, as much as 107 of the dry
weight of the plant may finally be represented by tobacco mosaic virus

Measurements of the relative radioacti U i

y of plant 7
and of tobacco mosare virus nucleoprotemn (9f) extracted from -
fected plants fed with radioactive phosphorus mdicated that the virus
nucleic acid 1s synthesized anew from freshly assinmlated matenal, and
not by transformation of plant nucleoprotein.  In agreement with this
conclusion is the obser ation of mhibition of tobaceo mosaic virus pro-
duction by vanons purine and pyrmudme dernatises (151, 477) The
hibion can be reheved by normal purmes or pynmidines  Ap-
parently, wterference with utiization of purines and pyrinudines may
Dlock virus ssnthesss  Tlis 1s more easily visualized m terms of syn-
thesis of new nucleotides and nucleic acrd than of transformation of
plant nuclerc 2c1d into virus nuclerc acrd

Studies with heavy mitrogen (NHLCI) as a tracer element m in-
fected tobacco leaves (479), as well as analytical study on nitrogen
metabolism (150a), idicate that virus formation proceeds directly
from matenals supphed by the medwum and not from breakdown prod-
ucts of cell protetns  They also indicate that the virus protem, once
formed, 1s not further broken down and resynthesized, sice no incor-
poration of N** mto the virus protem takes place after this proten
stops increasing m amount

A microchemcal techmque for the 1solation and determination of
irus protein m small samples of leaf tissue (a few square mulltmeters}
has been applied to the study of tobacco mosaic virus growth (152).
Isolated leaves are moculated by rubbing, and samples are cut from
the leaves and ncubated in hquid medism  Measurable amounts of
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virus are found abeut 72 hours after moculation, and the mavimum 15
reached after 8-10 days, when as much as 05 g of warus protem per
square mm of leaf can be obtaned (figure 70)  The increase is regutar
and more or less exponentral  This 15 20 be expected, whatever the
rate of synthesis an mdnvrdual cells, smee what is measured 15 the total
rate of virus production i & tssue infected m oue o a few spats, and
the tate of virus production reflects mamnly the rate of centnfugal
spread and mvasion of new cells, a process esseatially exponential 1o
character

LIt A it e 2 T e S B )

Log TMY content
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Figure 70 The amount of tabacce mosas vuwus, as determined ¢hemcally, 10
samples remaned from infectod tohiceo leaves at verous times after saoculation
The TMY content 33 gvem i macrograms of virus protesn per 802 mrn? of beaf area
From Commoner etat (252}

An accurate method of followmng vurus merease in wfected plants
consists 1 extractmg the sap from measnred areas of maculated leaves,
danifyng i, and exammung it dwectly 10 the electean microscope by
the cahbrated droplet method, by which one can count the particles of
s protesn {33} By thus methad, an mcerease in the number of virus
particles 15 observed after 18 hours, and the mavimum 15 reached after
4 to 5 days, with a doubling time of zbout 4 haurs (625, figure k183
Exposure to 38° C suppresses vurus merease rather *bruptly At the
posat of mavunnm growth, at least 117 of the dry weight of the plamt
1s represented by auus proten The growth curse for tamate bushy
stunt virus 18 qute smlar to that of tobsceo mosare virus

More recently, a study by mfectiaty measurements of the early
phases of mfection of tobacco plants with tobaceo masase virus and
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of bean plants with tobacco necrosts virus (690b) has mdicated a
latent period of 8 to 12 hours, followed by a rapid increase in the
amount of infectious virus, corresponding to a doubling time of about
1 hour. The reasons for the differeace hetween these results and
those of previous studies (152, 625) are unknown, It scems possible
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Figure 71 The amount of tobacco mosate virus, as detcrmmed by electron-
microscope counts, mn areas removed at antenals from anfected tobacco leaves
The ordinate represents the pumber of virus particles per gram of lef tissue
{green woight)  From Steere (625)

that the infectivaty measurements may permit a study of the earhest
parts of virus growth, The other methods may observe later, slower
phases of virus production and miss the early phases of virus pro-
duction because of the presence, m all samples, of an excess of
virus particles left over from the moculum and nonparticipating m
reproduction

There 15 no evidence 1n any of the above studies for or against a

a of wvirus reproduction fe form followed by
maturation.  There 1s some evidenee, however, for a reduction m
recorexable virus actaty soon after moculation, suggesting an eclipse
penod simtlar to that observed for bactertopliage. A partial distuption
of the infecting virus particles 15 evidenced by the appearance of
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nonviral P* i plasts mfected with P3%Labeled tobacco mosate vuus
(43

INTRACELLULAR MANIFESTATIONS OF PLANT VIRUSES

1n electron micragraghs of whected leaf hisse, tobacco mosare virus
15 seen 1 the cytoplum, not m the nucles (86, fgure 72), It often
agpears to be Iy d with chloropl This may be
due 0 3 secondary i asion of these bodies

Figure 72 Tobarco mosarc viras demonetrated by electron fmroscopy of @
thun section of an infected cell  Note the absence of yirus 1n the nucens Unpub-
bshed photograph, courtesy D L M Black, Unnernty of Whnos, Urbana  Pho-
tographs from the same stody were publuhed by Black, Morgan and Wychoff (86)

Changes 1 the ¢k P of the green chloroplasts have been
correlated with virus production (191, 636)  Suppression of chioro-
plast and of existing chk )} were observed
Af the fected plants were kept under condihons of mirogen starvation,
whereas httle or no damage to the chloroplasts sesulted i amgple
mitcogen supply was avadable It was suggested that the chromo-
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protein of the plastids had a precursor in common with the virus
Dunng mitrogen starvation, not only would the virus compete with the
plastids for the precursor, but also the protem of plastids could be
ubhized tor virus formation, possibly after returning to the precursor
stage  Tlus suggestion ts hard to reconeile with the evidence for virus
synthesis from nonspecific building blocks (479)

In cases of variegat wus diseases that canse
locahized reduction m chlorophyll~many cells have colorless or shrunk
chloroplasts, or have no plastids at all, resembling cells mfected with
tobacco mosaic virus (191, 686)  Cytological observations showed that
chloroplast destruction was less and less pronounced toward the periph-
ery of the vaniegated areas. The suggestion was made, thercfore, that
the varfegation could be consilered as somewhat “invasive,” and that
the plastids could become transformed mto spreading, sirushhe en-
tires  Plastids are supposed to be related to mitochondnia, and the
possible ongm of viruses from hondna has been sug d in
connection with plant viruses as well as with some animal viruses. It
1s hard to see how these speculations recenve any specific support from
the experiments described above.

Cells infected with a plant virus may or may not show pathological
changes, dependmg on the virus and on the cell function (2H1)
Dirminution of the number and size of chloroplasts is observed i the
“yellows” diseases It is uncertamn whether a decrease 1w the yellow
I hophvll) 15 also Ived

The most direct morphol 1 ton of virus nf wside
2 host cell is the production of ntracellular inclustons, abnormal bodies
whose presence 15 strictly limuted to the cells of areas showing dtsease
symptoms. In the tobacco mosate group, two types of inclusions have
been described, the amebord or X-bodies and the crystalline plates
(359) The X-bodies appear carly i mfected cells and are formed
by agglomeration of particles visible at first as minute granules stream-
ing along with the eytoplasm  When fully developed, the X-bodies
may be 5 to 40 u 1 diameter and often enclose mitochondria and ol
globules. They have been extracted Ly micromanipulation, after be-
ing washed and crushed they release infectious virus (595). If the
cell that contains X-bodes is mechantcally damaged, the bodies often

Tisi te, Ithadp Iy been supposed that the X-bodues repre-
sented the result of a nonspecific cell reaction to the virus, but therr
infectivity suggests that they contan virus in amounts greater !h‘nn
in an equal volume of cytoplasm. The virus m the X-badies
combned with other cell components, tobacco mosaic \virus,

present
may be



cu 10 Intracellular Manifestations 215

for esample, has a well-established tendency to form compleces with
a varnety of proteins

The high virus concentration 1 the X-bodies is confirmed by the

fact that in aging cells these mclusions are often transformed mto the
other type of mclusion, the crystalline plates, whose high content 1n
infectious virus 15 well substantiated (see frontispiece) ~Crystalline
plates may be formed directly without demving from X-bodues, they
are vanable mn shape, but often show a perfect erystalline symmetry
They are strongly birefringent if viewed edgewise Upon treatment
of the cells with acids, the plates are suddenly transformed into a
stnate matenal, closely resembling the needles formed by crystalliza-
tion of punfied tobacco mosarc virus (54). Crystalline plates extracted
by mucromamipulation and dissolved 1n water yreld charactenstic virus
particles

Cytoplasmic mclusions are formed m many plant virus diseases,
although they are not found in some well-mvestigated cases, for
evample, n plants mfected with cucumber mosaic virus  This may be
due to some peculianty of the cucumber plant sap (43) Inclusions
are never formed 1n the sap of the vacuole of infected cells This sap
probably does not contan virus

Intranuclear inclustons have only been observed with certamnty i a
few virus diseases (867), among which the best known are those of
the severe and muld etch viruses of solanaceous plants Many nucley
of cells mfected wath etch virus contamn regular plates and other crystal-
lne forms  Some of these mclusion-contaming nucler can be seen to
divide, even m nonproliferating cells  Tobacco plants simultaneously
fected with tobacco mosatc and mild etch viruses show, within the
same cell, ntracytoplasmic crystalbne plates of the mosaic and ntra-
nuclear plates of the etch virus  This shows that two unrelated plant
viruses can multiply m the same cell (462).

It 15 clear that an understandmg of virus production m the plant
cells would be helped by studies on smgle mtracellular cycles of
growth, as described for bactenophage (see chapter 8) Suatable
techniques for simlar experiments on plant viruses are not yet avail-
able It would also be desirable to correlate the course of virus syn-
thesis with the formation of materials re-
Iated to the virus (49, 473} Growth of viruses could be studied
advantageously in plant tissues cultivated mn vitro, but the techmiques
for plant tissue cultures are in certan respects not as developed as for
anumal tissues  Virus noculation mto tissues cultivated 1m vitro pre-

1
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sents sertous difficulties Tobacco mosaic virus has been cultivated
cultures of root tips derived from virus-mfected plants.

The relation ot virus mfection to cell proliferation 1s not well under-
stood and is probably different from case to case. On the one hand,
certamn viruses that mnfect cells of the reproductive tissues inhibit or
completely suppress cell reproduction, with stunting and eventual
death of the plant On the other hand, virus-infected cells often
multiply. Some of the infected cells may be stimulated to excessnne
proliferation, with the production of abnormal outgrowths called
cnations, stemming from the leaf veins  Certain virus strans are par-
ticularly apt to cause this type of reaction, for example, the enation
strain of tobacco mosaic virus

Some viruses produce true tumors in plants The best mvesugated
one {83) causes the mfected plants to react to wounds by the formation
of woody tumor tissue (fgure 7) In tlus case the tumor response
varies remarhably with the heredity of the plant  Another tumor virus
1s responsible for the gall-producing Fiji disease of sugar cane (503).
The possible role of a virus 1n the mnduction of crown gall disease by
bacteria (178a) 1s still a matter of speculation

SPREAD OF VIRUSES IN THE PLANT

The way 1 which plant viruses spread through infected host tissues
depends on the tissues and on the portal of infection (see 43)  Viruses
transmutted mechanseally, by rubbing leaves, penetrate into a few cells
through small wounds, Movement to nesghboring cells 1s slow, of the
order of a few microns per hour (654) or at most 1 or 2 mm per day
(61a), and depends upon virus multiplication withm cach cell, fol-
lowed by to neighboring cells  Tr, ion is believed
to take place mainly through the mtercellular connections or plasma-
desmata When the virus reaches the vascular tissues (phloem and
xylem) is spreads rapidly withmn them (335, 336)

The spread occurs mostly through the phloem, although spread
through the xylem 1s observed, for example, with phony peach virus
In the phloem, the svirus js carned with the food circulation, without
necessarly multiplymg in each of the sieve tube cells that it crosses.
The rate of spreading may be as high as an nch per minute, as, for
evample, for curly top virus in the sugar beet By way of the phlf’em,
the sirus may reach the roots and then the whole plant. Actively
growing parts of a plant are generally imvaded before older, mature

parts.
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Fast spread starts immedately when viruses are inoculated directly
mto the vascular tissue by insect yectors, Direct mfection of the roots
with some viruses, for example, tobacco mosaic, fails to result i gen-
eralized spread

The transport of virus along with the food circulation has been
proved by a number of expentments. If the movement of food away
from a shoot of an infected plant is retarded because of reduced photo-
synthesis, either by darkness or by defohation, the virus reaches the
shoot faster 1 the ascending food current An experiment on sugar
beet curly top virus {60) shows this very clearly One shoot of a beet
plant was placed i the dark, while two other shoots were exposed to
Light When one of the 1llummated shoots was infected with curly
top virus by means of infected insects, the shoot that was kept m the
dark (and i which photosynthesis and, therefore, the centripetal food
transport were suppressed) became infected m a few days, much
sooner than the other nonmnoculated shoot that was exposed to light

Although the virus can pass through vascular tissue without repro-
ducimng i all its cells, many cells become wnfected and undergo necrotic
changes Phloem necrosis 1s often widespread It probably accounts
for most of the circulatory disturbances m infected plants, 1t 1s some-
times an 1mportant factor 1n causing ther death As a general rule,
virus 1s unable to propagate across dead tissue, whether m the leaves
orn the stem  Thus 1s shown expenimentally by lilling portions of the
stem tissues through application of steam, the virus fails to go through
the steamed regions

The mability of viruses to pmpaga&e through dead cells 15 partly

ble for the v 1 effects of the necrotic reactions
produced m the leaves of some plants by certam virus diseases. Ap-
parently, some cells die before transmtting the virus to neighbormng
cells, and the result 15 a protection of the plant agamst virus spread
Localization of virus m areas of leaf tissue may also occur without
visible necrosis {840) In some cases a necrotic reaction is produced
1 the stem of a plant followmg graft with a virusanfected scion, and
the plant dies  Certam potato vanetes, when infected by grafng
with certam stramns of potato virus X, respond with a “top necrosss,”
m which the virus spreads to the stem tip and kills 1t
An mteresting limitation to virus spread 1s evidenced by the ranty of
virus transmisston from one plant generation to the next through the
reproductive cells Seed transmussion 1s rare, but has been substan-
tiated for several viruses, among them bean mosaic and lettuce mosaic
Pollen transmassion, if 1t oceurs at all, 1s extremely rare  Prevention of
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seed transmission may be due either to falure of the virus to penetrate
the seed embryo or to the p of virus-inhibiting sul n the
sced, the presence of such substances has actually been venfied (368).
Seed transmission is more frequent 1n legumes than in other plants. It
1s possible that 1n these plants the modalities of oogeness favor virus
mnfection of the egg cell. The rarity of gamete transmussion of viruses
13, of course, of great significance for the survival of the plant 1 nature,
since 1t protects the progeny of infected plants from infection. Indeed,
virus diseases are very important economically in plants that are props-
gated vegetatively, by means of tubers, rhizomes, bulbs, and cuttings
(potatoes, frutt trees, etc.),

VIRUSES AND PLANT METABOLISM

Out of the great wealth of information concerning the symptomatol-
ogy and the bolic alterations of virus-infected plants (43; 690),
surprisingly hittle can be utilized for an understanding of the processes
nvolved m virus reproduction or of the direct effect of virus on the
metabolism of the host cell In some cases, such as those of color
variegation (breaking) of flowers, effects on specific enzyme systems
are probably present, but there 15 no evidence as to how durectly the
virus acts on the enzymes, or by what mechanism

It has been claimed that two mam metabolic groups of virus diseases
can be distinguished: the mosaic type, in which the nitrogen content
of the plant 1s 1 and the carbohydrate content diminished, an
the yellows type, m which the oppostte changes arc observed But
many exceptions are feported. In several cases there is an increas¢
in the starch content of the leaves, but 1t 1s difficult to say whether this
is due to increased production, reduced utilization, or reduced transfer
of starch. Reduction of photosynthesis 15 accompanied, m potato Ieaf
roll, by an accumulation of starch and a reduced transportation of sugas
as compared with the normal plant (40). It is not known whether the
imtial lesion ble for thus is an of p ynth or
a lesion of the phloem, or possibly an alteration of cell enzymes in-
durectly conccm‘ed with slarc;h ) 1 of

—.m

tion of the nitrogen metaboltsm of the host (150a)
The effects of the nitrogen and phosphorus content of soil on tobacco
mosatc virus synthesis seem to be exerted mamly through effects on
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plant g th (43). Attempts ta curly plant virus infectians with ante
notics effectsve agamst baetenal diseases of man and ammals have
yielded, as expected, negative results {57)

1 § photosynth drately before mech -
of leaves with vanous viruses reduces the incidence of infection (§1)
It 15 not known whether this effeet 15 exerted through the host me-
tabohsm or srmply through changes in turgor and vulnerabihity of the
cells, which have to be wonnded for the virus 1o penetrate.
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seed transmission may be due erther to failure of the virus to penetrate
the seed embryo or to the of virus-inhibf b ia the
seed, the presence of such substances has actually been venfied (365)-
Seed transmssion 1s more frequent in legures than in ather plants, It
15 possible that in these plants the madalthes of cogenesis favor virus
infection of the egg cell. The ranty of gamete transmission of viruses
15, of course, of great significance for the survival of the plant in nature,
since 1t protects the progeny of infected plants from wfection. Indeed,
virus diseases are very important economcally m plants that are propa-
gated vegetatnely, by means of tubers, rhuzornes, bulbs, and cuttings
( potataes, frutt trees, ete )

VIRUSES AND PLANT METABOLISM

Out of the great wealth of information concerning the symptomatol-
ogy and the metabolic alte of virus-infected plants (43; 690},
surprisingly httle can be utilized for an understanding of the processes
involved 1n virus reproduction or of the direct effect of virus on the
metabolism of the host cell. In some cases, such as those of color
vaniegation {breaking) of Bowers, effects on specific enzyme systems
are probably present, but there is no evidence as to how directly the
virus acts on the enzymes, or by what mechamsm

It has been clarmed that two mam metabolic groups of virus diseases
can be distmguished- the mosaie type, in which the nitrogen content
of the plant 1s ¢ and the carbohydrate content d hed, an
the yellows type, m which the opposite changes are obscrved  But
many exceptions are reported  In several cases there 15 an increase
in the starch content of the leaves, but st 15 difficult to say whether this
15 due to i 1 prodi reduced utslization, or reduced transfer
of starch. Reduction of photosynthesis 1 accompanted, w potato leaf
roll, by an accumulation of starch and a reduced transpartation of sugas

T, aLalacaealatens 740 fa e nnt kpown whether the
photosynthests, or

sf cell enzymes 10~

directly concerned with s!ar(;h r‘l;xetab(?lisr‘n The accumulation of

Loa hnmoae in nitro-

' lo
-

tyon of the mitrogen metabolism of the host (13Ua).
The effects of the mitrogen and phosphorus content of soil on tobacco

mosaic virus synthesis seem to be exerted mainly through effects on
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evpenmental mfections, suggest that the response that 15 observed
requires the presence of a fauly precise concentration of virus {248)
From survnal data, therefore, 1t may be possible to estimate the rate
of virus multiplication 1 the animal independently of any information
as to virus locahization

S

S

e Experiment 1
~=—— Experiment It
' Adapted Rhodes wirus
© Unadapted Rhodes virus
1L ! 1
612 24 8 72

Hours after intranasa) nocutation
Figure 73 The amount of influenza virus A in ground lungs of mice after mtra-
asal The greater d of a dapted stramn 15 com-
pared with the less extensne multiplication of a strain passaged m ferrets and
eggs  The mfectious titer 15 gven n EID,s (1 EID;, = dose wfecting 50% of
wmoculated eges) From Davenport and Francis (163)

Growth of viruses in the ammal host. Many authors have reported
growth curves of viruses in the mtact ammal, for example, for influenza
viruses m the mouse lung (163) Groups of antmals are sacnficed at
mtervals, and the lungs are pooled, ground, and titrated  The growth.
curves are of the type shown m figure 73 The generation times can
be calculated, figure 73 gives a generation tune of the order of 1 hour
These results and others of the same type, however, are probably a
rather distant picture of the process of virus reproduction at the cell
level  Rather, they reflect complex cycles of virus infection, repro-
duction, Iiberation, reinfe with nhit and s0 on

An example of a more direct approach 15 provided by experments




CHAPTER

I

The Interaction of Animal Viruses
with Their Hosts—Tissue Cultures—

Intracellular Inclusions

VIRUS INFECTIONS IN ANIMAL HOSTS

The study of the iteraction of animal viruses with their hosts is
comphicated by the Iigh degree of host differentiation. Structurally,
an amumal consists of hughly specialized organs and tissues. The ex-
ternal layers consist of modified cclls unpenctrable to most parasites
The spread of a virus in the tissues 15 dependent on complex system:

+

of crreulation and also, i on prof along diff
chammels such as nerve fibers, Serological hani of t
add to the complexity of the virus-host mteraction in animals

As a rule, festations of virus nf at the cellular Jevel can

he traced more directly 1n systems such as tissue cultures, which con-
tam cells of more or less stmular genetic and deselopmental make-up,
or 1n simple, accessible tissues such as the corneal epithelum  More

ST SV N S T 1S RS PR s

It should be the goal of a sound biological approach to mterpret the
complex situations that anse m virus mfections of man and ammals n
terms of the clementary virus-cell mteractions analyzed in stmpler
«tuattons.  This goal can seldom be reached in a satisfactory manner
Yet, the careful analysis of the course of nfection i the adult animal
Yody and of the virus spread 1 anunal pepulations may throw some
Tight on basic virus properties (see 215) For example, the rather
cubation time or death time of certain virus mfectrons, and
dence of these times on the amount of virus woculated in

220

precise it
the depen:
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second week of infection, the virus hter begims to decrease in the
Jung, no further development of hung lesions takes place,

At feast one feature of the pattern of virus productian just desenibed,
the eclipse penod, seems to be of general accurrence m virus wfections
{550). Nonrecoverabihty of virus saon after moculation has been re-

ported for rabies virus, pol hitss, St Lows phal yellow
Tever, smBluenza, and seyers others
Factors influencing animat viras inf A set of pmpancal ob-

servations of great potentiaf sigaiieance concerns the rafluence of the
diet of the host on the course of vsral mfections, partseularly with
neurotrope viruses (134). A vanety of vitamun, amimo acxd, and min-
eral deficiencies bave been found to result 1 milder wmfections, sith
delayed or seduced lethaltty or with changes m symptomatology  The
mechamsms of these effects are wnknown  Ote may speculate on
speaific requurements far the deficient substaaces by different synthetse
systerns, so that in deficient ammals virus synthesis may be interfered
with, 10 the absence of ureparable damage to the tistues  An mterest
g observation 15 that eggs from nboflavine-deficient hens support
growih of a virus {blue tongue of sheep) which fails to grow in normal
oggs (476)

Suppression of srus growth 1 ammals by chemucals has been re-
ported repeatedly Many of the reports concern mamly the thera-
peutic or preventne effect of chenucals on virns discases  Among the
few ples of ful virus ch we have the action of

i & M, chl tin, and suteom)ean on viruses of
the psittacosis-lyrephogranuloma group (162) A naphthogunwe de-
rvative protects mice aganst the nenrotropie virus Col SK (586)  Ces-
tan pynmudine analogues can suppress vacansa 1rus m mice (545a)
Helenme, a fungal product, pratects mice agamst some viruses (6022)
in all these cases, the mechamsm of action 13 unknown, and we have
no wiormation as ta what phase of viras produchon is affected

Tonue manmfestations, which are obser ed too easdy after virus moen-
latson to be attributed to virus prohferation, have been desenbed for
wviruses of the lymphogranuloma (544) and of the influenza groups
{162, 208) 'The Iymphogranuloma-ty pe tovtus may be of the neture
of endotons, snce they are not readiy sepateble from the swus
particles  For mfluenza, there 15 esidence that the touc reaction 1s
due to an abortne mfection of cells m which virus fails to reproduce
to matunty, for example, 1 the cells of adult mouse brawm {(582) Towue

it are abo produced by mtr or

1 inocala.
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on pneumoma virus of mice in the mouse Jung These experiments
were directly aumed at testing the evistence of a growth cycle similar
to that of phage m sensitive bacteria and the relation of this cycle to
the development of pulmonary lesions (254, 255; 347). Recorerable
virus infectvity decreased to olmost zero a few miputes after inocu-
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Figure 74 The amount of pneumoma sirus of mice (PVM) mn mice lungs
ground at sntenvals after intranasal woculaton of virus  From Gunsberg and

Horsfall {255)

lation (echpse period) and remained low for 12-18 hours Then, a
rise by a factor of 10-20 oceurred in 10-15 hours, followed by a plateau
and by further nises (figure 74). Thus, one cycle of latent penod and
liberation would take about 30 hours  Of course, the apparent yield
in such a cycle 15 bound to be a minimum estimate, stice readsorption
of the pew virus, with new eclipses, must occur immedately upon
Liberation. The development of pneumonic lesions closely parallels the
rise 1 virus titer The degree of suppression of the preumonic symp-
toms by the capsular pol! haride of Klebsiella r a
speasfic anhibrtor for pneumonia virus of mice, 1s also in drect pro-
of viral Ml When, mn the

¥

portion o the supp
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which refatnely larger amounts of tissue can be cultnated for a long
time wath frequent changes of nutnent medum

Virus infechion m cultures of this type can be produced exther by
smfecting the tissue pror 1o setting vp the culture or by additon of
virus to the culture fiwid A useful mod of the flash tech

Figure 75 Contamers used for tssue tultures 1 Grands flask & Portars
sofler flesk 8 Boller tube with Battened swrfaces 4, 5, Carrels Basks 6, 7
Depression shdes, on which cultures an corersbips are mverted 8 Earle’s flad
From Caseron, Tessue Culture Technique, Znd Ed , Acwdimue Press, New York

Cowstesy D G Gareeron, Medical Reseasch Foundatiore of Dude Gounty, Miam,
Fla

35 the “roller-tube” method (282}, 19 winch the tissue frogments are
mmobilized by plasma on the walls of test tubes  These recetie a
nutrient solutson and are slowly ratated 1n a drom, so that ovygenation
of the flmd can be kept at a hugh level Thus, longer mtervals of
growth without teansfer are made possible  An agar-slant technique
for tissue cwlture has also been used for vurus cultwation {$08)
Chemucally defined media for the cultivation of tissues have been
developed {(508b)

For the specific purpose of vurus culture, sunphfied techmques hase
been develaped, which mmolve the cultnation of tissue fragments
foating frecly in & thi Yayer of outnent fuid (423, 469)  This type
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tron of nfluenza viruses and by snoculation of New castle virus in mouse
tung, where this virus does not multiply, at least in infections form
(162a)

VIRUSES IN TISSUE CULTURE

Tissue-culture techniques. The principle of tusue cultures is based
on the classic observations made 1 1907 by Hamnson  If fragments
of tissues from a hving host are 1solated with sterile precautions and
placed 10 a nutnent solution, the cells not only continue to metabolize
but often divide, particularly if the cultinated tissue fragment came
from an embryo (generally, 7~10-day-old click embryos are used).
The reduced geometrieal and chemical mteraction among bissues in
cultures may actually produce an mcrease 1n the rate of cell growth,
a retwrn to reproducng habnts 10 cells that had stopped multiplying.
and a loss of some of the charactenstics of the cells, which tend to
mamfest more embryonal characters than they did when stlf m the
ammal

All the microscopical culture methods, mtroduced mamly by Har-
rison, Carrel, and Fisher {see 287, 577, 655), mvolve the cultvation
ot small fragments of tissue in balanced salt solutions {Tyrode® or
others) to which sugar, blood plasma and extracts of fresh chrck em-
bryos are added  Scrum or serum ultrafiltrate from the same antmal
species that provides the tissue is generally added The plasma co-
agulates and mmmobtdizes the fragments on a caver slip,  Prolferation
of cells takes place m the thin Jayer of coagulated plasma and the
growing cells migrate along the surface of the cover shp, so that direct
smicroscapic observatton is posstble  The cover slip can be coated with
a collodion Jayer  This can later be ltfted off with a thim layer of cells
and mounted for obsersaton i the electron microscope.

Harrisan’s oniginal method, using hanging-drop cultures mn a depres-
sion shide (gure 75), requires the transfer of the fragments of tissue
to a new culture every 2 or 3 days 1o insure continued development
The whole procedure must be carrted out under rigorous stenle pre-
cautions, since bactenal contamination would quickly cause complete
disintegration of the culture  Autibiotics may be added to the cultures
ta supp bacteral inants. Carrel's method asvoids some of
the Ittes of the slide techmque by the usc of a speeial flask {fig-
one wall of which can be made of cover shp thickness, m

ure 75},

+Tyrode’s solution NJCL 8 grams, CoCl,, 02 gram, MgCl,, 02 gram, KCh
02 giam. Na,CO,, 1 graa, NaH [0y 005 grarm, water, 1000 i Adjust to pii
74 ustng H;P0, and Na,CO,, Sterilize by Eltration



cu 11 Viruses m Tissue Culture 227

The need for actual contact of the virus with the tissue as a pre-
requisite for virus growth was shown clearly by expeniments i which
the virus was separated from the tissue by collodion membranes that
presented the passage of virus particles, ne virus reproduction took
place (495). Killed cells fail to support virus growth In general, the
virus grows m cultures m which conditions are favorable for the pro-
liferation of host cells This can be tested m shide cultures, by com-
paring the extent of 1irus production either with the number of mitotic
figures present m the culture or with the extent of tissue growth, as
judged by the size of the zone of cellular migration  Virus growth 1s
not always tied up with cell proliferation, however For example,
fowl-plague virus grows well at a temperature of 30° C m chick em-
bryo tissue, which at this temperature shows very few mitotic figures
(523).

Host and tissue specificihes can be studied 1n cultures of different
tissues from different ammals  The specificities are not always 1den-
tical with those mamfest in the anmmal body, but the causes of dif-
ference are often trivaal  For example, virus I3 of rabbits grows only
1n cultures of rabbit testicle (24), although m the anmal 1t grows m
other tissues, whose cells, however, survive and proliferate less well 1n
tissue cultures Several viruses can grow m cultures of tissues from
antmals that do not generally support their growth. Thus, vaccina,
yellow fever, mfluenza, and many other viruses reproduce m tissues
from the chuck embryo, although they fail to grow i adult chickens
In some mstances the difference 1s easily explamed, ifluenza, for
example, 15 unable to grow at the high temperature of the bud’s body
(207), but grows both m embryonated eggs at 37-38° C and 1 cul-
tures of chick embrvo tissues

Tissue specifiaity, as well as host specificity, 1s often preserved n
tissue cultures Thus, foot-and-mouth virus reproduces only m epr-
thelial cultures from horse and cattle Rous sarcoma virus grows mn

cultures of hages better than m fibroblasts (134) In macro-
phage cultures 1t can mduce a true cancerization Poliomyelitis varus
can be grown 1n cultures of ! tissues,

fact that agrees with evidence for the multipheation of thts virus m
extraneural tissues in the nfected amimal host (5774, 672) Drfferent
strans of host cells cultivated m vitro may show a vanety of different
types of response to the same virus (37a)

The new host-range potentialities revealed by tissue cultures are
probably due to the use of embryonal tissue  The changed specificity
relations between host and virus in embryonal tissues 15 one of the
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of culture can best be used for quantitative studies of virus growth,
but does not allow for microscoprcal observation of the cells in the
Lwving state. Itis really a tissue-survival rather than a tissue-cultivation
method, since hardly any cell reproduction takes place, at least for most
tissues, and the viruses reproduce m the metabolizing but nondisiding
cells

The tissues employed in cultures to be used for virus cultnsation vary
according to the virus and to the purpose of the experiment, practt-
cally all kinds of tissues have been used, It should be recalled that
certam tissues. such as differentiated nerve tissue, muscular tissue, and
many glandul; itheha, fail to reprod: i tissue culture of any
type, although their cells may remamn alive and metabolize actively for
long peniods.

Pure cultures of certain cell types can be set up esther by 1solating
layers of stmlar cells before placing them i the cuiture vessel (mainly
feasible for surface epithelia) or by utihzing the differential prolifera-
tion rate of different types of cells m slide or roller-tube cultures
(124). For example, if a shde culture of connective tissue is allowed
to grow for a few days, the fibroblasts may move mto the penpheral
region faster than, for example, the macrophages. After several trans-
fers, 1t often becomes possible to 1solate a group of cells of one type
and to transfer them to a new culture, which will then contain cells
of one type only,

A recently developed method (196, see figure ) allows the study of
local lesions or plaques formed by some viruses on a layer that conststs
essentally of a homogeneous type of cell Many fine fragments of
strained embryonal tissue are grown on a layer of culture fud The
fbroblasts, which are the fastest-growing cells, rapidly form a con-
tntous layer. The flutd 15 remaved, the cell layer 1s washed, and viris
is applied. Then a layer of nutrient agar fs added This immobilizes
the fibroblast layer and allows the virus to form localized lesions, casily
recognizable by naked eye or with low magntfication

Growth of viruses in tissue culture. The possibility of obtaming
\irus reproduction in tissue cultures was quickly recognized The
technique became quite forthe r of relatively Jarge
amounts of viruses in a relatively sunple medmum. For example, 2
small moculum of vaccima virus n a flask culture will yield up to
10° times as much virus within 48 hours  This virus 1s free from
bacterial contamination and is very convenient for the preparation of

vaceines.
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The need for actual contact of the virus with the tissue as 2 pre-
requisste for virus prawth was shawen clearly by expeniments in which
the virus was separated from the tissue by coliadion membranes that
prevented the passage of vsrus pariscles, no virus reproduction took
place (495}, Killed cells fal to support vsrus growth. In general, the
virus grows in cultures in which condstions are fasorable for the pro-
bferation of host cells  This can be tested i shde cultures, by com-
panng the extent of virus prodauction either wath the number of mitotic
figures present w the culture or with the extent of tissue growth, as
judged by the size of the zone of cellular muigration Virus growth s
not always tted up with cell prolferation, howerer  For example,
fowlplague tirus grows well at a temperature of 30° C m chuck em-
bryo tissue, wineh 2t thas temperature shows very {few matobe figures
(523)

Host and tssue spemificitios cag be studied w cultuces of different
tissues from different aimals  The specifictties are not abways wen-
tical with those mamfest 1 the ammal body, but the causes of dif-
ference are often troal  For example, virus 311 of rabbits grows only
m cuftures of rabht testicle (24), although wn the animal it grows m
other tissues, whose cells, however, sunnve and proliferate less well i
ussue cultres  Several viruses can grow m cultures of tissues from
ammals that do not generally support theiwr growth  Thus, \acea,
yellow fever, miuenza, and many other viruses reproduce in tissues
from the chuck embryo, although they fail to grow m adult chuickens

fn some instances the difference is eauly explamed, ifluenza, for
example, 1s unable to grow at the hugh temperatace of 2he bud's body
{207}, but grows both n embryonated eggs at 37-38° C and m cul
tures of chick embnyo tissues

Tissue speaificty. as weil as host speesfiaty, 1s often presened
tissue cultures  Thus, foot-and-mouth virus reproduces only in epr-
thehal cultures (rom horse and cattle  Rovs sarcoma irus grows mn

cultures of P better than m Sbrobl, {124) In macro-
phage cultures 1t can mduce a true cancenzation Pc)xomyehm vieus
can be grown m cultures of ! tissues, HH bl

fact that agrees with evsdence for the multipheation of this virus m
extranenral tissues 10 the infected animal host (577a, 672) Different
strains of host cells cultvated m vitro may show a vanety of different
types of response to the same virus {37a)

The new host-range potentizlibies revealed by tissue cultures are
prohably due ta the use of embryonal tssue  The changed specifictty
relations betsween host and virus 1n embryonal tissues 15 one of the
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most interesting problems of virology, but one that st needs clast-
fication It would seem lihely that one of two factors is molsed.
(a) the lack 1 the embryo of inlnbitory substances that appear late
m the course of development, (b) the presence in embryonal tissues
of certain enzyme systems or substrates necded for virus growth and
lacking or inoperative 1 adult tissues.

Next to the problem of specificity, we must consider what tissue
cultures tell us concerning the mode of vitus reproduction. Informa-
tion of two kinds 15 available, the first derived from 1irus titration, the
other from direct microscopic observation of abnormal mamfestations
m mfccted cells  Unfortunately, little quantitatne evsdence on virus
multiplication ean be obtained by either of these methods, particularly
because the relation between the amount of tissue present in a culture
and the extent of virus multiphcation 1s comphicated by innumerable
factors  From separate titrations of s1rus in the fluid and 1n the tissue
fragments 1n flask culftures infected with psittacosis (455), foot-and-
mouth, 2nd other viruses we have learned that the vuus introduced in
the culture disappears from the hiquid phase and 1s taken up by the
tissue  After 1 or 2 days, during which the amount of recorerable virus
activity increases 1n the tissue without bemg hberated, virus reappears
in the flud phase and is later taken up again by the tissue  The ob-
vious sumularity of these stages with the cycles of growth of bacterio-
phage m a bacternal culture suggests similar cycles of mtracellular
growth and hberat After virus prod 15 leted, 1 frus may
remam actnve 10 a culture for vurious lengths of time, up to several
months (214)

Tissue-culture expertments hase provided evidence for the actual
penetration of a virus inside host cells  Rous and his coworhers (567)
prepared susp of plh taken from shde tssue cultures
by tryptic digestion of the coagulated plasma. Vaceinfa or fibroma
virus, mixed with the cell suspenstons, was quickly taken up by the
cells and apparently penetrated inside them  If the infected cells were
mixed with antivirus serum and the mrcture was injected into a sus-
ceptible animal, virus infection followed, which proved that the vires
had been protected agamst the action of the antiscrum These experi-
ments, using suspensions of animal cells prepared from tissue cultures,

the p Tappl of such a technic which, unfortu-
nately, hus long been neglected 1n the analysis of bost-virus mnteraction
A new appheation of this method to the cultnation and diagnosis of
pohomy ehtis virus, using cells from cultures of 2 human cancer, prom-
ises very nteresting results (577h).
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Viruses hase been found to grow in cultures of tissues from animals
immunized against them (24)  This shows that acquired mmmunity 15
essentially due to antibodies and not to any mtrinsic changes mn the
cells of the host  Protection of tissue cultures by antivirus serum gnen
before the varus or together with it scems to be of rather general occur-
rence {255), although 1t is not always as complete or as permanent as
1 the inoculation of virus-antiserum rmustures into an animal, where
the virus 1s probably destroyed rapidly if prevented from growing
("’6) Viruses !hn nrc susceptible to drugs—for example, lympho-

to y be d by drug n
tissue cultures as well as m the nmmnl bndy (293)

Tissue cultures have been used for some studies on the relation of
virus growth to the level of host metabolism,  Zinsser and Schoenbach
{697} found that m cultures of chuck-cmbryo bramm the merease in
equine encephalomy elitis virus occurred mamly i the first days of
culture, when the oxygen uptake was highest  Later, oxy gen consump-
tion and sirus reproduction dimintshed 1n parallel  In contrast, typhus
nchettsiae multiphed most actinely after the oxy gen uptake had ceased
and when presumably the cells were no longer viable  Thys and other
observations (468} indrcate that ammal varuses, just as bacteriophage,
utilize for thewr : the hmery of the host cell,
tather than simply using preformed substrates

Obsenations on the effect of vanous chemtcals on virus growth mn
tissue cultures are i agreement with this general viewpomt  Meta-
bolte porsons { such as cyantde, duntrophenol, malonate) mterfere with
the formation of new virus, probably by presenting the flow of energy
through the proper cellular channels (1) A varety of other chemteals
also suppress or reduce virus growth.  In screenng for compounds of
potential chemotherapeutic value m <irus tnfections, tissue cultures
are widely employed Even compounds that only reduce or retard
wirtss growth m tissue cultures are worth considerning as possible
chemotherapeutic agents, since 1n the intact ammal body a reduction

of virus growth will mcrease the chances for successiul body defense
by means of antibodies and other defense mechamsms  Substances
that reduce virus production when admnistered ofter the sus are
considered especially worthy of study

From the standpoint of interpreting the effect of chemicals in terms
of the mechansm of virus growth, few studies on tissue culture have
yrelded mformation of mterest  Virus production has generally been
determined only by the final virus titer, rather than by senes of meas-
urements of virus in the tissue and m the surrounding fiud. The most
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wnteresting results concern the effect of analogues of amino acids and
of nucleic actd constituents. For example, pu-ethionine, an analogue
of methiomne, inhibits the growth of influenza virus in cultures of
cherioallantorc membrane of chick embryo (2) Punne analogues,

such as 2,6-d P 5 prad: of vacama virus in
munced-tissue cultures (648) The effect of these chemicals can be
d by the corresponding metabolites (for example, methio-

nme for ethionine, adenine for 2,6-diammopurine) How durect the
action of these miibitors on virus production 1s, we cannot say, It is,
howeser, a reasonable hypothess that they interfere with virus pro-
duction by blocking the utthzation of the corresponding normal me-
tabolites for the synthesis of virus protein or virus nucleic acid  This
would then mdicate that production of animal viruses imvolves the
synthesis of new protein and nucleic acid from simple buildimng blacks
rather than the transformation of large molecules of cell protoplasm
mto virus matenal  The reasons for the suppresstve effect of cestan
basic amino acids on some viruses (200) remains obscure

INTRACELLULAR VIRUS INCLUSIONS

Mieroscopie study of viruses i lissue cultures cannot always provide
evidence as to the extent of infectton. Some viruses, hke equine en-
cephalomyelitis, cause extensive death of cells, others may multiply
abundantly without visible cell destruction, probably because of the
ability of infected cells to divide repeatedly, transmutting virus to thetr
daughter cells

Microscopte examnation often allows uws to recognize, wside the
infected cells, the elementary bodies of those vwuses whose particles
can be visuahized either by staming methods or 1n the dark field (see
chapter 4) The major worth of microscopic observatron of virus-
jinfected animal tissues resides in the study of the so-called cirus -
clusions (217, 220)

It was noticed early by pathologists that the cells of tissues nfected
with several diseases, now known to be caused by viruses, showed
rather characteristic bodses (mnclusion bodies) not vistble in uninfected
cells. As early as 1869 such bodies were observed by Rivolta in tissues
of chickens suffering from fow! pox In 1892 Guarmen discovered
typreal inclustons 1 cells infected with vacemnia or smallpox virus, and
in 1903 the Negri bodies were discovered in the brams of rabud dogs.

These inclusions are much larger than the elementary bodies of the
corresponding viruses. They are casily recognizable microscopically
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(Bgures 76-78) and can grow to the extent of occupying most of the
host cells and of pushing cell structures aside (see figure 76), Such
mclusions can be found almost without exception i tissues infected
with a given virus, no matter in what tissue the virus 1s growmg  They
are formed either in the cytoplasm or in the nucleus of mfected cells,
and their location 1s generally speaific for a gien virus
At first, the inclusions were mistaken for protozoa This mistake
gave rise to the term Chlamydozoa (mantle animals) to designate these
agents of disease (Von Prowazek). As the viral nature of the agents
of the diseases became Frmly established, the rclation of the mntra-
cellelar inclusions to the virus elements that carry the wfectivity m
the extracellular state became a matter of debate Some authors con-
sidered the inclusions as products of the reaction of the infected cell
to the virus, others considered them as actual virus colomes  In spite
of the support apparently given to the first hypothesis by the occasional
presence 1 uninfected tissues of melusions stmitar to those associated
with virus diseases, most workers today agree that most or all inclusions
result directly from the reproduction of virus and contain elements
whach after 1solation can be shown to carry virus actnaty It has not
yet been possible, howerer, to decide how the inclusions are formed m
each indtvidual case
Some mnclusions are compact enough to permit extraction from the
cells by micromanrpulation, followed by washing, crushmg, and testing
for virus actvity  In this manner, the inclustons of molluscum con-
tagiosum {which are ded by a tough le probably a
reaction product of the mfected cells) and those of fowl pox (Bollmger
bodies) were shown 1o contain several thousand mfectious elementary
bodies (262) The bodies appear to be embedded mn a matrix, prob-
ably containing nbonuclerc ac:d
Some cytop! ) are of great mmportance For
example, the diagnosis of rabies m dogs 15 made by the finding of
mtracellular mclusions (Negr bodies) m the cells of Ammon’s horn of
the bran  The Negr bodies are also found m epithelal cells of the
wfected rabbit cornea  Cells contaming Negn bodies can go through
the mitotic process

of virus incl

If the mnch contain the virus
and result from 1ts growth, 1t becomes particularly mnteresting to follow
the process of thew formation Interesting observations have been
made by t Mture methods, d by observations on
tissues of infected animals
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iteresting sesults concern the effect of analogues of amino acids and
of nucleic acid constituents. Far le, oL-ethionine, an Jog:
of methtonme, mhubits the growth of mfluenza virus in cultures of
chonoallantoic membrane of chick embryo (2). Purnine analogues,
such as 2,6-diamunopurne, suppress production of vaccnia yirvs m
minced-tissue cuftures (645). The effect of these chemicals can be
1 by the pond bolites (far example, methio-
mne for ethionine, ademne for 2,6-dhamnopurine). How direct the
actron of these minbrtors on virus production is, we cannot say It is,
however, a reasonable hypothesis that they mterfere with virus pro-
duction by blocking the utrization of the corresponding normal me-
tabolites for the synthesis of virus protemn or virus nuclete acid,  This
would then mdicate that production of ammal viruses mvohes the
synthesss of new protein and nuclese acid from sunple building blocks
rather than the f of large molecnles of cell [
ito virus materzal  The reasons for the suppresswe effect of certain
basic amino acids on some viruses (200) remains obscure.

INTRACELLULAR VIRUS INCLUSIONS

Microscopic study of viruses 1 tissue cultures cannot always provide
evidence as to the extent of infection  Some viruses, Iihe equine en-
cephalomyelitss, cause extensne death of cells, others may multiply
abundantly without visible cell destruction, probably becausc of the
ability of infected cells to divide repeatediy, transmitting sirus to thete
daughter cells

Aicroscopte examinatton often allows us to recognize, nside the
infected cells, the elementary bodtes of those viruses whose parhcles
can be visualized either by staming methods or m the dark field {sce
chapter 4} The major worth of microscopic obsersation of virus-
infected ammal tissues resrdes 1n the study of the so-called virus n-
clusions (217; 220)

It was noticed early by pathologists that the cells of tissues mfected
with several diseases, now known to be caused by viruses, showed
rather characteristic bodies (incluston bodses) not visible In unmfected
celfs  As early as 1869 such bodies were abserved by Rivoltz m bissues
of chichens suffermg from fowl pox  In 1892 Guarnsen discovered
typical inclusions 1 cells infected with saccinia or smalipox virns, and
in 1903 the Negn bodies were discovered i the brains of rabnd dogs

These tnclusions are much larger than the elementary ‘bodms of the
corresponding viruses. They are easily recognizable microscopeally
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clusions were stucdied by dxrect observations 1n tissue culturcs Bland
and Robow (90) d. bed m detail the devel of at
sanous mtenals after aceurately timed mfection with washed vacaima
particles At first, the particles were scen unchanged m the cells, a
few hours later, the elementary bodies were no longer visible, and 1n
therr place larger bodies appeared  Still later, these gave place to less
compact and less stamable bodies, the “networks,” which, like the
elementary bodhes, gave a positne Feulgen reaction The networks

Figure 77 (left) Intracellular mclusions of puttacosss virus 10 hissue cultures
of cuch-embrvo fibroblasts  Dark-field microscope  The arrows mdicate two
vizus mclusions contaming elementary bodies From Bland and Canh (89)
Figure 78 {nght) Vacama virus ncluson in a corneal cell of rabbit  Dark-
field mcroscope Note the ek Lodies From Eisenberg-Merling, J

FPath Bact, 50 279, 1940

mcreased m size and after 1 or 2 days often spht up nto a number
of small granules, which were scattered around m the cytoplasm, thus
apparently returning to the stage of elementary bodies A direct
morphologzeal continuity between the mfecting elementary bodtes and
the networks 15 not proved, and 1t 1s possible that a phase without

mucroscopzcally recogmzable virus elements intervenes
A number of other descriptions of the microscopic events m cells
mfected with vaceima virus concur in showing that the wclusions are
related to the infecting elementary bodies by a senes of complex mor
phological transformations, which suggest a ife eyele  Ultimately, this
gves r1se to a great many elementary bocies  In some cases, however,
the elementary bodses were reported to be present as such throughout
the - process (821, 322 643) They simply mereased 1 number and
shght hol 1 changes, ull ly filling the cell com-
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The virus of pstttacosis has been thoroughly investigated in tissue
cultures of Abroblasts and of lung epithel (89, 418) A first phase
without Wentifiable virus is followed after 12 to 24 hours by the ap-
pearance of “homogeneous plaques,” Jarger than clementary bodwes
These plaques mncrease in size and asstme a more granular appearance,
leading to the formation of large colonses of elementary bodies, the
cells are then rup } and the el y bodes are dispersed out-

Frgure 76 Section of & molluscum contagrosum lesion Srom human skin  Nate
the almost complete transformation of the cells into mclusion bodres and amorphous
debns  Cowstesy Dr 11 Blank, Uniersity of Peaasvh anu, Philadelphit

side. As a counterpart to these appearances, we may notice that the
ageats of mouse p and felme p two siruses be-
longing to the psittacosis group, have been reported to possess @ stage
of extracellular reproduction (671). Ths cluim is open to serious
question
Elementary bodies of vaccinia were already seen by Buist, Paschen,
and other workers mside ifected cells before therr dentity with the
virus agent was proved by studies on isolated and puribed badies
Rorrel (96) made Ins classic studies of the elementary bodtes of mam-
malian aad fowl-pox virses 1 the fwd from pox bhisters, which con-
tain many cells Joaded with elementary bodies  Ser eral workers
tyzed the app and numbers of these bodies from infected
tissues, usmg all sorts of staining methods  More frostful were studies
in which the fate of elementary bodies and the development of m-
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fully developed virus particles (figure 81) Some of the particles,
when sectioned by the microtome knife, appear to be hollow
‘These observations on the formation of ntracellular snclusions, taken
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as a whale, support the 1dea that reproduction of virus material takes
place by a process in which mature virus particles are not recogmzable
The mature particles appear to be formed as a termnal stage m virus
production  Thus there seems to be a further analogy with bacterio-
phage reproduction, besides the oceurrence of the echpse of nfectious
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pletely and causing it to burst and to release the virus particles. The
different results may 1 part have been due to differences in tissue,
since different observations were made on the comeal and the chorio-

Uantoic epithelia. The diff: rmght depend an the made of -
fection, on the amount of virus inoculated, or on some other unknown
factor. The healthy or d 1 conditions of indwvidual cells may also
play a sole.

‘The electron pe b some an the
of virus mnclusions  Virus-infected cells from tissue cultures were used
first for electron microscopy, the thin layers of cytoplasm of the
penphery of celfs that spread over the cover slip in stide cultures (528)
were used. These thinly spread cells can be fived, hited on a collodion
membrane, and observed in the electron mieroscope. Particles of some
viruses could easily be observed because of their high electron scatter-
g power, as shown in figure 79. Virus particles in these thin layers
of cytoplasm were often found in pajrs. This may stmply reflect the
tendency of spherical particles to run together when drying in a thn
layer of semfhnd medium  Destructive viruses such as equme en-
cephalomyelitis may transform cells mto practically pure masses of
virus particles (figure 80).

The mtroductron of perfected sectioning techniques has made it
possible to cut tissues mto shees thin enough for duwect electron
microscopy  Several virus wclusions have been studied by this method,
but the obsersations are not yet fully interpreted  Chorsoallantore
membranes of cluck embryo infected with fow! pox show all stages
between clusters of elementary bodtes and large inclusions m which
elementary bodies are not recogmzable as such (490) In tissue cul-
tures mfected with fowl plague virns {225) the clectron microscope
shows nuclear damage, especially 1n the nucleol, accompanied by for-
mation of extranuclear filaments, which seem to spht into elementary
bodes

Examination of vacemnia virus in the chick-embryo membrane shows
the formation of elementary bodies, in a more or less homogeneous
matrix, with transitien forms between the homogeneaus stage and the

1 1

Lt d, fully formed el y bodies  The Iatter are observed
in practically pure form in the most advanced stages of cell infection
(689).

Bather siowlar observatiops have been reported on molluseum con-
tagiosum (36) Here, the typical inclustons scem to evohe by Athc
formation of a nucleic acid-contaming materx, withm which new virus
particles are formed by a stagewise process from large, barely recog-
mzable condensations of material in the homogeneous matrix to the
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fully developed virus particles {figure 81). Some of the particles,
when sectioned by the microtome kmfe, appear to be hollow
These obsers ations on the of i Tlutar inc}

taken

PR

Figure 79 A pottion of a cell of clucken tumor I {Rows sarcoma) coltnated
 utro Nate the vitus particles about 70-83 mp tn duameter in the thin layer of
protoplasmn From Claude, Portes, and Pickels, Cancer Res 7421, 1947, Cour-
tesy Dr K R Porter, Rochefeller Institute, New York

as a whole, support the 1dea that reproduction of virus material takes
place by a process 1n which mature virus particles are not recogmzable
The mature particles appear to be formed as a tesmmal stage 1 virus
production  Thus there seems ta be a further analogy with bacteno-
phage d besides the of the echipse of mfechous
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irus following infection  Eclipse of mfectity and late formation of
mature virus particles would be two aspects of the series of trans-
formations of the viruses in therr intracellular life cycle.

Intranuclear inclusions. In a number of vius infections, such as
yellow fever, herpes, chichen pox and infectious warts, inclusions are
found mside the cell nucleus rather than i the cytoplasm Intra.
nuclear inclusions are present m tissue cultures as well as m the tissues
of diseased ammals  These inclusions, which are more actdophilie than
the nuclear matenal, have been divided ito type A and type B Type
A is accompanied by a greater disruption of nuclear chromatin, type B
by less destruction No observation of mitosis in cells with mtra-
nuclear inclusions seems to have been reported

The relation between intranuclear melustons and virus particles has
not been tigated th hly The ncl m the nucler of cells
infected with herpes virus contain basophtlic granules, which may
represent the virus particles themsehves  Virus has been demonstrated
n herpes mcl isolated by 1 (42)  Yet the
nucler do not seem to contamn more virus than the rest of the cell
(232) Relatnely large amounts of herpes virus are found, mstead,
n the mitochondnial fractions of the cells (4) Virus might be pro-
duced first 1n the nucleus and then mugrate mnto the cytoplasm It has
been reported (159) that the Feulgen-positive inclusions of herpes m
the chonoallantoic cells of chick embryn become progressively less
stainable as the mfection proceeds, and the nucler become poorer m
nucleoproten

Some virus-mduced papillomas of man contan characterstic ntra-
nuclear inclusions and yseld virus particles with a tendency to form
regular, crystallike patterns (633) The presence of these particles
m the mtranuclear nclusions has not yet been estabhished

A Jar group of 1 are the “polyhedra’
found 1n a number of infectious diseases of msect larvae  These crystal-
Iike inclusions contatn both the virus, m the form of rod-shaped par-
ticles and therr presumptive precursors (682), and a nonmfectious
protemn serologically related to the virus (see chapter 5) The nu-

clear chromatin 15 destroyed, and the nucler become completely full of
polyhedra

In tissue cultures of ovaran tissue of sihworm nfected with silk-
worm jaundice (649), polyhedra appear 3 hours after moculation 1n
the cells that line the ovarian tubules, these are the cells that proliferate
best m the cultures It 1s interesting that the adult moth, whose tissues
are derived m part from just these cells, 1s quite resistant to the virus
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Multiple inclusions. Inclusions have been found to occur in the
nucleus and in the cytoplasm of the same cell in mixed infection with
two unrelated viruses, one of which gives intranuclear, the other cyto-
plasmic, inclusions (14, 637). Evidently, a cell already infected with
one virus may become nfected with a second one  Either a nuclear
dysfunction 15 not necessarily present m intranuclear infection, or, if
present, 1t is not i pattble with the develop of another virus
i the cytoplasm of the same cell. This in turn may suggest that
growth of a virus may not require the functions of the nuclear matenal
of the host cell, but only the fi of the 1c hinety, in
the same way as was suggested for phage growth (see chapter 8) We
must remember, however, that most cells of ammal or plant tissues
are more complex in orgamzation than bacteral cells, and that the
machmery needed by a virus or distupted by 1t may only be a small
part of the available cell machmery. It would be quite important to
clanfy the conditions that make some viruses grow sn the cytoplasm
and others m the nucleus of the host cells, this might also throw hight
on speaific bioch: 1 f of these cell

Swedish workers have analyzed by cytoch 1 proced (see
127} the amount and Jocalization of protetn 2nd nuclerc acids 1 virus-
nfected cells (357) Viruses that contam DNA cause an increase of
protein synthesis and an accumulation of DNA, either 1 the cytoplasm
(molluscum) or 1n the nucleus (infectious warts), wherever the virus
produces inclusions Neurotropic viruses which supposedly contarn
ENA (poliomyehitss, louping 1ll) cause the appearance of intranuclear
granules containing protem and RNA (see also 540). The hypothesis
was put forward that viruses which contain RNA are genetically less
complex and consist of a single type of nucleoprotemn, resembling
cytoplasmic nucleeproteins, whereas the DNA viruses are genetically
more complex and more similar to chromosomal material,

This hypothesis seems to go beyond the evidence, In the first place,
the localization of virus particles or mnclusions i the same cells on
which the cytochemueal analyses were carried out was madequate. 1o

T . " ‘- the supposed difference 1w
Y ' * ontaining viruses. Finally,
el es used in the experimental
work is doubtful

An increase in the amount of nucleic acid m tissues of chick embryo
infected with herpes virus has been reported (3). together with specific
changes in certain enzymatic actrvities. We do not now how directly
these changes are brought about by the virus,




CHAPTER

2

Growth of Viruses
in the Chick Embryo

A very consenfent host for the experimental study of virus mfection,
mtroduced n 1931 by Woodruff and Goodpasture (683), 15 the fer-
tilized chicken egg It 1s no exaggeration to say that the use of chick
embryos has opened 2 new era in the study of ammal viruses for both
theoretical and practical purpmes 77y I anythmg, one may xegret
that the quick real of the great of
methods has for many years caused a certan neglect of the more
refined types of tissue cultures, which can contribute much to the
analysis of virus growth in the host cell

The chick embryo offers dsvant: as an e 1
host 1n virus work. ready availability and low cost, absence of latent
wiruses (see, however, 107), absence of antibodies, presence of a
vanety of extraembryonal organs, well-known from embryologtcal stud-
1es and suitable for the study of the behavior of many viruses 1 single
Tayers of cells

Embryological notes.* When a fertilized hen egg is mcubated at
38-89° C, the embryo develops and the chick hatches after 21 days
The embryo develops from the fertilized egg nucleus, which is situated
between yolk and albumen under the vitelline membrane By cleas-
age, the fertihzed nucleus gives nise to a pnmitive dise of cells  This
disc becomes differentiated into an mner cell layer, the entoderm, and
an outer layer or ectoderm  Between these a thickening appears in the
central area (primtne streak), due to a deep crowding of cells that
give nise to the middle layer or mesoderm (Bgure 82). The three prim:-
tive layers—ectoderm, mesoderm, and entoderm-gne nse to all tissues

The student should familanize himself more thoroughly wath this subject by
study of a standard textbook of embryology Most such textbooks have a chapter
devoted to the development of the chick embryo

239
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and organs of the body. The ectoderm gives rse mainly to the skin,
the central nervous system, and some endocrine glands; the mesoderm
ghes nise to connective and muscular tissues and to the circulatory
system; the entoderm, to the intestinal mucosa and 1ts related secretory
glands. In addition, the primitive layers develop beyond the area of
the body of the embryo proper and form the embryonal membranes,
which surround the embryo in the egg and which are of great interest
to virus workers

The mesoderm soon sphts nto twao layers separated by the coclomic
cavity  While the devel of the embryo 1 ds, the
constituted jontly by entoderm and mesoderm (spanchnopleure) ex-
tends around the yolk and, mside the embryo, lnes the mntestine The
membrane constituted jomntly by the ectoderm and the outer mesoderm
(somatopleure), rises i folds all around the embryo body proper As
the folds close over the embryo, they form a sac, the amniotic cavify,
in which the embryo becomes suspended The folds dig deeper and
deeper around the body of the embryo, leaxing only a narrow opening
on the ventral stde—the primittve umbilicus~through which the intes-
tine of the embryo communicates with the yolk sac, 1ts main source of
food The closure of the ammiotic sac over the embryo separates the
amnion from the outer part of the ectoderm, which hines most of the
mner surface of the egg immediately under the shell membrane and
forms the serosa or chorion {figure 82).

Late in the third day of mcubation, the entoderm from the hind part
of the primutive mntestme ghves nise to a new sac, the allantoss, which
pushes 1ts way out of the body of the embryo, between the yolk sac
(now led by the hnopleure) and the amnton  The al-
Jantots ultimately fills the whole space under the chorion  Inside the
allantoic cavity a clear flud 15 secreted  As a result of the increasing
size of the allantore cawity, the embryo at the age of 8 to 12 days, when
1t 15 generally used for virus work, presents the following structure
Under the shell we find the shell membrane, at the wide end of the egg
the shell membrane 1s divided mto two layers, which delmut the “ar
space.” Under the shell membrane there is a layer of epithehum,
representing the ectodermal layer of the chorion. Beneath this we find
a mesodermal layer derned from the fusion of the mesoderm of the
charion with the mesoderm surrounding the allantoic sac Nest, we
find the d ! epitheltun Lining the allantoic cavity, Together,
the choron and the external Iining of the allantoic cavity form the

chorwallantoic membrane.
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Across the allantoic cavity, which is filled with allantoic fluid, the
allantoic epithehum rests over a mesodermal layer, which lies in con-
tact with the ammion and the yolk sac  The amnion atself is lined
by an ectodermal epithelium, in direct continuity with the skin of the
embryo around the umbilicus, and contains a impid flmd ~ After the
twelfth day of incubation, the ammiotic fluid begins to recene some of
the albumen through a newly established communication between the
egg white and the amnion  The yolk sac is hned by an entodermal
layer.

The mesoderm surrounding the allantoic cavity 1s nich 1 blood
vessels, which recenve blood from the embryo, arculate 1t into a nich
network of capillanes, and return 1t to the body  The allantoic mem-
brane constitutes the respiratory organ of the embryo, gaseous ex-
changes take place betw een the blood 1n the capillanes and the atmos-
phere, separated only by the thin choronic epithehum, the shell
membrane, and the porous egg shell The presence of blood-filled
allantowe vessels, eastly seen by “candling” a fertilized egg, represents
the best sign of viability of the embryo The blood vessels become
mdistinct soon after circulation stops.

Techninques m virus work (77, 655)  All parts of the chick embryo
have been used for growmg viruses the allantoic cavity, the amniotic
cavity, the yolk sac, and vanous organs of the embryo itself  Growth
of the viruses takes place m the cells that e the vanous cavities
Inocula should, of course, be bacteria-free  If the materal to be 1mocu-
lated cannot be made bactena-free (as, for example, m first 1solations
of some viruses from throat washings, whose filtration might remove
the varus) bactenal infection may be prevented by the addition of
antibiotics  Eggs are mcubated at about 33-39° C unti] they reach
the desired age  They are candled before use to check their viabihty
and to mark on the shell certan structures, such as the lmts of the
air sac, as a guide in the following operations

Inoculation mto the allantoic catity can be done n two ways  After
dnlling a small hole over a well-vasculanzed area in the shell, we can
mtroduce the moculum with a needle or a fine pipette through the
shell L and the ct Lantoi b Or we can dnll
a hole over the arr sac near 1ts edge and miroduce 2 needls mto the
allantowe cavity through the hole In dnilling the egg shell over the
allantois, 1t 15 mpy to avord o g the mem-

brane, hemorrhage m the membrane often results in death of the
embryo
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and organs of the body, The ectoderm gnves rise mainly to the skin,
1he central nervous system, and some endocrine glands, the mesoderm
gives rise to connective and muscnlar tissues and to the circulatory
system, the entoderm, to the intestinal mucasa and 1ts related secretory
glands. In addition, the primitive Jayers develop beyond the area of
the body of the embryo proper and form the embryonal membranes,
which surround the embryo m the egg and which are of great interest
to virus workers

The mesoderm soon sphts into two layers separated by the coclomic
cavity While the development of the embryo proceeds, the membrane
constituted jountly by entoderm and mesoderm {spanchnopleure) ex-
tends around the yolk and, mstde the embryo, lines the intestine The
membrane constituted jomntly by the ectoderm and the outer mesoderm
(somatopleure ), nses m folds all around the embryo body proper As
the folds close over the embryo, they form a sac, the amnotic cavity,
1 which the embryo becomes suspended. The folds dig deeper and
deeper around the body of the embryo, Jeaving only a narrow opening
on the ventral side—~the primitive umbnlicus—through which the mtes-
tine of the embryo communicates with the yolk sag, its main source of
food The closure of the ammotic sac over the embryo separates the
amnion from the outer part of the ectoderm, which hines most of the
mner surface of the egg immeduntely under the shell membrane and
forms the scrosa or chorwon (figure 82),

Late 1n the third day of meubation, the entoderm from the hnd part
of the pnmuin e mtestine gives nse to a new sac, the allantors, which
pushes its way out ot the body of the embryo, between the yolk sac
(now surrounded by the spanchropleure) and the amnion. The al-
lantois ultimately fills the whole space under the chorion Inside the
allantore cavity a clear flurd is secteted  As a result of the increasng
size of the allantoic cavity, the embryo at the age of 8 to 12 days, when
1t is geverally vsed for virus work, presents the following structure
Under the shell we find the shell membrane, at the wide end of the egg
the shell membrane 15 divided into two layers, which delimit the “arr
space” Under the shell membrane there 1s a layer of epithehum,
representing the ectodermal Tayer of the chorion. Beneath tius we find
a mesodermal layer derved from the fuston of the mesoderm of the
chonon wath the i! g the allantoic sac. Next, we
findd the entodermal epithelium lining the allantoic cavity. Together,
the chorion and the external lining of the allantoic casity form the

chorwallantoic membrane,
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Inoculation can be made onto the outer surface of the chorsoallanioe
membrane  Furst, a triangle or rectangle of shell is drilled and hited
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Figure 82 The development of the cluck embtyo A, Early in the second day

of meubation B, Early m the third day of incubanion, €, Fifth day. D, Nmth

day. From: Patten Embryalogy of the Chick, 4th Ed, Blakiston, New York.

out, A small drop of saline solution is depostted on the shell mem-
bra’ne which is then gently slit with a blunt needle Suction, apphe‘d
(hmu;;h a small hole dniled over the air sac, causes the chorioallantoic
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virus titer either in the ectracmbryonal fluds or in ground embrycnal
or extraembryonal tissues 15 a vald sign of nfection  Serological
tests on the allantorc or amniotie fluids os on emulsions of the yolk sac
or of the whole embryo may be used to demonstrate virus antigens
In some cases, elementary bodies may be stained and counted in the
mfected fluds

FACTORS INFLUENCING VIRUS CULTURE IN EGGS

A majonty of the antmal viruses can reproduce 1 the chick embryo
Reports on cultiyation of trachoma and dengue viruses are doubtful
Some viruses wiil grow only if moculated by 2 gnen route, for
example, the rables virus only if mjected nto the bram or on the
chonoallantoic membrane, from which 1t spreads to the central nersous
system (72). Successful moculation may depend on the age of the
egg  Influenza virus moculated in the ammotic cavity gwes a ligher
proportion of positive mnoculations i 13-day-old eggs than mn younger
ones {329}, this has been attnbuted to the actne swallowmg of
amniotic flurd by the older embryo, which brings the virus m contact
with the Jungs Thus, the older eggs are used for diagnostic 1nocu-
lation of throat washings, where the goal 15 to obtam the highest
possible proportion of positive results  Other viruses, for evample,
mumps (670}, grow better or at least reach higher titers m younger
eggs

Living cells are necessary for virus growth, although the embryo
atself need not be viable Influenza wvirus has been grown mn the
allantoic cavity of eggs previously hept for several days m the re-
frigerator and returned to 85° C, the liming cells are still viable, as
shown by their contmuing metabolism and by their ability to repro
duce if transferred to tissue cultures  Chilling the eggs at —50°C,
a treatment that lills all cells also suppresses thetr ability to support
varus reproduction (394)

Little 1s known of the mechanisms that underlie the specific abihty
of the cells that Iine different cavities 1 the chicken egg to act as hosts
for given viruses  Certain regulanties are apparent, for example, the
viruses of the psittacosis-lymphogranuloma group grow well 1n the
yolk sac, and so do rickettsiae  The fact that the ability of a virus to
grow 1 vanous locations vanes with the age of the embryo suggests
that developmental changes i physiological conditions are of im-
portance It should be remembered that the conelusion as to whether
a virus grows or not has generally been reached from tests of recovery
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success, by sending a needie through the natural air sac toward the
embryo’s body while candling the egg  When the tip of the needle
touches the embryo, the needle’s openmg is in the amniotic cavity,
Yolk-sac inoculation, for most routine purposes, 1s done by ntro-
ducing the needle to a depth of about 1 to 134 inches vertically into

i
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Frgure 83 Fabse air space for moculation of the chorioallantorc membrane of
a chick embryo  From Buddingh 1o Rusers, Vical and Rickettsial Infections of
Man, Lippmeott, Pluladelpha  Courtesy oy o J Buddingh, Lomsuna State
Unnersity, New Orleans

the blunt end of the egg  Intravenous moculation and direct mtro-
duction into various organs of the embryo have also been described,
After moculation, the €8gs are returned to an incubator (generally
at a temperature of around 35° C, more favorable for several viruses
than 39° C) and examined after a peniod of tme determined by ex-
penience, generally 2 to 4 days  The presence, growth, and effects of
wiruses are detected by a sartety of criterna, depending on the virus
and on the route of moculation Death of the embryo occurs regu-
larly with such viruses as equine encephalomyelitis or Newcastle dis-
ease. In some diseases, specific pathological lesions appear in the l)n(!y
of the embryo or in the extraembryonal membranes  An increase in



cm 12 Growth of Viruses 247

GROWTH OF VIRUSES IN THE CHICK EMBRYO

The embryonated egg has provided a converent host system for the
study of the process of reproduction of animal viruses  Although these
studies have not yet reached the stage of detailed analysis of virus
growth obtaned with bacteriophage, they have provided much infor-
mation of value,

Cytologically, the growth process has been followed by observations
of embryonal membranes at mtervals after mfection The choro-
allantoic membrane, moculated through a false ar space, has been
used mainly for vaccima and other mammalian pox viruses (821, 322),
and the yolk sac has been used for the psittacosis-lymphogranuloma
group {544) Moreover, extensive studies on the histology of early
mfection have been made on the chonoallantoic membrane with a
number of viruses (see 77},

This membrane, after infection with vaceima or mouse-pox {ectro-
meha), was obsened dircetly 1n vivo by the mgenious device of
Lfting the membrane agamnst a stenle cover ship sealed onto a wimndow
1n the shell over the false air space  When pressure 1s applied through
a hole 1n the air-sac shell, the membrane rises against the cover shp
and can be observed Ily under obhque 11l from
above (“ultropak” system, 322) The mfected cells show elementary
bodies undergomng a serses of modifications, similar to those observed,
for example, 1n nfected cells of the rabbit cornea The resulting -
clusions resemble typical Guarment bodies Results of the same type
have been described from histological observations on fixed chorro-
allantoic membranes (821).

A detailed study of the histology of yolk sac mfected with lympho-
granuloma venereum (544) showed a more complex cycle, with en-
larged elementary bodies giving nise to large homogeneous bodies or
“plaques” 'The plaques ase Jater transformed agamn nto several ele-
mentary bodies, which escape and wfect other cells This process 1s
very similar to observations on the related viruses of the psittacosis
group 1 tissue cultures or 1n the comeal epithelum (89, 418, see page
232)

Quantitative analyses of growth m egg cultures have been published
by various authors, and the influence of a number of factors on rate
and total amount of virus mcrease have been studied For example,
growth curves have been published for mfinenza and for mumps
viruses m the allantoic cavity, showing the faster rate of growth of
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of virus in the vartous flusds. This must depend in part on the release
of virus from the cells and not only on its ability to grow.

A number of viruses retain their tissue specificity in the chick em-
bryo, even though they are able to grow in the undifferentiated cells
of the extraembryonal membranes. Thus, the Rous sarcoma virus
mfects both ectodermal and mesodermal cells of the choricallantorc
membrane, but tumors only arise through prohferation of mesodermal
cells (369) The rabies virus maintans its affinity for the central
nervous system (72), whereas influenza viruses spread from the chorio-
allantoic membrane to guve typical lung discases

New affinities, of great practical and theoretical interest, are resealed
1n the chick embryo  Thus, influenza virus A, moculated nto 2-day-old
eggs under the itelline membrane directly over the embryos, hlls
them with typical developmental abnormalities which affect mamly
the central nerous system, 4-day embryos are also hilled, but no ev-
dent bran malformations appear (289). These observations, on the
one hand, pomt to a 1 pism of the mil VIus,
which has recently been confirmed by other observations (582). On
the other hand, they ilustrate the role of deyelopmental changes in
determming the pattern of infection A striking case m man 1s that
of the virus of German measles, which causes a mild disease 1n children
or adults, but produces severe hirth defects in children of mothers who
have contracted German measles 1n early pregnancy (277)

i) and his collab have duced an elegant re-
finement for the study of virus specificity in the chick embrye  This
consists 1n grafting pieces of foreign tissues on the chonoallantorc
membrane, which is then moculated with the viruses  In a series of

P (261), the hel. from human skin or human placenta
was grafted and inaculated exther with fowl pox visus or with a typical
mammahan virus, the causative agent of mare abortion The first virus
failed to grow on the human graft, but gave typical lesions on the
surrounding membrane, whereas the mammahan virus only grew on
the graft. Another experiment (260) was made to test whether im-
mumty to fowl poy, acquired as a result of a previous infection, was
due to immumty of the mdividual cells or to humoral mechamsms
The shin from either susceptible or immunized chickens was grafte
onto the chorioallantoic membrane, and fowl pox irus was added,
both grafts became mfected with equal ease. A technique has been
described that permits the transplantation of whole comeas. from man

ar rabbit onto the chonoallantoic membrane for study of viruses with
strictly mammalian host range (374).
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moculation (329)  This 1s probably due to modifications i the
growth habits of the virus 1n the course of egg passage, vanants be-
come established, which grow better than the original type in the new
euvironment

Radioactive influenza virus, contammg 22, was obtamed by intro-
Jucmg labeled phosphate in the allantoic cavity either hefore or shortly
after moculation with the virus (266)

The chorioallantoic membrane has been used for the titration of
several siruses (77} Small ahiquots of suspensions of viruses such as
vaceinsd, herpes, ectromeha, fowl pov, mysoma, laryngotracheitss, and
many others cause the formation of discrete, localized fesions or pocks,
whose appearance, both macroscopic and microscopic, 15 more or Jess
characteristic for each virus infection (figure 3)  Under controlled
conditians of inoculation, the number of these lesions is a linear fone-
tion of the amaunt of virus moculated, provided the amount of virus
15 not $0 great that the lesions become confluent  For different viruses
the maximum countable number of lesions varies between 20 and 100
Titers obtamed by this method are n good agreement with titers ob-
tamed by end-pomt methods The chonoallantoie titration has been
used m determuaag virus surtival m the titrabon of virus-neutralizing
antibodwes.  Mixtures of virus and anttbady are compared with virus
alone for the number of pochs produced, and the neutrahizing patency
of the antibody is estimated.

The allantoic sac jnoculation provides a comvenient method for
titration of certain viruscs by the end-point methed, for example. 1

of the \ power of antihodies and of the
el’fect of drugs on virus reproduction  The presence of infections virus
can be detected as an all-or-none response from the presence or ahsence
of large amounts of virus after 2 or 3 days of incubation, provided the
new virus can be detected directly by some wn vitro test. Thas 15 true,
for evample, of viruses that agglutinate red blood cells or that « com-
plement readily  This procedure eluninates the need for animal 1nocu-
lation m detecting Yhe virus  Thus, by replaciog the use of ammals
with that of eggs, such procedures hme greatly reduced the cost of
virus work
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the mfluenza virus (30%-fold increase fn 18 hours instead of several
days, 461, 670). The effect of a variety of chemicals on virus growth
m the allantois has been deseribed, and screening of antibiotics against
viruses by such techmque has become a routine procedure. The prac-
trcal results, however, have been hmited, and the main successes have
been scored In the study of the growth cycle of influenza viruses mt
the allantoic cavity and of the effect of various agents on this cycle.

Simee these studies have denived their mam impetus and in part also
their mterpretation from the discovery and amalysis of the peculiar
phenomenon of the agglutination of red blood cells by certain viruses
(hemagglutmation), we shall defer their discussion to chapter 13,
which we describe the hemagglutination phenomenon,

PRACTICAL APPLICATIONS OF EGG CULTURES

Allantorc moculation, and m some cases yolk-sac inoculation, are
commonly used to obtamn certam viruses in large amounts for vaccine
production  Virus produced m ths way 1s free of bactenal contami-
nations  Before it can be used as a vaceine, 1t must be separated from
components of the allantoie fluid that may cause allergte reactions m
the vaccinated subjects Partial punfication of the virus can be done
by differential centrifugation, smce the normal allantosc flurd has been
found not to contan any comporent that sediuments as fast as most
viruses; the largest normal components of allantoic flusd have sizes of
the order of 30 to 40 me  In viruses of the influenza group, punfication
is easily performed by letting the virus be adsorbed m the cold by red
cells from the allantorc blood vessels, then cansing the vires to be
eluted from the cells by incubation at 87° C (sec chapter 13)  Yellow
fever vaccme 1s a desiccated homogenate of whole embryos moculated
at 7 days of age with stram 27D and cubated for 4 days (292).

Embryonated eggs are frequently used for the direct 1solation of
viruses from patients, as a diagnostic procedure Some viruses will
grow best in the allantoic cavity, others 1n the amniotic cavity or on
the chortoallantorc membrane It is important to remember, however,
that the affimties of a virus for different organs of the embryo oftert
vary upon subculture, so that the route of moculation to be used for
primary isolation from a pattent 15 often different from the one that
gwes the best growth response with egg-adapted viruses, For cxample,
influenza virus, according to several authors, can best be detected by
dizect 1oculation of washings from the human throat into the am-

piotic cavity, although it wll Iater grow as well or better by allantoc
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1],

St, Lows, and Russian mouse phal Iitss (Theiler’s
GD-VII), West Nile fever, hal Iitis group, 1
wvirus of nuce, foot-and-mouth, and fowl plague
Different groups of viruses cause different types of agglutnation
Those of the vaccmia group (vaccima-vanola-ectromelra) cause an
that is readily ble by heating, by treatment with
antwvirus serum, and by changes m pH and in salt concentration. The
properties of the resuspended red blood cells are unchanged and the

Figure 84 Hemagglutination by nfluenza virus  Successne 1 2 dilutions of
virss Complete agglutnation i tubes 1-5 From  Research Today, 8 26, 1952
Courtesy Dr O K Behrens, Lilly Besearch Laboratones, Indianapolis

cells are reagglutmable (133) The vacama hemagglutnin can be
separated from the virus particles themselves, and appears to combme
m a rather unspecific way with the red cell surface Red cells from
only about 50% of chickens are agglutinated  Red cells from most other
ammals are not

The aggl duced by viruses bel to the so-called
MNI group (mumps Newcastle and mnfluenza) 15 more nteresting
fromat 1n the foll section we shall manly

be concerned with the viruses of this group Hemagglutmation by
most viruses of the third group has several simifanties with that pro-
duced by the MNI group, but without elution phenomena or any other
signs of enzymatic actvity by the viruses,

The MNI viruses agglutmate red blood cells of a varety of different
ammals, for example, chicken, gumnea pig, and man  The correlation
between the ability of an anmal to act as host for a virus and the
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I3

Hemagglutination Phenomena
and Virus Growth
Summary on Virus Reproduction

HEMAGGLUTINATION BY VIBUSES

A fortunate discovery by Hurst m 1941 (324, 324) has made possible
a remarkable progress in the study of the relation of certain anmal
wviruses to ammal cells  In harvesting the allantoic fld of eggs in-
fected with influenza virus, Hirst observed that if blood was shed into
virus-contamning fuid the erythrocytes quickly hecame agglutinated
No such aggluti occurred 1n fected fltuds The agent re-
ponsible for thus “hemaggh " is the virus particle wself. The
particles are taken up by the red blood cells, this can be shown etther
by titration of free virus or by observation 1n the electron microscope
of virus adsorbed on the red bloed cells (296). Antivirus serum in-
hibits h Huti The ihibttory titer of a serum s related,
although nat strictly proportional, ta its virus-neutrahizing titer

Hemagglutination 1s detected erther by an increase in the rate of
sedimentation of a suspenstan of red blood cells measured by the
residual turbidity of the supernatant {figure 84), or by the so-called
“pattern test” (575) Nonagglutinated cells sediment into a sound,
solid pellet at the bottom of a test tube, whereas agghitinated cells
mve nse to a characteristic, scattered pattern of sedimentation (figure
85) A hemagglutination test can be read within an hour or less and
represents a convement method for the detection of viruses with the
hemagglutmating property.

Hemagglutmation has been observed with three groups of viruses
QOne group includes the nfluenza, mumps, and Neweastle disease
A second group consists of vaccinia, smalipor, and ectromelia
A thrd group ncludes a variety of other viruses: Japanese,
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agglutinabiity of s zed blood ools by thit vicus s good for some
viruses, far example, pneumania visus of mice, but poor for most others
Moreover, there are vanatons among red blood cells of indnrdual
anwnals and among strases of the same wrus  For example, strams of
mfluenza A, when first 1sofated from man, are 1 the O (onginal) form,
upon transfers in the chick embryo a vanant form, D, appears  This
differs from the O form 1 gving a lugher ratio between the ag-
glutimating biter for chacken ved cells and that far guinea pig red celis
{115, 118)

The virus for of red blood cells
(at a concentrztion of approvimately 100,000 cells per ml} 35 about
104-30° virus particles per cell  With punfied mfluenza varns, 1t has
been caleutated that hemagglutination can oocur with egual numbers
of cells and virus particles (242 Electron mucrographs suggest that
th 15 due to the of a lattice, :n which red blood
cells are held together by multnalent virus particles (296)  Hemag-
glutinatron provides a rapid titration methed, whuch 15 100000 to
1,000,000 times less sensitive than titration of mfectnv iy, but which 1s
adh antageous an a vanety of tests

Elution of viruses. The adsorption of virus partictes to sed cells 15
not necessarly permanent 1f a virus-cell maxture, mm whsch aggluts-
nation Has vecurred, s meubated at 37° C, the virus 15 soon released
more ar less completely The elution of wirus 15 slow or absent at
0°C  The red cells that have released an excess of virus become
magglutinable esther by the same vwrus or by newly added virus of
the same stram  The eluted virus, howener, is unchanged and copable
of agglutmating other cells, the sgglatination and release eyele an
be repeated ndefinstely with successn e batches of cells (324)

These obser ations were mterpreted by Harst as inchcating that the
release phenomenon resulted from an enzymatic activity of the virus
particles on a substrate Jocated on the swiface of the red cells and
needed for stable combination  Thus, the virus particles combine with
speaific receptoss on the coll surface, destroy enzymatically the re.
ceptars or some essential portion of them, and render the cells non-

lutissble AR evidence lated swce Hirst's discovery has
confirmad this w1ewpoint

The changes produced by the virus ste madenced by a vanety of
alterations i the red blood cells  New antigerucally reactive groups
are revealed, these are the T-agglutinogens, responsible for the sa-
called “panagglutmabibity” of such cells by @ vanety of sera (115}
The electrophozetic mobdsty of the red cells 1s altered 19 a way that
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agglutmability of ats red blood cells by that virus is good for some
viruses, for example, pnenmonna virus of mice, but poor for most others
Moreover, there are vanations among red blood cells of indmidual
animals and among strains of the same virus  For example, strams of
nfluenza A, when first isolated from man, are in the © {original) forny
upon transfers 1n the chick embryo a variant form, D, appears  This
dffers from the O form m gnung a higher ratio between the ag-
glutimatng titer for chicken red cells and that for guine: mg red cells
(116, 118)

The op! wirus for agglutination of red blood cells
(at a concentration of approximately 100,000 cells per ml) is about
10%-10° varus particles per cell  With punsfied mfluenza virus, 1t has
been caleulated that hemagglutmation can occur with equal numbers
of cells and virus parhicles (242)  Electron micrographs suggest that
the aggl 15 due to the of a lattice, m wlich red blood
cells are held together by multnalent virus particles (296). Hemag-
glutination provides a rapid titration method, wlnch 15 100,000 to
1,000,000 times less sensitive than titration of mfectivity, but which is
advantageous m a vanety of tests

Elution of viruses The adsorption of virus particles to 1ed cells 1y
pot necessarily permanent  If a virus-cell mixture, m which aggluti-
nation has occurred, 1s mcubated at 37° C, the virus iy soon released
more or less completely The elutton of virus is slow or absent at
0°C  The red cells that have released an excess of virus hecome
nagglutinable either by the same virus or by newly added virus of
the same strair  The eluted virus, however, 1+ unchanged and eapable
of agglutinating other cells, the agglutmation and release cycle can
be repeated mdefimitely with suceessive batches of cells (321).

These observations were mterpreted by Hirst as indicating that the
release phenomenon resulted from an enzymatic actnity of the virus
particles on a substrate located on the surface of the red cells and
needed for stable combmation Thus, the virus particles combine with
specific receptors on the cell surface, destroy enzymatically the re.
ceptors or some essential portion of them, and render the cells non.

h ble Al evidence Jated since Hirt's discovery has
confirmed this viewpomt

The changes produced by the virus are evidenced hy ® varlcty of
alterations in the red blood cells  New antigenically reactive groups
are revealed, these are the T-agglutinogens, responsible for the so-
called “panagglutinability” of such cells by n vaicty of sera (115).
The electrophoretic mobility of the red cells is altered fn a way that
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is more or less specific for each virus (631). Electsophoretic tests with
red blood cells, whose receptors bave been destroyed by various svisuses
of the MNI granp, suggest that the respectie receptors partially over-
Iap Hemolysis has been observed with mumps and Newcastle dis-
ease virus (119, 132), cells from which receptors for hemagglutination
have been removed are not Jysed by the viruses

Definite evidence for the relation among red blood cell receptors for
various MNI viruses is found in studtes of the agglutinabiity of cells
from which a virus has been eluted  Elution of mumps virus leases
the cells still aggl ble by N Je and nfl elution of New-
castle leaves the cells i ble by fh only, mfl A leaves
red cells still agglutmable by some B strams, and so on  On this basis
a receptor gradient (see 115} can be constructed (table 24} The
viruses are supposed to destroy a certain fraction of a population of
receptors possessing different, specific affinities for other viruses. Each
swrus wovld appear to destroy 1ts own receptors, which mclude the
receptors for the visuses that precede st in the receptor gradient seale

This picture, however, 1s probably an oversimphfication. In fact,
every virus of the MNI group 1s capable of completely destroymg the
receptors for all other viruses, provided a sufficient amount of virus
is allowed to act for a long enough time {330) The most hkely ex-
planation is that the different viruses are adsorbed, with different
i by or overlapy receptar areas, which contam

b for the virus (332). Some viruses, once attached,
may not elute unti! they have digested all or most of the substrate (and
the receptor ability with 1t), whereas others may leave behind enough
undigested substrate to permit vitus strains possessing greater affimty
to combme with the receptor. Virus 1233 (influenza virus C), how-
ever, apparently has an independent system of receptors m the red
cells of some amimals  No mutual destruction of chicken red cell
receptors 1s observed between influenza C and the viruses of the MNT
group (331)

Hemagglutination and the relation of viruses to host cells. The
discovery that a group of swruses possessed an enzymatic activity for
substrates located on the surfaces of red blood cells was enough
jtself to stimulate the anmalysis of the enzymes and of the substrates
smvolved, even though the red blood cells are not host cells, in the sense
that they cannot support virus reproduction, Anath:-r d:scmeryh b:;‘

f E

2

Hirst, however, indicated that the k
a direct bearing on the process of virus infection (325). Escised Jungs
from ferrets were perfused ta elinunate blood, then filled through the
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bronchi with mnfluenza virus suspensions  The virus was quickly taken
up by the cells of the lungs and then, upon mcubation at 87° C, became
eluted. If the lungs of a Inang ferret were flooded with virus, the virus
was hkewise taken up, but soon became nonelutable and infection
followed. Similar expeniments hasve been made, with identical results,
using mouse jung or allantoic membrane of chick embryo.

These observations indicated the similanty between the adsorption
of mfluenza viruses onto red blood cells and onto host cells Hirst
suggested that the enzymatic activity of the virus on the host cell

¥ may be a fund; al stage of the virus attack on the sus-
ceptible host cell Two questions, thus, became preeminent, Furst,
what are the properties of the virus enzyme and of 1ts cellular sub-
strates® Second, can this knowledge be used to mvestigate the
mechanism of cell-virus interaction, and possibly to devise means that
would prevent infectrton? With such perspectives, work on hemag-
glutination and allied phenomena has progressed rapsdly.

A vanety of treatments, when properly admimstered, preserve the
agglutmating ability of the virus particles but suppress their ability
to elute from red blood cells (enzymatic activity)  Heat, ultraviolet
Light, and various chemicals act in this way (327) The eluting abilit
1s more resistant to vanous treat such as f Lin or ultraviolet,
than the reproductive ability of the virus, but 1s much less resistant
than the agglutinating ability

The viruses of the MNI group differ m therr resistance to various
agents. It has been widely maintamed that the suppression of eluting
ability results from mactivation of the enzymatic function without
suppresston of the affimty of the ¢nzyme for its substrate, so that 2

stable t results  An al ihity 15 that the com-
. v Tt 1 LY B abieme
fully ble for attach to the T Esidently, more

information about the nature of enzyme, substrate, and receptors 1s
needed to provide an answer to these questions

The receptor-destroying enzyme, The timely introduction of a
model system has helped further progress Ilaving noticed the simi-
Janities between red cells modified by virus elution and red cells altered
by certain bacterial filtrates, particularly from Vibrio cholerae, nuTct
and Ius coworkers succeeded mn demonstrating in such hltrates a “re-
destroying enzyme” (RDE), which dupheates most of the virus

tor-
P (sce II5} Exposure of red blood cells to

effects on red blood cells
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RDE progressively destroys their susceptibility to agglutination by
viruses of the MNI group The order n which agglutmability by dif-
ferent varuses 1s lost closely parallels the posttion of the viruses in the
receptor gradient, agglutmability by mumps s lost more readily than
that by Newecastle virus, and so on
The RDE, as well as active virus (328), can remove from red cells
virus particles that hase become unable to elute themsehves This
suggests ¢ more complex basis for virus-cell combination than a direct,
1 1 combimnation between enzyme and substrate molecules Since
another enzyme {RDE or active viriis) can revesse the combination,
1t seems possible that the cell receptor contamns some substrate groups,
uncombmed with the virus enzyme and available to other enzymes,
which are operatine m holding virus and cell together RDE can
remove virs receptors from the cells of host tissues, such as mouse
lung or allantoic sac epithebum  The allantoic membrane, after treat-
ment with sufficient RDE, remains unable to adsorb virus for as long
as 24 hours, 1f the RDE 15 removed from the allantorc cavity, the
hel can 1ts adsork capacity (630} Even active
virus already attached to host cells may still be removed by RDE if
the RDE 1s itroduced soon after the virus  Trypsin mactivates RDE
and reportedly also the virus enzyme The receptor-destroying ac-
tnaty of RDE requires calewm 1ons and 1s suppressed by citrate, a
behavior that 1s shared by the enzyme activity of some of the MNI
viruses
Virus substrates. The RDE provides a conventent model system for
virus enzymes The next question concerns the substrates for these
enzymes A suitable method for the detection of virus substrates 1s
the use of agglutination-mhibition tests
Heat treatment or other mampulations can, as we have seen, render
a virus agglutinating but not elutable It was observed that a vanety
of anmal fluds and tissue extracts—mcluding urme (642), blood
serum (230}, allantoic fuid (636}, and egg white (398)—can nhibit
h the lutable virus  H 1 by un-
modified virus 15 mhibited to a very shght extent, if at all The
normal virus, supposedly, 1s not subject fo mhibition because 1t can
destroy the inhibitors enzymatically, whereas the modified virus, which
has lost 1ts activity, by with the mnhib and 15
thereby prevented from combumng with red blood cells  Thus, the
mhibitors are revealed by thewr ability to prevent hemagglutmation by
modified varus, which acts as indicator for the mhibitors




258 Hemagglutination Phenomena

A variety of whibitors has been reported Some occur free, like the
so-called Francis whibitor 1n blood serum (230); others can be ex-
tracted from red blood cells (164) or other cells, A common property
of all these mhubttors appears to be their content of pelysaccharides.
Their activity is suppressed by reagents such as periodates, which are
known to affect pol; harides farly specifically. It is now generally
behteved that most inhibutors belong to the class of mucins or muco-
protens, a rather ill-defined group of protemns conjugated with carbo-
hydrates (16). Most matenals rich in mucin, such as the fluid from
ovanan ¢ysts and from mucous secretions, exlbrt inhubitory actity.
Usually the mhibitory activity can be destroyed not only by actve
virus but also by preparations of RDE. The most thoroughly analyzed
htbitor, that from egg white, has been partially punfied and obtaised
1 the form of a highly viscous matenal, consisting of flamentous par-
ticles, about 8 X 10° mol. wt. (400)

It seems altogether ble to view the ! ion between
virus and cell receptors and that between virus and inhubitors as
b t ions  The mlt pete with the cell

receptors for the virus enzymes, whieh, if actnve, can digest themt
This viewpomt can account for most of the known facts Supplemen-
tary hypotheses will probably be neccessary to account for speerfic
pk 2 observed with Iified viruses and with various mhibitors
A kinetic analysis of the mhibition of heated swme mfluenza virus by
egg-white mhibrtor (399) has led to 2 rather simple picture of com-
petition between inhibitor and red blood cells far the active groups on
nvalent virus particles, the combinations being practrcally irreversible
Py ly, each collision L virus and nhil or red blood
cell is effective 1n prod bination  This suggests that electro-
static forces play a role m the attachment reaction
Not all inhibitors are related to the cell receptors for MNI viruses
Thus, all fuud contains two inhibil one 15 not d d by
virus, 15 probably bpidic 1n nature, and acts in a nonspecific way, the
other is a specific intulntor, which is destrayed by virus (636).
According to some workers (15), the prcture of virus-receptor aud
Tubit 1ons as 'y b Limati 15 an
phfication. One oby is that lutination by heated,
enzymatically imactine nfluenza virus is more readily inhibited than
the hemagglutmation by active virus in the cold, where enzyme ac-
tivity should be absent. The difference scems hard to explam, if
nhibition is simply an enzyme substrate combination without enzyme

i
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activity. Since the enzymes are somewhat active even at 0° C, how-
ever, this argument 1s debatable

Another objection 1s that a brief treatment of certain mhibitors with
periodate increases therr inhibitory power, 1t 1s pomted out that
chemical treatment should not merease the affimity of a substrate for
an enzyme. It 15 possible, however, that the combmation between
indreator virus and mhibitors 1s a reversible reaction, which reaches
a fimite equilibrium (291)  Periodate treatment of the inhibitor might
simply affect the equilibrium value,

Virus enzymes and mnfection. The fact that cells which support
growth of MNI viruses possess receptors digestible by the viruses or
by RDE raises the question of the role of the virus enzymes m infec-
tion  Destruction of the receptors i lung or allantoic cells durning mn-
fection with nfluenza viruses 1s the rule, and 1t 1s an appeahng hy-
pothesis that the virus, following its uptake by the surface receptors,
works 1ts way nto the cells by digesting the receptors (332)

Tt must be admitted that the evidence for this hypothesis 15 ndurect,
no proof ests of the role of virus enzyme in penetration It 1s possible
that the enzyme’s matm function 1s the destruction of mucous films on
the surface of susceptible tissues

e of as virus and

has suggested the use of polysacchanides as competitive mhibitors,
which may suppress mnfection by competing with cell receptors for
the virus  Indeed, 2 number of substances, ncluding pectins, bacterial
polysaccharides, and others, mterfere both with hemagglutmation and
\vxth the growth of some of the MNI viruses (273) The capsular
de from Kiebsiell (Friedlander’s bacillus) 1s
an example (256) It mhibits nfection with mumps or with pneu
moma virus of mice, two viruses which interfere with one another
mned mfechon probably at the mtracellular level, and which are
d by rather slow d e cycles (252) The growth-
mhibiting power 1s still present 1f the polysacchande 1s introduced as
late as 4 days after virus inoculation It seems possible that this poly-
sacchanide blocks mfection by an mtracellular action rather than by
mterference with virus adsorption  If this s correct, the false lead
derived from the study of mhibitors of hemagglutination may have led

to a potentially fruitful new approach to antiviral therapy

Inhibitors and virus purity. The allantoic flud contams mhibitors
of viruses of the MNI group Not all this mhibitory power 15 de-
stroyed by actine virus Indeed, mfected allantoic fluids contain not
only free virus but also some 1 combwation with mhibitors (291)

hat
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This situation must affect the apparent chemical composition of vires
isolated from the allantoic fluid. This s of interest in connectton with
the cross-reaction that mfluenza viruses grown in eggs grve swith anti-
serum against normal allantoic flurd, a cross-reaction which has been
noted repeatedly (877). This cross-reaction probably reflects the
presence of inlubitors or other host materials attached to the virus
particles rather than the ncorporation of host antigens mto the virus
protoplasm itself
A more complex situation 15 encountered with pneumonia virus of
mice (349)  Vicus extracted by grnding infected mouse lung 15 m-
fectious but does not agglutinate red blood cells  Brief heating of the
virus suspenston at 80° C renders the virus noninfectious, but confers
upon it a hemaggluhinating ability for red blood cells from mouse o
hamster (not from other species) Addition of ground, unheated,
normal lung material agan the } lutinating powef.
Apparently, i the ground lungs the virus 1s combined with a com-
ponent of the host hissue, which, without suppressing infectwvity, pre-
vents the adsorption of virus on red blood cells  Virus can be ob-
tamed free of this inhibutor, either by collecting the fluid that seeps out
of a sharp cut in the infected lungs, thereby asarding the gnnding of
lung cells, or by di it the v ik i at Yow
electrolyte concentration  The virus thus obtaned 1s lughly infectious,
agglutmates red blood cells, and consists of particles about 3040 my
in diameter, whereas those obtamed by grinding average 140 mp
In this case the nhibitor 15 not destrayed by the virus, there 15 no
evidence that it plays any role erther as cell receptor or m visus pene-
tration  On the contrary, the inhibitor 1s found free m the exudate
from lung and may be partly responsible for the latency of the virus,
since 1t may It virus propagation to the transmussion from mother
to daughter cell and may interfere with its extracellular transfer from
mfected cell ta healthy cell (858).
1t should be pointed out that the dissociation of the pnettmonia vims
of mice from tissue inhibutor at low electrolyte concentration is paral-
Jeled by the nonenzymatic dissociation of this virus from red blood cells
at similarly low salt ions (658) Infh virus adsorption
on red blood cells can also be prevented, and already adsorbed virus
can be removed, by dilution of electrolytes  These phenomena recall
the obser ations on the role of cation concentrations on phage adsorp-
tion by bacteria (250, 535) 5
In summary, Hirst's discovery of hemagglutination by certain viruses
fias led nat oaly to a remarkable simplification of rescarch methods
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with these viruses but also to a certamn degree of msight into the mter-
action between virus and cell surface It has led to the recogmtion
of an enzymatic activity m a group of viruses, to the tentative 1dentr-
fication of their substrates, and to the recognition of the role of these
substrates 1 virus adsorption and of their possible mvolvement in later
stages of cell mvasion  Moreover, 1t has suggested some leads to the
therapy of several viral wnfections, either employing enzymes simlar
to those of the viruses, or using analogues of the substrates for the
virus enzyme How far this approach will lead remains to be seen,
1ts fundamental 1mportance eannot be doubted

THE GROWTH CYCLE OF VIRUSES OF THE INFLUENZA GROUP

The availabihty of a rapid method for the detection of mfluenza
viruses, provided by hemagglutination, has made possible detailed
stuches of the reproductive cycles of these viruses, especially mn the
allantorc sac (299, 305, 353) The situation 1s somewhat analogous to
that of a phage growth experiment, with the difference that with the
ammal viruses the susceptible cells are fixed on the walls of the
allantore sac

Titration of fectvity 1n the allantoic fluid at vanous mntervals after
moculation reveals at first a reduction mn free virus (“adsorption”)
The adsorption proceeds at a constant rate up to amounts of virus
corresponding to at least 30 infectious units per host cell (122) There
follows a “latent period” of several hours, during which no mcrease 1
free virus occurs  Then the virus titer suddenly nises n the allantoic
flud  The 1mnterval between infection and mise s rather precise, being
about 5 to 6 hours for stramns of mfluenza A and 8 to 10 hours for
small mocula of mnfluenza B (304) Heawvier mocula of mflyenza B
strams gave a shorter latent period, approaching that of mfuenza A
(427) The latent persod d with be-
tween 30° and 39° C {659) The rise continues more or less wregu-
larly until the mawmum titer 15 reached, probably as a result of suc-
cessive cycles of adsorption and mfection of new cells

One-step growth experiments To 1solate one cycle of growth,
Henle and tus coworkers (805) utihized the ability of heterologous
virus (influenza A versus B, and vice versa), after mactivation by
ultraviolet light, to suppress reproduction of active virus and to reduce
materally 1ts adsorption onto susceptible cells Under the proper
conditions, the heterologous virus does not suppress the growth of
active virus that has already been adsorbed onto the cells
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The expermments are carried out as follows, A first inoculation with
active virus (for example, influenza A) 15 followed after 1 or 2 hours
by a second input consisting of a large excess of UV-irraduated heter-
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Figure 88 Onc-step growth experiments with mfluenza viruses A and B in the
allantoie eavity of chich embryos  Heterologous frrachated virus an evcess was
moculated 1 honr after the achise virus o reduce readsorpliop of hberated virus
The ardinate gnes the log amount of virus 10 the allantaic Ruid in 1Dy, per mt

(1D, = 50% infectious dose ) Fram Henle et ol (805).

ologous virus (influenza B). Samples are taken at various times,
antiserum agamst virus B 1s added, and virus A 1s titrated.  The virus
titer rises after the normal constant perrod (5-6 hours), and n.rnnxf-
mum titer is soon reached (figure 86). The rise m virus titer in one
such step of growth s about 60- to 80-fold for strains of mfluenza A
and 80- to 40-fold for strasms af mBluenza B, . .

A somewhat different preture 15 observed in experiments in which
irus readsorption 15 prevented by the use of RDE nstead of heterolo-
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gous virus 2t the Biberation of sirus s folloved by talung successive
samples of fud from the same eges (122)  Virus hiberation, when
started, apparently continucs for many hours, the cells contimue to
ﬂcrete sirus  The stepw ise iiberation shown 1 figure 88 15 due to the

of the The total yield may be over

m)o per cell

The process just described resembles m part the growth oyele of
vindent bacteniophages, except for the fact that release of vims 15
continuous rather than a sudden process  Further sinmlanties to phage
growth are actuolly obsened  If allantaie membranes are washed and
ground easly after inoculation, only 1 to 27 of the mstial virus actnity
1s recorered  There 15 therefore a defintte “echpse™ of the mfecting
virus {299} Most of the residual virus actiaty 15 probably due to
superficiafly adsorbed virus surce it can be destrayed by the addition
of anttbady 1 the allantose sac

Active virus 1s found 1 allantore membranes collected and ground
late 1 the latent peniod It begs to appear about 1 hour before
hiberation into the allantoic fud takes place

Interesting results are obtamed by followtng not endy the wfectious
virus but also other matenals with siral specsfioty  This 15 done by
measutg, besides the mfectious titer, the complement-frmng biter and
the hemagglutinn titer of the allantore fluid and of extracts of ground
allagtoic membranes Complement Fxation detects both the tipe-
specific soluble antigen, consisting of smalt particles (sedimentation
copstant around 30 §), and other, stram-specific antageas, which are
found sithin the virus particles

In an allantoie sac wnfected with mfluenze A virus, the titer of soluble
antigen begans to werease m membrane extracts about 3 hours and m
the allantoic fusd about 4 to $ hours after mfection (Hgure 87} In
membrane extracts the sise in soluble antigers may be 1000-fold (353)
Some tune later, the hzmagglu!mm titer also nses, both m the mern-
brane and m the fnd  The & af the h m
membrane extracts requures removal by RDE of a pawerful mhhitor
of heragglutination present w the membrane {426}

Thus the complement-§ung antgen and the hemagglutinm appear
at a ime when the mfectious titer 15 stsll sery Jow  These nonmfec-
Bous, \rus-specsfic matenals yncrease i amount hefore the mfectious
vuus  What are the prop of the i Is and
thew relation to the mature, wnfectious 1irus®

Nonin{ectic i virus edements,  Free, soluble antigen 1s
present in relatsvely large amounts o al virus preparations  More of
it can be extracted from the parhieles  Normfechous hemagalutinm
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has been found to pany mfl virus and N le virus in
crude preparations (242, 267). is hemagglutinin is adsorbed by red
cells and can be eluted. It is not proved that the elution is due to the

activity of the f particles th Ives, since they have pot
yet been ob: 1 free of panying active virus A fraction of
the fi ); } can be sef d from the virus by
10950“)50 Allantoic Fluid 0 Allantose Membrane
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Figure 87 The amounts of vanous vinus-specific matenils i allantaie funds
and 1 ground allantoic membranes of chick embryos maoculated with mfluenza
vius A 1D, = 50% mfectious dose titcr  Hem = hemagglotimn titer  CFV =
complement-fivation titer, wmral antigen CFV conc = same, after erght-lold
CF§ - T Bxation bter, soluble antigen  Imtal mocu-
Jum 10°6 ID;, From Henle and Henle (302).

L fi its sed constant being somewhat Jower
than that of the virus The hemagglutinin particles contain stram-

specific, complement-fixing antigen, as do mnfectious particles Alto-
N ‘ * T L0 s -f particles

b aty.

PO - in, which
precedc the mfectious virus m infected cells, are 1mmature stages of
virns synthess is supported by other observations In some ?ases.
incomplete virus elements are the only or the mam product of infee-
tion. Massive transfers of high-titer influenza virus into the n)lnr:l.nic
sac result in the production of allantoic flurds wath very Jow infectivity,
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but with hemagglutinin titer and soluble antigen titer simalar to those
of highly infectious fnds (the Von Magous phenomenon, 660). Most
of the hemagglutimn is assocrated with particles not much smaller than
the virus (sedimentation constant about 500 § instead of 600-700 §)
(249; 290). Successive transfers of the allantoic flurds contaming
these “mcomplete particles,” with a minonty of actne particles, induce
further eycles of incomplete reproduction (see table 253). The hemag-

Table 25. Serial transfers of influenza A virus in undiluted
allantoic Buid

Modified from Yon Magnus (657}

Titer of Allantoic Flud
Incuba-
Bz | " | ton
P lum Penod Log Log 1og
asuage | e
Volume Egg-In- | Mouse | Hemag- |\Hemagglutinin Unuts.
(kours) | 4 tious | Lethal | glutinm
Lmts Trits Touts
Standard{ © 1 4 s 75 39 66
1| o1 22 98 61 37 61
m| o1 22 85 55 59 16
m | oo1 22 35 25 31 24
w | o1 2 52 28 23 29
\ 01 22 85 58 28 57
VI| o1 22 T2 48 29 49
VIE | e1 22 75 38 27 TS
Ayt L3} 2 95 61 se 39
X | o1 2 75 33 24 41
X | o1 22 75 48 27 +8

glutinin titer remains high and the wfectious biter low  After seseral
passages, the mfectrvity hter may suddenly rise agam for one or two
passages  Similar results are obtamed using, mstead of the intact eggs,
deembryonated eggs, in which the virus grows in the allantoic cells that
Line the shell cavaty (71)

Another case of mcomplete formation of mfluenza virus has been
observed Upon heavy moculation of nonneurotropie strams into the
brain of muce {532), no mcrease 1 infechious titer occurs and the
mfectivity of the inoculum 15 lost. But there 15 a nse in hemagglutimn
titer and m complement-fixng antigen. The mhubitor of hemaggluti-
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has been found to pany infl virus and virus i
crude preparations (242, 267). This hemagglutinin 1s adsorbed by red
cells and can be eluted It 15 not proved that the elution is due to the
actwvity of the £ particles th lyes, since they have not
yet been obtained free of accompanying achive virus, A fraction of
the nomnfectious hemagglatinm can be separated from the virus by

11;955,0” Allantoie Flud o510 Alantoic Membrane
50
901
g0k — %
7ol Dzo
60}~
Esop
E 4ol
30+~ X
20}
10~ o CFVFC‘;’"‘
[ x
T T T e Y el
01 2 3 4 56 80 1 2 3 4 5 6 8

Haurs after ifection
Frgurs 87. The amaunts of variony sinus-specsfic materials i allwtore fuids
and o ground allantow membranes of chick embryos mocalated with mBuenze
virus A 1D, = 50% anfections dose titer  Hem = hemagghutim tier CFV =
complement-fisation titer, viral antigen  CFV come = same, after eight-fold
CFS = )\ £ titer, soluble antigen  Imitil 1nocu-
Tum 10°% JD;, From Menle and flenle {302)

1 & ats sedi constant being somewhat lower
than that of the virus  The hemagglutmin particles contain stram-
specific, complement-fixing antigen, as do mfectious particles. Alto-
gether, the nonmnfectious hemagglutinin appears to consist of particles
very sumilar to the mature virus particles, but lacking infectivity.

The hypothesis that the soluble antigen and hemagglutinin, winch
precede the infectious virus in infected cells, are ymmature stages of
virus synthests is supported by other obsenations. In some cases,
jncomplete virus elements are the only or the man product of nfee-
Massive transfers of high-titer influenza virus into the allantoic

PEF S

fion. .
sac result in the production of allantoic Huids with very !
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component derived From the cell, binding the other components mto
anfections particles,

As arguments 10 faror of this theory, Toyle mentions first, that ether
treatment of virus particles frees both soluble antigen and hemag-
glatnin (presumably by remova!l of the hpard layer), second, that
filamentous forms of virus, when present, are supposedly seen in the
alantaic fusd but not m membrane estracts, which suggests that they
may be formed upon Itheration, and thurd, that mfected allantoc cells
removed from the allantoic sac hberate filaments resembling surus
matenals  This is obsersed both in the dark Seld and w the electron
mieroscope {201, 924}

This theory iohves Tany assumphions, the justification fos which
1s rather weak (246, 426)  The acquisition of mnfectnaty by the varus
upan extruston from the cells appears plausible, bovwever  The infec-
twus virus may not be relensed immediately 10 the allantore fuid
What we con state with some certamty s that the mnfluenza virus
pasticle, upon ynfecting the host cell, 1 transformed wto nonafectieus
matenials  These matenals reproduce mside the host cefls m the form
of elements not recogizable as viral particles  The new virus particles
{or Blaments) are formed by a stagewise process and are preceded by
different elements { hemagglotin, complement-fixng antigens) which
ultimately brecome ncorporated into the mfechous virus  For an
understanding of the relatrons amang the vanous elements and of thewr
relative role m viros growth, chemcal studies of vanous virus-related
matersals are greatly deswable

Genetic recombination. Burnet and his cowerhers { 118a, 120} have
reported experuvents that suggest that mnfluenza virus strams may

undergo, wn mixed nfection, ph of genetic t of
the type reported for bactenophage (314} The strams utdized be-
fonged to the wfluenza A group  Both laboratory samants and natu-
rally occurnng strains were used T sets of experiments were first

reported  In one set, a pre varant NWS, b d by
hck of enzyme achuity on the egg-white whibnor, was mived with a
By different pre varmant (WSM), charactenzed

by heatressstant hemagglutnin  The muture was inoculated ntra-
cerebrally wto mice The encephabitic syndrome produced by NWS
was more or less 1 d by £ on the part of
WSM (27, see chapt(-r 14} From the brams of mice with encephalitic
symptoms, strais of two new types were obtamed  One type, N, 15
neurctropic but more heat resistant and enzymatically more active than
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nation that is normally present 1n mouse brain decreases in amount in
the course of this abortive growth eycle. The hemagglutinin from
mouse brain 1s not much smaller than the active varus particle and is
possibly similar to the fectious particles responsible for the Von
Magnus phenomenon (290),

It seems reasonable to consider these abnormal growth cycles of
influenza as processes in which virus synthesis is arrested at a stage
where a hemagglutinating but unimnfectious particle has been formed
but not yet been transformed imto infectious virus, The incomplete
growth m the bram suggests that the cells of this organ lack only the
alnlity to carry out one specific step needed for virus maturation  The
potential affinity of mfluenza virus for the bran tssue 1s shown by
other observations the eistence of neurotropic variants, capable of
reproduemng in nfectious form in mouse brain (633a), the neuro-
tropism of influenza virus in the very early chick embryo (289), and
finally, the ability of mfluenza virus to mterfere with the growth of
neurotrape viruses tn mouse bran (656; see chapter 14).

The ) d e cycle of mfl in mouse bramn ac-

it T
counts for the “toxic” symp that follow bral iny of
virus (298)  Damage to bram cells 1s apparently produced by virus
that fails to reproduce beyond the lete stage.

The mechanism of influenza virus growth. Hoyle has summarized
experiments on the production of the various speaific materals of a
strain of mfluenza A 1n the allantose sac and has proposed 2a elaborate
theory of virus reproduction (354)  According ta thes author, the two
types of complement-fiving antigen of the virus, the strain-specific and
the type-specific ones, play distinct and charactenstic roles. The type:
specific antigen, 1dentified with the soluble antigen, is claimed to m-
crease Joganthmically mside the host cells between the second and
the fourth hour after moculation, and to be delayed 10 growth by dyes
acting 25 bal ik The st fie antigen, 1dentified
with the hemagglutinin, mereases later and less than the soluble an-
tgen  Finally, mfectious virus 1s sad to appear i the allantore fuid
in amounts larger than are ever recoverable from the allantoic mem-
brane itself. The wterpretation offered by Hoyle 15 that wside the cell
the infecting vinus drsintegrates and that the soluble antigen, repre-
senting the essential viral nucleoprotemn, reproduces as such  The
agglutmn component increases later in the cells, and the two are
then secreted into the allantoic fluid In passing l)lruu{:h the cell
membrane, they would produce more agglutinn and acquire a hpod
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GESERAL CONSIDERATIONS ON VIRUS REPRODUCTION

There are many swalanties between the growth eycle of Iytie bae-
terrophages (chapter 8) and that of influenza siruses  We may legiti-
mately ask whether there fs a similar pattern 1m0 the growth cycles of
other viruses as well

Certasn aspeets of virus-host interaction are the same for many
viruses  Preumoraa virus in mouse Jung (234}, mumps vwus (233),
and menmgophreemonttis s 1n the chick embnio (603) extubit
growth cycles characterized by an mtial reduction {eclipse) of the
mfectious titer below the el of the inoculum, followed by a perod
m whch virus titer remasns low  The virus tter then meseases and
reaches 2 maamum affer o time amtenal faxdy charactenstic for each
\arus.

Sumlar results have been reported for neuretropte viruses {576a)
An mtcreshng feature 15 presented by Thesler's virus GD-VIT of mouse

Following feral myectson n muce, the vinus 55 de-
tected n infectious form as it proceeds along the nere fibers toward
the central nervous system  As the virus reaches the nerve eells, miec-
twaty disappears for 20 to 30 hours  Later st reappears and reaches a
maaraum around 100 hours after mfection, at the ime of the onset of
symptoms  Virus hemagglution titer parallels the ~virus infectivaty
Here, apparently, the vuus loses s snfectiaty only when st reaches
the cell body proper, not in the nerve fiber, although the nenve fiber
1s truly a part of the host cell

Yacesmua verus, both i rabbst sk and 1 tisswe adtures of the same
tissue, exhsbits a growth cunve charactenzed by echpse, followed by
taprd growth (101a, 158, Szure 88)  The measurements of wiectivity
are closely correlated with the counts of clementary badies w mfected
cells

Electr ope and hgh b fions on VEFus-sn-
fected celis (ch-’ipk’r 11} strongly suggest “tat the new vius particles
represent the cub of a process of stag These

obsenvations revesl no sign of bmary fission of the virus particles as
such

The mam somtanty among all s wuses whose grow th eycle has been

analyzed s the echpse ph followed by of virus
With some phages, :he echpse has been explaned b} changes m virus
y the of 2 nucleie acd-contain-

ing core from a protem slan - With other viruses, the mechanism of
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NWS  The other type, NM, is somewhat newrotropic, heat resistant,
and serologically similar to WSM

The second group of experiments employed mixtures of stram NWS
with either MEL or SW, nonneurotropic strains serologically distinet
from NWS  From the brains of mice moculated with the mixtures new
strans were wsolated which were neurotropic and resembled, serologi-
cally and in other propertics. the MEL and SV strams. Infection wath
a mrxture of NWS and Ocl, a nonneurotropic filament-formmg strain,
gave nise to neurotropie, £l ntous dernatives logieally stm-
lar to Ocl

In these and other experiments (118a) the virus isolated from mived-
mfected ammals showed hereditary characters present 1 the two
strams used as moculum By analogy with the phenomena of genetic

bination w bacteriophage, Burnet suggested that genetic re-
combmation takes place with influenza virus 10 mivedanfected cells
The investigators carefully sought to aveid a possible role of selection
and of stram mixtures in these experiments  They used strams that
had been made genetically as homogeneous as possible by repeated
transfers at hmiting dilutions, so that each stram had presumably ongr-
nated from a single particle

In experiments of this type, in which mass noculation of ammal
brains leads to repeated cycles of virus reproduction in different cells,
selection of spontaneous yanants cannot be excluded as eastly as with
bacteriophage, where single cycles of infection can be analyzed. More-
over, the method of fers at imiting il 15 not pletel;
rehable in ehminating virus muxtures, especially when strams of dif-
ferent pathogemcity are present More recent eperiments carned
out i the chick embryo fhave confirmed and extended the results ob-
tamed in the mouse’s bram (1200)

Reactivation phenomena. Henle has reported (303) that ultra-
violet-rradiated nfluenza virus A or B, upon moculation wto the
allantore sac, gives rise to a growth ¢y cle whose characteristics depend
on the amount of This suggest: dng to Henle, a
“multiplicity reactnation” sumlar to that observed 1n bactenophage
(436). Light mocula of the wradiated virus give a growth cycle simi-
Jar to the one that would be expected from an jnoculum of active virus
corresponding to the residual active titer mn the irradiated samples
ith increasing 1nocula, howen ex, the amount of virus growth mereases
more than proportionally to the inoculum, as though some of the in-
active virus had been reactnated Tt Jas not yet been shown that this
reactvation oceurs in cells infected with several mactive particles
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CENERAL CONSIDERATIONS ON VIRUS RLPRODUCTION

There are many siuartties between the growth cycle of Iytic bac-
tevophages {chapter 8) and that of snfluenza virases  We may legit-
mately ask whether there 15 2 sumlar pattern 1 the growth cycles of
other viruses as well

Certam aspects of virus-host mteraction are the same for many
vieuses  Ppewmoma vires in mouse lung {251), murnps viras {2533},
and menmgopneumonitis virus n the chick embryo (603) exhubit
growth cycles characterized by an il reduction {echpse) of the
wnfectsous titer below the level of the moculum, followed by a perod
m which visus titer remawns low  The virus titer then increases and
reaches a maxumum sfter 4 time anterval fauly charactenistic for each
viras

Simdar sesubts have been reported for neurolsopic viruses (576a)
An interesting feature ss presented by Theder’s virus GD-VII of mouse

4 Follvonng penpheral imjection m mice, the virus 15 de-
tected 1n nfectious form as 1t proceeds along the nerve fibers toward
the central nenyous system  As the vums reaches the nerve cells, miec-
tivity dssappears for 20 to 30 haurs  Later 3t seappears and reaches a
maximtm around 100 hours after mfection, at the time of the oaset of
symptoms  Virus hemagglutiin titer parallels the vyros fectmaty
Here, apparently, the virus loses sts mfectnaty only when st reaches
the cell body proper, not m the nerte fiber, although the nerve fiber
15 truly a part of the host cell

Vaemraa vicus, both m sabbit shin and in tissue caltares of the same
tissue, exhybts a growth curve charactenzed by echpse, followed by
rapud growth {1036, 159, hgure 88)  The measurements of mfectvity
are closely correlated with the counts of elementary bodies i mfected
cells

El

t and hght. pe observations on sirus-n-
fected cells (chapter 11) strongly suggest that the new virus particles
represent the of a process of These

observatsons reveal no sign of bmary fisuon of the virus particles a¢
such

The marm sundarity amang all viruses whose growth eycle has been
analyzed 1s the echipse ph followed by of vgrus
With soma phages, the eclipse has been explatued by changes 1 vrus
argamasakyn, evpecatly by (e wpasabion of a maclere dosd-comtumine
10g care from a proten shm  With other vicuses, the mechanism of
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echpse 1s as yet unknown.  With plant viruses, the hrmited data in the
hterature do not prove the occurrence of an eclipse stage.
Concerning the later plases of virus development, it should be
bered that most inf ion avarfable on animal and plant
viruses, except that from cgg expeniments, derives from tests on tisste
extracts  The cycles studied in this way resemble expenments on pre-
mature lysis of phage-nfected bactena, rather than cycles of infection
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Figure 88 Growth of vaccinta virus m normal rabbit skin in sno (a) and in
shavngs of skins m vitro (), Unfilled circles no virus recovered  Modified
from Crawford and Sanders (158)

and ysis  Maturation of new svirus evidently takes place in the host
cells, but we know Iittle about the modalities of the virus release and
of the remfection of other cells Symptoms often appear when the
amount of mature, micctious virus is at a peak, but it is hard to decide
whether the cell damage reflects the maturation process itself or the
second wave of attack by newly liberated viruses  Indeed, we hnow
that many vuruses, and not only the “latent” ones, but some Iike in-
fuenza (326), can reproduce to a maximum extent in susceptible
ussues without causing any symptom of disease,
The well-established facts of T y 1n phage, together with the
blished lanties 1 phage nf and mf with
animal viruses, justify the question as to whether cell mfection by
animal and plant viruses may also be followed by a “Iysogenic”™ type
of relation, with reprod of virus in fe form (provirus),
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followed rarely {or even not at alf} by maturation and production of
active warus particles,

‘There are numerous ebseriations that sugsest a reproduction of tyus
without maturation  In wfections followed by recovery, persistent
wrmumty 1s frequent  Tlus may be duc i part to persistence of anti-
body, but accarchng te many workers this persitence of aattbody
sself evidence for persistence of virus  In plant viruses, where ante
bodies cannot be wnohed, wlethous visus persists m recovered plats
and s found m ther new Jeaves It 1 present, howerer, m much
smaller ameounts than in recently diseased plants (see chapter 11}
One wonders whether the vieus dacs not reproduce mamly mn an -
mature form, with only ] ‘The d m
smmature form mght result from the mfecton of very young tissues,
Just as the frequency of lysogeszation ty bactens 1 affected by the
physiclogical conditions of the mfected cells

The data on latent viruses closely recall the facts of lysogemcity
Often, latency simply means absence of symptoms, but there are
easons to suspect that sometimes the virus 1s not present m infec-
tious form or at least that the snfections virus 1s only 2 small propostion
of the sirus present m nornfectious form  Cases ke that of herpes
virus (see 114), which enters the human body i chiddhood, remans
unobseryed and undetectable {evcept by antibody test) for many years,
and oceasionally produces symptoms and infectious varus, remmd us
of lysogenie bactena and of the nduction of phage maturation by a
ranety of stnult

It 15 indeed smportant to establish whether wfectson with a virus
can produce symptoms of cell dunage m the absence of virus matura-
tion  Toxic symptoms of mfluenza (298} are prokably related to m-
complete maturation  Even i the lung of muce, influenza may canse
rapd death, with httle virus being recoy erable m the lung tissue (634),
an obseration that suggests cell damage without virus maturation

Transmussion of virus from cell to cell may occur esther n the

fi or m the form In multicell

transmussion of nonnfectious vires from cell to cefl generation, wath
occastonal maturation, can praside a relation of relatne stabidsty  Egg
and sperm transmussion of virus diseases, hawever rare, provides pos-
stble instances of such a type of relatson

In summary, sve may say that our present knowledge supports the
ez that virus multiphcation mside the hast cell proceeds accordmg
to the fallowing pottern  Upon m asion of the host cefl {or of some
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eclipse 1s as yet unknown  With plant viruses, the limited data in the
hiterature do not prove the occurrence of an eclipse stage.
Concerming the later phases of virus development, it should be
remembered that most mformation available on animal and plant
viruses, except that from egy expeniments, derives from tests on tissue
extracts  The cycles stucdied 1 this way resemble expennments on pre-
mature lysis of phage-infected bactersa, rather than cp cles of infection
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Flgure 88  Growth of vacama virus i normal rabbit skin m vno (@) and i
shasings of skims m sitro (b)  Unfilkd circles no virus recovered  Modified
from Crawford and Sanders (158)

and lysis.  Maturation of new virus evidently takes place i the host
cells, but we know little about the modalities of the virus release and
of the renfection of other cells  Symptoms often appear when the
amount of mature, mfectious virus 1s at a peak, but 1t is hard to decide
whether the cell damage reflects the maturation process stself or the
sccond wave of attack by newly biberated viruses  Indeed, we know
that many viruses, and not only the “latent” ones, but some like in-
Bl

fluenza (326), can reproduce to a extent n
tissues without causing any symptom of disease

The well bhshed facts of | y  phage, together with the
established similanities bets phage nf and mnfe with

animal viruses, justify the question as to whether cell infection by
ammal and plant viruses may also be followed by a “lysogenic” type
of relation, with reproduction of virus 1in noninfectious form (provirus),



CHAPTER
I+

Interference Phenomena

in Virus Infections

T chapters 9 and 13 e hanve already discussed some of the phenom-
ena observed when a host 15 fected with two viruses fateractions
s maxed vyrus infections are of great mterest not only for the study of
‘arus-host relationshups but also m relation to jmmuaty to VIFuses in
bactenophage 1 bas been possible to analyze nteractions behween
viruses 10 terms of the 1esponse of spdwidual host cells 1n plant or
anunal viruses thas 15 mote difficult, because of ntervemng comphica-
tons the multicellular nature of the host, the compheated patheays of
virus spread m the host, the oceusrence of humoral mechamsms of
defense agmnst vuuses Jrus 2 genersl ohsenaton that particles of
o or more virus types do not xeact disectly with one another outside
the cells, so that all mteractions st have t0 do with events that take
place o the surface of, of i, the host cells

INTERFERENCE n B\CT‘ER‘OF!HCES

Virulent phages  Infection of bactena with twe visulent bacteno-
phages leads to different results, depending on the degree of relation-
shap between the two sviruses  When the two phages are unrelated
{according to serologcal and ‘morphologieal enterid y mutual excloson
oceurs, generaily accompamest by 3 yield-depressing effect {188, 174)

When the miecting viruses are related, the resalt depends on the
time between snfections 1 two related phages mfect the same host
cells almost simultaneously. they both multsply and mature “The closer
their genetic relationship, the greater the aumber of cells which Iib-
erate both phages, for example, all cells inixed mfected with o phage
and one of its mutants, such as 2 and T2r, hiberate Yoth types, whereas
only a fraction of the cells fected wath T4 and T6 may bberate both

o273
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special part of i) the infectious particle is so modified as to become
unrecognizable as such. Reprodi of noninf yvarus el t:
takes place by mechamsms, the nature of which stll escapes us, but
which are probably on a level with the reproduction of the speafic,
self-perpetuating elements of the host ccll stself { chromosomes, mrto-
chondria, plastids)  The role of the preeisting sirus in inducing the
formation of more virus is completely unknown. The cell may possess
a diffuse, nonspeaific machinery for such syntheses, and the specific
materal of the infecting virus may mtroduce a new madel for syathesis

Repraduction of f coptes of the vicus may be
foll 1 by with production of infectne particles In
bacteniophage, there 1s goad evidence that the matured particles no
Yonger reproduce in the cell where they have arisen, that 1s, before
reproducing agam they must go through the invasion process The
mature particle mn a sense 1s a resting stage, which carrees the essentral
virus matesial from cell to cell and probably protects 1t from external
mjury.  For other viruses, the relation of maturation to reproduction
15 not yet clear, but the concept of mature virus as a resting stage seems
to stand on a solid basis (28)  Polyhedral struses of insects reach the
infectious rod-shaped form by a process of maturation  Their incluston
mto the polyhedral bodies arrests further production of virus  The
capsules around the particles of other msect viruses may represent
nrotectnve coats acqured m maturatron

Reproduction of virus matenal may lead to a more protracted state
of immatuntv  Even with virulent phages, 1t 1s hkely that not all
the phage elements that have been produced reach maturation It 15
quite conceitable that many struses, after infecting a host cell, remain
1n that cell (and 1 its offspring) 1n a noninfectious form, reproducing
further or sometimes being eliminated  Maturation may take place in
some cells only and even n a small minonty of the cells Conttmued

prodi without m. and without cell destruction may lead
to cases of nonrecognizable viruses  These will be, both semantically
and operationally, mndistd hable from the lled normal cell com-

ponents, and the problem arises as to the possible ongm of certam cell

components from elements that may have been viruses  The possible

function of such virus remnants, for example, 1 normal and abnormal
t, will be d in chay 7 and 18
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Table 27. Exclusion betwcen two related phages

“Ihe fracLion of bactena Vhat Yherate bath T2t and T2r phage when snfection
with ane phage preceded mfection with the other phage by sanous mtenals of
time Only about 507% of the bactern serenved both phages  Modhified from

Dulbecco {255}
Tune Inkcs\al Bactena That Librrate Tracton | Belabie
Betneen First of Meved Fraction
and Secondt Yeehyy | of Mreed
Tnfection Toth | rtonky | ronk el Yeekls
Tart fiest] o 385 223 133 0 31 100
1 mun 138 3t9 137 0 2 0 58
Cqun @3 sec | 33 42 10 5 09 o8
3o, d0sec | 21 91 132 003 0o
0mn 0% | W 501 150 o 02 [
Terfisst | 0 396 203 233 Q48 108
1 "7 =03 222 4 22 047
Soum, 25 e | b6 03 415 oo 016
Smm, d0se | 23 301 100 o 03 0 07
Dmn 0 | 23 339 003 o o7
h b h 1 and double lysogenests

prop
fsee page 203 and table 23}
In genem! b'\(tem mfected with two phages exhabit two distinet
of ding en whether the safection 15 of the
imc or the lysogemc type  In the lysogemc form, a prophage cax
prevent maturation of related phages and st their establishment to
the prophage form, the prophage may or may not ingerfere wath un-
related phages  In the lytic condition, instead, there s no prevention
of maturation between related phages (provided infection 15 smul-
taneous} but there 15 presention of moturation between usrefated
phages

INTCEFERENCE IN PLANT VIRUSES

Acqured # and P i fad fi
‘phenomens among plant viruses, we must canuder Brst what happens
wn plants that are exposed twice to the same virus  In severa) disv
eases, & sirus mfection, after becomng gemeralized 15 a plant, results
W an apparent recovery  For evarnple, a tobaceo plant mnfected with
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Table 26.  Mixed infection with two bacteriophages

‘The proportion of bacterta that Ithernte both phage ty pes follow ing stmultaneous

mlectton with equal amounta of two phages.
—
Phage Pasr  Per Cent Miced Yields
TL-T2 0
TI-T7 [
TI-T3 0
T2- []
T2-T7 0
T2-T4 80
T2-T6 60
T4 TG 20
Te-T2r 100

(table 26) In such “mixed-yrelder” cells, cach phage does not grow
to the same extent as it would if the other phage were not present,
rather, the two phages share the total yield, which 1s approuimately
the same as if only one virus had mfected the cell (309). Recombina-
tion phenomena may take place, leading to production of mew virus
types (178, 314)

For mrxed growth, 1t 1s not necessary that two related phages attack
the host cells simultaneously The same result 1s observed if the two
phage mfections are separated by an mterval of time dunng which the
host cells recenve no available nutrient  If, mstead, two infections with
related phages are separated by an interval of 2 few mmutes, while
the bactera are actively bol; L a ); for the excl:
of the second phage becomes rapidly established (table 27) (195)
Indeed, part of the phage that comes late 1s actively broken down out-
side the mfected cell (238), about 502 of its phosphorus appears
soluble form mn the medium

Temperate phages. A bacterum carrymng a phage in lysogenc con-
dition (prophage) 15 susceptible to lysis by most unrelated phages
(although 1t may be resistant to some mdnadual phage strams)  Even
bactera in which maturation of the prophage has been ipduced by
ultraviolet Iight can still support growth of an unrelated virulent
phage (669). The virulent phage can actually prevent maturation of

rophage
'h;finf};cnin of a lysogenic bacterium with the phage it already car-
rtes, or with mutants of it, gves nse to complex interactions, including
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this varus, necrosts Fads to oveor in those areas that have been directly

wmoculated with the Brst srus or into wlsch this virus has already

spread {Bgure 89, 356). Here, as well as with ses eze and mild strams

of potate virns X, the excluded virus sctually fals to multply i the
d area Pr may oceus upon i

1 A hgh of the nbgrass stram of tabaceo

mesaie vteas w 2 mued woculum with erdimary tabaceo mosaie s

Figure 87 Leaves of Awotane sgliostns parth protected aganst ascaba
mosate by dweit moculation with toboeeo mosaic  The azeas free of the mewrotic
ucube lesions were rubbyed with tobaceo mosast virus 5 day s before woentanon

wath the aueubz vins Courtesy Dy L O Kunkel, Rochefelliz Jrsutute, New
York

veduces the number of lesions produced by the ordsmary stram on bean
leaves (54a)

Plant +uus studies of this type have been handicapped by the difh-
culty of detecting & «irus 1w & Mixture with another  Tlus test requres
ndicator hosts susceplible to one yirus and sesistant to the other, and
such hosts are seldom avattable  Moreover, small amounts of plant
viruses are didfiult to detect and titrate  Newertheless, 1t seems to be
well established that 1 cross-protection the first virus actualiv 1ates-
feres wath the muitipheation of the second

Vhe acquiredmmumty pheasmens w plant viros diseases might be
compared with the situation absersed with bacteniopha ges 1 the lyso-
geme condition (75} We may suppose that i the recovered plant
the virys 1s manly w a condition {provirus) simidar to the prophage
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tobacco rigspat sirus, after the carly mamfestation of nng patterns
on its leaves (acute stage), seems to recover (chrome stage); the new
leaves are y Ny normal A second inoculation
with the same virus does not result, however, in a discase similar to the
one produced by the pnmary mfection, the recovered plant has an
acquired unavanty toward the virus (see 533), In the so-called se-
covered plant the virtis 15 stdl present, afthough in amounts smalfer
than m actnely diseased plants  The nngspot virus i recovered
tobacco plants 15 1 one-tenth to one-fifth the amounts that can be
extracted duning the actn e ifection  In exceptional cases, it s claimed
that no actne virus can be demonstrated - the recosered, immune
plants (251),

Apart from the question whether st s correct o call such plants
“recovered,” and the lack of symptoms upoun remfecnon “acquired
immunity,” there 1s 0o doubt that the previous mfection with virus
prevents the newly ntroduced virus from reproducing to the same
extent as it would if inoculated mto a virus-free plant  The estab-
hshment of the immune conditron has been attributed to the cntry of
the virus into susceptible cells at a stage of active cell prohferation,
so that an equilibrium 1s established between formation of virus an
formation of cell components  The usual type of infection supposedlv
occurs when the virus penetrates mature cells

Situations of this type are quite common with plant viruses, and the
general observation with plants 1s that acquired immunity extends not
only to remoculation with the wdentical virns but akso to moctdation
with a closelv related virus sttan - This cross-protection between twe
related iruses holds alse for plants that are m the acute stage of the
disease It 15 particularly clear m the mosare diseases of tobacco.
potato, and other plants  The first ohservatians concerned tabacco
mosaic and 1ts yellow mutants (438, 6435 ), similar findings were made
on green and yellow strains of potato virus X In alf these cases,
presious infection with a less virulent strain, provided it has become
« lized, presents ifestations of the symptoms of a more virn-
lent virus  The oppasite type of wterference, i wiieh a less sirulent
stram 15 excluded by previous infection with a more virulent one, 15
more difficult to detect, since the symptoms of the more vyrulent virus
do not permt conclustve observations as to the absence of those of the
mulder virus

For pratection to occur, the cells exposed to the second virus must
actually be nfected by the first, Upon successne inm:u].)tinn.Of the
<ame leaves with tobacco mosaic sirus and with a necrotic yariant of

DF
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or the of another, There are instances
m which the reverse is true, and two viruses together give more ex-
tensive and more destructive manifestations than exther one alone, for
example, tobacco mosac virus gres a sesere necrotic disease in plants
already infected with potato virus X  Sometimes the assoctation of a
mld virus with a latent virus may produce a rapidly destructive dis-
ease Some virus synergism s probably due to an actual mcrease
virus production n doubly mnfected cells (561a) There might also be
a more rapid destruction of cells infected by two viruses, or 2 coopera-
tion between two viruses ifecting different cells m destroying the
plant tissue  Mixed mfection of mdrvidual plant cells has been demon-
strated by the presence of the charactenistic inclusions of two varuses,
one of \vhxch gnes 1 the other )| 1 (462)
A ity and “plant antibodies.” A pecultar situation has
been xepmted by Wallace for the sugar beet curly top sirus 1 tobacco
or tomato (662, 663) This virus 1s transmisstble erther by graft or
by the leafhopper Circulifer tencllus Infected tobacco plants gen-
erally recover and become rmmmune to remnfection with the same stram,
whereas tomato plants become severely sich and seldom recover The
recovered plants can always be shown to contamn virulent virus, be-
cause a leathopper can transfer the severe disease from recovered
plants to healthy tomato If tomato plants are moculated by graftmg
from recovered plants, they mamfest only a mild disease and recover
regularly This situation was mterpreted by Wallace as suggesting
that recovery depends on the production by the plant of a protectne
substance similar to an antibody  In grafting, the protective substance
1s supposedly transferred along with the virus, thus producing a passive
mmumization, whereas the msect transmuts only the virus It 15 pos-
sible to 1magine, however, that i the recovered plants there exist two
or more mutant forms of the virus (see chapter 15), some more viru-
lent, some less, and that the less virulent protect the plant agamst the
more virulent  In grafting, the mild virus may have an opportumty
to spread ahead of the virulent The msect, wstead, may ether trans-
mit only the virulent virus or may transmut both viruses 1 such a way
that the virulent one 1s not hampered by the mild stran
Apart from these observations, which, madentally, could not be con-

firmed by other workers (5332), there 1s no evidence for humoral
mechanisms of immunity mn plant vicus diseases  Interference phe-
nomena sich as acquired and 5 are, theref
especrally important, since they seem to be the only mechanisms that
may lead to a protection from viruses 1 intnnsically susceptible plant
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This may evplan the nonrecoverability of infectious virus in some in-
stances (231) and its low in others. Reinf with
a related virus would lead to Iimited reproduction and to failure to
manifest symptoms.

o ion aud classifi Cross-p is a satisfactory
criterion of relationship  Plant patholog have so concluded be-
cause they hate found cross-protection between virus strains known
from other evidence to be closely related  Several virus steains have
been classified by this test (sce 533). Although the rule may be
generally valid, some reservations may be made (460} Cross-protec-
ton 1s not always a clear-cut phenomenon  The suppression of the
second virus may be more or less complete, depending on the amount
of virus used m the test A heasier inoculum may simply increase the
chances of infecting cells not nvaded by the first virus, but may also
allow competitive relations between two viruses in individual eells.
McKinney has shown that the green tobacco mosaic vins prevents
manifestation of yellow mosaic symptoms, but that mfection with the
yellow strain does not prevent growth of the green strain, which slowly
replaces the symptoms caused by the yellow strain wath its own (459)
Thus, exen with closely related viruses, cross-protechion does not
always work both way s There 1s actually one virus that offers a com-
plete exception to the cross-protection rule, the sugar beet curly top
virus  This virus ewsts m several strains differng m virulence, there
1s 10 protection by the avirulent toward the virulent strains, and even
a nonvsrulent strain can be shown to multiply m 2 plant already m-
fected with a virulent one (250c)

In some instances, cross-protection may fail to occur between viruses
that are serolagically closely related (46) On the other hand, there
are rare instances of two completely unrelated viruses (for example,
severe etch virus and potato virus Y) in whuch the first virus not only
prevents wfection with the second but also displaces 1t when it is
already hully established (44). Similar displacements have been de-
seribed for diseases, such as those of peaches, that can only be trans-
mitted by wnsect vectors or by graftng  Little peach virus displaces
the virus of peach yellows from yellows-infected buds grafted on plants
carrying httle peach (3887). Altogether, the cross-protection fests,
althongh generally very valuable, cannot be considered as complete
evidence for relatedness

Virus synergism. It is clear from these few examples that inter-
ference phenomena in plant virus diseases can take dniie.rcnt .foxms
Ve have described some m which ane virus suppresses or infubits the
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lapheation or the fe of another. There are instances
in which the reverse 1s true, and two viruses together gine more ex-
tensie and more destructine manifestations than either one alone, for
example, tobacco mosaie virus gives a severe necrotic disease in plants
already mfected with potato virus X. Sometmes the association of 2
mu!d virus with 2 latent virus may produce a rapidly destructive dis-
ease Some virus synergism 15 probably due to an actual mncrease m
virus production in doubly infected cells (561a). There might also be
a more rapid destruction of cells mfected by two viruses, or a coopera-
tion between two viruses infecting different cells mn destroying the
plant hissue  Mixed mfection of individual plant cells has been demon-
strated by the presence of the charactenstic mclusions of two viruses,
one of which g es eytopl the other i 1 1 (452)
Acquired immumty and “plant antibodies.” A pecuhar situation has
been reported by Wallace for the sugar beet curly top virus in tobacco
or tomato (662, 663) This virus 1s transimssible either by graft or
by the leafhopper Crrculifer tencllus  Infected tobacco plants gen-
erally recover and become immune to remnfection with the same strain,
whereas tomato plants become severely sich and seldom recover  The
recovered plants can always be shown to contam virulent virus, be-
cause a leafhopper can transfer the severe disease from recovered
plants to healthy tomato  If tomato plants are moculated by grafting
from recovered plants, they manifest only a mild disease and recover
regularly  This situation was nterpreted by Wallace as suggestng
that recovery depends on the production by the plant of a protectne
substance similar to an antibods. In grafting, the protectsse substance
15 supposedly transferred along with the virus, thus producing a passne
immunization, whereas the msect transmuts only the virus It 15 pos-
sible to magine, howeer, that 1n the recovered plants there exist two
or more mutant forms of the virus (see chapter 15), some more viru
lent, some less, and that the less virulent protect the plant agamst the
more virulent. In grafting, the mild virus may have an opportumty
to spread ahead of the virulent. The msect, mstead, may etther trans-
mit only the virulent \trus or may transmit both varuses in such 2 w ay
that the virulent one 15 not hampered by the mild strain
Apart from these observations, which, meidentally, could not be con-
firmed by other workers (523a), there 15 no evidence for humoral
mechanisms of mmunity n plant virus discases  Interference phe-
nomena such as acquired and cross- are, theref
especlly smportant, since they seem to be the only mechanisms that
may lead to a protection from vtruses m trinsically susceptible plant
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cells. A 1y, most acquired i to plant viruses 1s due to 2
persistent, chronic disease and depends on direct cell protection by

virus already present within the cells,

INTERFERENCE IN ANIMAL VIRUSES

In the study of the responses of an animal host to double mfections
with two viruses or with two mputs of the same virus, we find situations
more complicated than with plant virus diseases (see 300, 553). The
major complication dernes from the occurrence in animals of serclogt-
cal reactions with the production of antiviral bodes, whose effect
on the virus has to be taken mto account i interpreting the course of
infection  Many nonfatal mfections with vims (measles, mumps,
yellow fever) leave a permanent, more or less complete, specific im-
munity, which may or may not be dependent on persistence of virus
m the recovered host  Some mmmumty 15 transitory, and remfection
1s possible even after rather short intervals (common cold, influenza).
This may reflect the raprd replacement of the cells of tissues attacked
by these viruses (556)  Usually immunuty can be correlated with pres-
ence of anttbodies m the blood serum of the recosered amimal It 15
often difficult to establish whether other mechamsms of immumty at
the cellular level are also molved

Acquired tissue immumity, The first pomt to be considered 15 the
fate of the virus duning infection and recovery (287) For a number
of viruses, for example, for the mfection of the central nenous system
caused by the herpes sirus (466), the amount of infectious virus that
can be extracted from the infected tissue dirmmishes after a certamn

tume, finally, no active virus can be ! Ths “
precedes exther the death of the host or its recovery, and m case of
Iy d with the establist of 1

recovery 1s g
to a second mfecnon with the same virus It 15 not clear whether the
virus need shll be present to stimulate antibody production, thereby
preventing wfection by the second jnoculatron, or whether 2 change
in the antibody-producing cells has occurred, which causes them to
continue antibody production {or at least to retain the ability to pro-
duce such antibodies qurckly if presented agam with the siral antigen}
A phenomenon that illustrates both the relation between actual
infection of a group of cells to therr immunity upon remnoculation and
the speed at \v]nch such can be established is the Hed
“rail ) ung of the Germ:m authors,
see 287). In herpetic intection of the ccntnl nervous system, the virus
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spreads along the nerve fibers from the peniphery to the central ners ous
system and, within the Iatter, from the pomt of entry to other parts of
the brain or of the spinal cord ‘The virus, which 1f injected durectly
mto the brain would cause a rapid fatal infection, often produces only
a mild mfection or even a completely Jatent one, 1f 1t spreads along the
nerve paths within the nervous system At the same time, the nerve
tissue mvaded by the virus acquires a defimte degree of immunity to
a challenge noculation that would otherwise be fatal. It can be
demonstrated that only those portions of the central nervous system
that have actually been invaded by the virus are immune to the second
1mnoculation

Phenomena of this kind have been observed not only for neuro-
tropic viruses but for other viruses as well  For example, influenza
virus moculated 1nto mice ntraperitoneally soon reaches the lungs,
where, mstead of the usual fatal pneumonia, 1t causes @ mild mfection
and gives nise to solid agamst lation by the L hual
route (553)

In cases ke thus, local immunity apparently becomes established as
the virus spreads, before anttbodies are detectable in the general cireu-
lation  One is therefore tempted to suppose that immumty results from
an alteration of the infected cells, following infection by a route that
does not lead to their destruction  The nonrecoverability of the virus
n these immune tissues might have to do exther with actual disappear-
ance of virus, leaving the cells 1n a modified condition, or with the
persistence of the virus mside the cells 1n such a way that 1t cannot be
extracted n active form

The possibility of the persistence of modified virus mside cells that
have acquired local immunity might be tested by serological methods
For example, we might try to detect virus antigens by the complement-
fixation reactron 1n extracts of immune tissues  Such tests have not yet
been made systematically

Attempts have been made to test whether tissues that would be
immune fo0 a virus 1 the ammal body are stil able to support virus
reproduction if 1solated 1 tissue cultures, The results are somewhat
contradictory  Some authors report abality of 2 virus to grow m cul-
tures of tissues from immune animals, provided antibodies are carefully
removed (virus I11, 24), others report a suppressed or reduced multt-
plication of varuses 1n tissues from smmune ammals (559) It 1s not

always clear whether the hissue mvestigated has acquired Jocal 1m-
munty of the type deseribed above, a3 distmguished from the gen-
eralized ymmuntty of the anumal, which s due mamly to circulating
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anttbodies. In reduced multiplication of virus in cultures of immune
tissue, 1t 15 also difficult to exclude the presence of some reswdual anti-
body 1 the tissues, since complete removal of antibody is very diff-
cult, even by perfusion of immune tissves and organs.

The theory that Jocal 1mmunity 1s caused by an alteration of the
virus-growing ability of the host cells has been weakenced by the dem-
onstration that high concentrations of antibody evist in the yery areas
where virus activity 1s greatest In some neurotropre irus wnfections,
particularly poliomyelitis and equine encephalomyelitis, the distnbu-
tron of antibodies 1n the central nervous system closely parallels that
of the arcas of actne multiplication of the virus  This parallelism is
not accounted for by a secondary lacalization of antibody from the
circulatory system  The suggestion anses that antibody is produced
locally by the infected cells, these local antibodies have the same prop-
erties as antibodies found m scrum (492, 581) A possible role of local
antibody production i lacal immumty (and m rail mmumnization) is
supported by the capidity with which thus antibody may be produced
when mice immumzed with the virus of cqune encephalomyehitis are
remoculated with the same virus (550) The vacemated mice often
die 1f given a small challenge dose, but are fully resistant to ntra-
cerebral moculation with lugh virus doses, presumably because the
high doses cause in the vaccinated animal a quick local production
of antibodres m i to protect, I may depend,
m such cases, on the rate of mulhphication of the challenge virus, @
rapudly multiplying straun may deelop too fast for the lacal antibody
tuter to reach an adequate Jevel, whereas a slow-growing strain may be
held m check

These quick local mmune responses may explain such paradosical
phenomena as the so-called M i p pk {467)

1 i )! of a ic stram of herpes virus, which
would normally spread to the bram aleng the eptic nenve and cause a
fatal encephalitts, fails to do s0 f the ammal receves, 7 or § days after
the frst inoculation, a direct mtracercbral moculation of the same virus
By tself, the intracercbral inoculation would also cause a rapid, fatal
disease, Thus, two moculations, each by itself potentially fatal, mu~
tually protect the animal when the routes of moculation and the time
intennal between them are deheately balanced

We sec then that logical 1 may be ble for
much local immunsty, even where other mechanisms are iny olved, it 1s
Aifficalt to discriminate between their role and that of antibodies
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Protection by intesference. There are instances of acqured resist-
ance to viruses for which fill hanisms are not bl
A classic case concerns mfection with stramns of yellow fever sreus
A neurotropic stram, restncted m ats alinity to the cemtral neryous
system and almost barmless to mordeys, can protect monkeys aganst
the effects of 2 pantropie stram, which hy rtself causes a fatal viscerst
wmbection {221, 330). The neurotropic strain can protect monheys even
1f noculated several hours after the pantropie strae - The newrotropic
sellow fesers stratn also protects the mopkeys agawst Ruft Valley fever
virus, which 15 serologically nnrelated to yellow fevar

The above obsenvations 1Bustrate some of the typical features of
mterference hetween strams of the same virus, and also between sero-
logically unrelated viruses, wheve serological protechion seems ev-
cuded The same 15 true of mtetference w the chick embryo, where
anttbody production 15 abseat

Intesterenve may be detected by a vanety of obsenations by sur-
wnal mstead of death, by fadure of typical lesions to develop, and,
by actual & of 8 reduced or suppressed varos

Such a can be d& better
imterference between unrelated wuuses, by ttzating them separatels,
erther i selechsely susceptsble hosts or after suppressmg one of the
wruses with speaific antiserumn Interference between the rapidly
fatal, seralogecatly unrelated Westeyn and Eastern equine encephalo-
myehts viruses can be demonstrated 1n anmmals pres iously mmmunzed
agawst ove virus, myection of a large amount of this virms gives a
resistance of short duration agamst the other virus, due to mterference
45833 The short duratton of protection by wterference s tvpwal,
contrast with the lasting goen by i i y

1a anterfercnce between strams of the same virus. vamons methods
can be used to titrate one virus m the mityres  For example, neuro-
tropse influenza visas m a ssxture wath nobnearotrop ¢ mBuenza stroams
can be titrated 1n the mouse braw By this method the suppression of
the newotropic strun by the nonnewrotropic one an tssue cultures
conld be demonstzated { 27)

Jt seems certawn that merference xequires the actual eccupation of
a cell by the mtexfening virus (§93)  Thus, 2 viras anoculated 1
excess ean seldom be suppressed, except by a more rapidly dereloping
virus - The gstablishrment of mterference closely parallels the progress
of mfection with the wterferng virus, and it weass off as the infection
regresses

4
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When the 1aterfering s srus does not multiply appreciably in a tissue,
large amounts of st are required for interference. In general, a virus
is only able to interfere with other viruses i those tissues for which
it has some affinty  For evample, wfluenza virus can protect the cen-
tral nervous tissue of mice agamst Western equine encephalomyehtis
(656)  Although in the mouse bramn the mnfuenza virus does not
reproduce 1n infectious form, it can at least undergo a cycle of incom-
plete reproduction

The occurrence of interference between serologreally uarelated
vifitses 15 not the rule  Double snoculations may Jead erther to double
infection or to terference, the ontcome depends on the nature of the
viruses, on the mode and amount of wmoculation, and on the host,
Relevant data are summarized m tables 28 and 29, reproduced from
Henle's excellent review (300}  In some cases. mterference 1s recipro-
cal, i others st has been demonstrated 1n one direction only.

Dual mfectron rather than mterference may occur with potentially
terfeing viruses if the amounts of viruses moculated are so small
that reproduction ean take place in different cells (635) In other
situations, interference fails entirely to take place. With muures of
two viruses, one of which gnes intranuclear inclusion, the other intra-
eytoplasmic, cells with dual inclusions have been observed (14, 639)
Virus synergism, m which a dual infection leads to more severe lesions
than erther infectton by itself, has also been reported (219).

Interference by inactive virus. Interference amang anmal viruses
has been observed bebwveen inactivated and active virus of the same
strawp, and also between an mactive virus and an unrelated actrv e s
It 15 a fairly safe predictian that, given the proper conditions, prac-
tically any mterfering ability that a virus exhibats when active will 2lso
be extubrted by the same virus inactvated by agents such as ultra-
violet hght Examples are given 1n table 30 In influenza viruses,
interference has been observed with heat-mactwvated virus that had
lost 1ts receptor-Jestroying ability, this jndicates that the latter prop-
erty is not necessary for nterference to take place (358). Also, m
mterference between wfluenza and Western equine encephalomyelitis
virus, the enzymatic achivity of mfluenza varus 15 not needed for inter-
ference (584).

Large wocula of inactive virus are needed for mierference 1o oecur
The presumption is that enough virus must be present in the inoculum
ade most of the cells m which mterference has to be produced.
ntote sa¢, which coutains about 10% cells, we need at
dated mAvenza virus particles to suppress the growth

to iny
Thus, in the alla
least 10°-10° irra
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Table 28 Reports on £ between
active agents

From Ienle’s review (300), which shoull be consulted for origimal references

Tnterfering Agent

Excluded Yiruses

Columbia SK and MBL

Poliomyelitis, Western equine encephalomye-
s

Equine enceph
Eastern

Equme encephalomyehtis,
Western

Foot-and-mouth disease
Herpes sumplex
Tnfluenza A

Infinenza B
Swine mfluenza

Louping il

Lymphoryhic chonomenmgiis
Mumps

Newcastle disease

Poliomy ehitis

Rabhit papidloma

Sheep dermatitis

St Lows encephalitis
Theiler’s encephalomy elitis

Vacoma
Virus IIT
West Nile
Yellow fever

%) N tle disease

Eastern equine encephalomyelitis, sesicular
stomatitss, (*) Newcastle diseace

Rabues, lymphogranuloma venereum

Ralnes, (?) vacoima

Influenza B, Eastern and Western equme en-
cephalomyelitis, Newcastle disease, St
Lous encephalitis Bnamha

Tafluenza A, snme mfluenza, Western equine
encephalomyelitis

Influenza B, Eastern equine encephalomyeli-
tis, Newcastle disease virus

Rabies

Pohom) ehtis, Columbia MM

Western equine encephalomyelitis

Western equine encephalomyeltis () poho-
myetis, mfluenza 2

Columbia MM, lymphoeytic choromenimgi-
s, (?) heterotypic poliomy elitis

Sheep dermatitis, herpes simplex

Rabtut papilloma

Western equine encephalomy elitis

Western equine _encephalomyeltis  rabies,
poliomyelitis, St Lows encephalitis, loup-
1ag dl, lymphocs tc <hammemugm
Ivmphogranuloma 1 enerew

Foot-and-mouth rabies

Infectious fibroma

Cenezuelan equine encephalitss, wfluenza A

Rift Valley fever, West Nule, wfluenza A,
Venezuelan equine encephalitss, dengue

(¥} denotes questionable mstances of mterference
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Table 29. Reports of dual infection of a host organism or of failure
of interference

From enle's revien (), which should be comsulted for orimmal refetences

T'irst Agent

Second Agent

Eastern equtne encephalomvehtss

Y'eline pneumontts
Fowl pox

Herpes simplex
Infectious my xomatosts
Influenza A

Influenza B

Lary ngotracheitis

Loupmgll

Ly mphocy tic choriomenmgitss
Ly mphogranuloma s enereum
Mumps

Newcastle disease
Pneumonia of mice
Rabbst papilloma

Poliomyelitts
Risbes

Epidemic typhus
Vacetnia

Virus B
Virus TIL
Yellow fever

Mumps

Fowl pox

Herpes simplex, lary ngotrachestis, vaccinia,
felme pnenmonitis

Vaceima, fowl pox, rabies

Habbit papdloma

Influenza B, mumps, lymphogranuloma ve-
nereum, eplemic typhus, jellow fever,
rabies, Semliha forest, preumonia of mice;
West Nile

Influenza A, mumps, pheumonta of mice

Foul pox

Lymphogranuloma senereum

Distemper

Influenza A, rabies, louping ifi

Influenza A, fluenza B, Eastern equine
encephalomy elitis, Neweastle disease

Mumps

Influenza A, mfluenza B

“aceuma, mfectious m) xomatosis, virus B,

surus 11T

Heterotypie poliomy ehtis, rabies

Lymphogranuloma venereum, poliomyeh-
413, herpes simplex

Influenza A

Hetpes simplex, fonl pox, virus B, rabbat
papiloma

"accma, rabbit papilloma

Rabbit papilloma

Vaccinia, Venezuelan equine encephalomy e-
hitis, West Nile

1 1

tum of active vrus (300). It

of or

has been calculated that one particle can prevent multiphication of

heterologous varus in a cell (122). )
uterference phenomena of this hind must be taken into account in

practical problems, as in testing

1on after or

in assaying inactn ated virus preparations for residual actne virus It
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Table 30 Interference between inactivated and active agents

From Henle's review (300), which shoull be consulted for original references

Interfermg Agent Excluded Agent
(nactvated) (actve)
Ectromelia Ectromeha

Infectious bronchitis of chickens  Infectious bronchitis of chixhens

Influenza & Epxlemie heratoconjunctinitis, mfuenza &,
mfluenza B, mumps, swine mfuenza,
Western equine encephalomyelitis

Influenza B Influenza A, mfluenza B, mumps, swine -
nenza

Mumps Influenza A, ifinenza B, mumps

Columbia SK and MM Tohomyehtis

Nescastle Newcastle

Psittacosis Meningoprenmonitis

Swine influenza, Influenza A, mfluenza B, swine wfluenza

15 clear that the presence of an excess of mactive virus i the test may
mask a considerable amount of restdual infectious virus

Mechanism of interference Even though the cellular basis of nter-
ference among anmimal viruses 1s well established, 1t 1s seldom possible
to mterpret the observations m terms of phenomena occurnng at the
cellular level, such as mutual exclusion, depressor effects, and presen-
tion of maturation, Which are recognizable in work with bacteriophage
Some progress has been made, however, i the study of interference
between influenza viruses 1 the allantore sac of the chick embryo
Smultaneous moculation with mfluenza A and B, with one virus m
large excess, leads to suppression of the mmonty varus, suppression
also occurs between ultraviolet mactivated virus and active virus of
the same type or of the other type Interference may mn part be due
to enzymatic destruction of the cell receptors for virus adsorption  But
mterference at the level of mtracellular reproduction also plays a major
role, in fact, a second moculum of mactve virus, whether homologous
or heterologous, several hours after the first moculum can stifl reduce
the yield of active virus by the mlected cells The second moculum
may prevent maturation of those virus particles whose development
had not reached a certam entical stage (426)

It 1s 1mportant to reahize that mterference 1s observed only when the
amounts of virus inoculated are adequate For example, mfuenza
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viruses A and B can be carned simultancously in the allantoie sac for
at least 9 senal transfers when the mocula are nat great encugh to
cause mitial interference (635)
The phenomenon described by Von Magnus (659), consisting of
P E et

the prod of futmating but virus upon
moculatton of mfl virus at high ¢ in the allantoic sac,
may also mvolve mterference  The ongnal virus suspension may con-
tam a large proportion of i ¢ particles, pable of reprod

tion but capable of attacking the host cells and of mterfermg with the
maturation of normal virus  Upan heavy woculation, the wterfering.
nonreproducing virus elements may prevent the reproduction of most
normal virus beyond the stage of the immature particle itself, the cycle
can then be repeated.

The interpretation of mterference phenomena m ammal viruses is
not yet clear  Apart from cases in which mterference may be due to
removal of virus receptors from host cells, one may conceive of a com-
petition for substrates, or of a blockade of the processes leading to virus
production at any one of its hypothetical stages Usually, 1f mter-
ference arrested the development of a \virus at the level of the produc-
tion of intermedrate forms, these would not be detected at all

In view of the mcreasing support for the idea that reproduction of
most viruses 1mvolves both a process of reproduction and one of matu-
ration, 1t 1s concervable that either process may be mterfered with at
any one of its stages  Interference betw een related viruses may molve
mechamsms different from those of mterference between unrelated
yvrruses. Just as i bacteriophages

The practical significance of interference phenomena. It 1s difficult
to assess the role of mterference phenomena n the immunity of animals
to virus diseases  Expermmental observations mdrcate that interference
phenomena could provide a protection different from the serological
one, It 1s debatable, however, whether this celfular mechanism of
protection plays any mportant role m the course of natural infections

The interference phenomenon has been utilized m the therapy of
distemper 1 sitver foves A fertet-adapted strain of distemper virus
protects the anmal by mterfermg with the fov-adapted strain (272}
Protection still occurs when the ferret stram s introduced after the
rulent straw, prosided the virulent strain had been administered by
the nasal route, which 1s presumably the natural way of transmisston

Interference phenomena could be of great significance in virus im-
\£ vituses remained present in the cells of recovered animals for

ty
oy ereby protected them from reinfection, On the one

2 long time and th
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hand, since the best evidence, if any, for the long persistence of viruses
15 based on the lasting presence of antibodies agamst wiruses, 1t is
difficult to diseriminate between the role of the antibodies and the role
of the virus itself m protecting agamnst related viruses  On the other
hand, there 15 1o evidence for lasting immunsty against a virus disease
resulting from previous mfections with unrelated viruses
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viruses A and B can be carmed simultaneously m the allantoic sac for

at least 8 senal transfers when the mocula are not great enough to

cause mitial mtesference (635).

The phenomenon described by Von Magnus (659), consisting of
h i L“l(

the prod; of infectious virus upon
f of infh virus at high 1 the all sae,

may also i ol e mterference  The original virus suspension may con-

tain a large proportion of particles, ble of reprod

tion but capable of attacking the host cells and of mterfering with the
maturation of normal virus  Upon heavy wmoculation, the mterfering,
nonrepraducing virus elements may prevent the reproduction of mast
normal virus beyond the stage of the immature particle itself, the cycle
can then be repeated

The interpretation of interference phenomena in ammal viruses 1
not yet clear. Apart from cases in which mterference may be due to
removal of virus receptors fram host cells, ane may concerve of a com-
petition for substrates, or of a blackade of the processes leading to virus
production at any one of 1ts hypothetical stages, Usually, of inter-
ference arrested the develapment of a virus at the level of the produc-
tion of mtermediate forms, these would not be detected at all

In view of the mereasing support for the idea that reproductton of
mast ruses myvolies bath @ process of repraduction and one of matu-
ration, 1t 15 concervable that either process may be mterfered with at
any one of 1ts stages  Interference between related viruses may imvolve
mechanisms different from those of wterference between unrelated
suruses, yust as m bactenophages

The practical signifi of ph It 1s diffieult
to assess the role of mnterference phenomena m the immunity of animals
to virus diseases  Experimental observations indicate that interference
phenomena could provide a protection different from the serological
one. It is debatable, however, whether this cellular mechansm of
protection, plays any important role m the course of natural mfections

The interference phenomenon has been wtilized m the therapy of
distemper m silver foves A ferret-adapted stramn of distemper Virus
protects the animal Ly interfering with the fov-adapted stran (272)
Protection still occurs when the ferret strain 1s mtroduced after the
iralent strain, provided the virulent strain had been adminsstesed by
¢he pasal route, which js presumably the natural way of transmission

Interference phenomena could be of great significance in \‘ims im-
munity f viruses rematned present in the cells oI.mm\.ered animals for
2 long ttme and thereby protected them from reinfection  On the one
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hand, since the best evidence, if any, for the long persistence of viruses
15 based on the lasting presence of antibodies agamst viruses, it 1s
difficult to discriminate between the role of the antibodies and the role
of the virus 1tself in protecting agamst related viruses On the other
hand, there 15 no evidence for lasting immunity agamst a virus disease
resulting from previous mfections with unrelated viruses



CHAPTER

15

Variation in Viruses—
Host Variation and
Susceptibility to Viruses

VIRUS VARIATION

Viruses form a very heterogencous group and must be considercd as
compnising a number of different and distantly related entities  Great
variation 15 found even within groups of viruses that are considered as
related.  Varattons are even observed within virus populations rassed
under experimental condittons that make 1t as certain as possible that
the wholc population has origmated from one mndividual virus particle
within the duration of the experiment  Thus we witness the appear-
ance of pew virus properhies Just as we witness the appearance of
variations i any orgamsm, provided populations of sufficient size are
observed  Because of this, it has recently become an almost general
custom among ‘rrologists to mterpret the varation of viruses, and
therefore also their evolution, along more or less classic genetic hines
(114; 218).

In the past biclogists had often ] that viruses (and also
bacterta) exhibited a pecularly great variabiity and adaptability
Indeed, 1t was observed that transfer of a virus to a new host, or even
inoculation by a different route, was often followed by permanently
inherited changes 1n the properties of the virus  This adaptabiity
suggested to virus workers 2 peculiar plasticity of virus heredity.

Adaptability i populations of higher organisms depends on the

avarlabihity of a variety of hercditary trasts, mcluding some that will be
- RIE ) - s ntal s batane Viese nlistimty, nstead,

the virus

11t grew

it may wdeed seem logreal to assume that a stuctly intra-
290

A pnori,
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cellular parasite may directly derive some of its heredity from the host
cell that produces 1t
The behef that most vicus variation 15 directly produced by the host
environment 1s unjustified, we now know enough about vanation
viruses to state this with fair confidence  Just as in ligher orgamisms,
most {(but not all} vanation 1 viruses appears to occur through an
lly random prod of The range of mutability
15 determuned by the intrinsie potentialities of the genetic materal of
the virus proper The frequency of such apparently “spontaneous”
ratc) 1s not ob ly aflected by extrmsic factors,
although no adequate data are available on the rates of virus mutation
m dufferent hosts
Virus mutants will be selected i environments 1n which they repro
duce faster, or spread faster, or survive longer than the parent types
Microorgamisms differ somewhat from higher organisms by the very
large size of therr populations, which, by making available large
numbers of mdividuals, provides a great vanety of mutants  Selection
among these can bring to the fore, by selective reproduction, the more
favorable phenotypes To give an example, a heavy virus moculum,
such as 15 used 1n the so-called “adaptation procedures” to make a virus
grow in a new host, may contain a billion or more virus particles  Most
of these may be unable to grow 1 the new environment, but 1f one
particle in hundreds of millions happens to be a mutant capable of
growing, 1t may produce a population consisting almost entirely of its
own offspring
The situation will not always be so simple  Often, exposure to a
new environment may lead to no multiphcation at all (fallure to
adapt) Sometimes, on the contrary, there may be differential mult-
pheation of two or more types of particles, which either were present
m the onigmal moculum or which arose by mutations during growth
The composition of the final population depends on the relative abil-
ties of the different types to proliferate, survive, and spread. All these
vanous types of situations are encountered and play some role in the
survival of viruses i nature

VARIATION IN BACTERIOPHAGE

Plaque-type mutants, Vanation 1n bacteriophage provides us with
an almost schematic serses of evamples on the mode of onigm and
possible consequences of variation m viruses
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The spontancous origin of phage mutants is clearly seen in mutations
the results of which do not require any special selective environment
to manifest themselves Typically, populations of certam phages (for
evample, the colvphages T2, T4, and ‘T8) always contan mutants
characterized by plaques larger or smaller than those of the normal.
wild-type strain (309)  Phage derived from these vaniant plaques con-
tinues to give the modikied plaque type The frequency of such mu-
tants 15 often of the order of 11n a 1000 particles  If one searches for
mutants i the phage yields from single bacterix infected with wild-
type phage, one finds that the mutants, when present, are produced m
small groups or clones, along with many nonmutant particles (438)
Besides proving the actual production of mutants during growth, the
analysis of the clonal distribution of the r mutants, characterized by a
larger plaque on agar, provides evidence for the etponential rate of
reproduction of phage matenal (chapter 9) The frequency of spon-
tancous mutation of phage T2 from the wild type to the 7 type 1s about
1 mutation for every 10 duplications  Tlus value, however, represents
the sum of the frequencies of all mutations that can give rise to the
r character, and the number of these 1s high and as yet undetermmed

In fact, the genetic determination of plaque type mn phages of the
T2 group 1s quite complex (see figure 63) The difference m the
plaque types reflects diffcrences m the extent to which lvsis of the
mfected bacterta can be inhibrted by a second phage nfection (181)
The least whibited or r type can anse by any one of a large number
of different mutations, which apparently occur n different discrete

genetie deter smce they fest genetic r b 1on (see
chapter 8)  Over 20 strams of T2r, when pared, always gave genetic
T 1 1wn m mrxed mi (814). This situatton suggests a

great complexity of the genetic apparatus of the bacterrophage, with
the presence of a large number of independently mutable el all
imolved 1n the determmation of the response to lysis inhibition

Host-range mutants, The farlure to observe a repeated occurrence
of the same r mutation m phage T2 1s probably not due to any basic
misunderstanding m the imterpretation of the expeniments on genetic
recombmnation In fact, similar experiments with other types of mu-
tants of the same bactenophage yield different results  This 1 true
for mutations affecting the host-range property (Jhost-range or h mu-
tants). Most of the independently isolated /i mutants of phage T2 do
not give genetic recombrmants npon Tived jnfection, and appear there-
fore to be mutations occurnug at the same genetic site
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These host-range mutants provide a typical example of the role of
mutation in varus adaptation to new hosts (434). By plating a large
population of a bacteriophage with a bacterium related to its sensitive
host, but resistant to that bacteniophage, we often find a few phage
plagues From each plaque we can 1solate a new strain of bacterio-
phage, stmilar 1n most respects to the origmal one but possessing the
permanent ability to attack the resistant bacterium  The frequency of
host-range mutants may vary from 11 1000 to 1 1n 10” or more normal
phage particles The mutants may differ from their normal ancestors
1 heat sensitivity and 1n some other properties, besides host range

The host-range mutants of phage illustrate another mstructive feature
of the play of mutation and selection m determimng the make-up of
virus populations  If even one host-range mutant particle 1s present
when a suspension of phage 1s exposed to a resistant bacterium culture
that the mutant can attack, the mutant will be the only particle to
proliferate and will completely swamp the normal type and quickly
ehmnate 1t 1n successive transfers, since the remammg normal particles
will be diluted away

Mutations may affect any of the phage properties that we can ob-
serve Thus, phages that require certam rons or organic cofactors for
adsorption give nonrequinng mutants (170) Proflavine resistant mu-
tants of phage strams have been described (227), as well as tempera-
ture-resistant mutants (I10) Mutations can transform a temperate
phage 1nto a varety of more virulent farms (100, see table 23)

Phage mutations observed to date have not affected either the mor-
phology of the phage particles or the serological specificity of phage
types, so that these two groups of characters, which are well correlated
between themselves, form the best basss for classfication of phage
groups  Serologial vanation with quantitative effects on cross reac-
tions 15 observed both among independently 1solated phages of a given
group and among genetic recombinants (§)

Host-range characters are of ittle value 1n classifying phage, except
m relation to very unrelated bacteral groups A phage may acquire
by one mutation the ability to grow on a stran of a different bacterial
species, or even genus or family, from its ongmnal host  Host range,
therefore, although represcnting a useful eniterion for :dentification of
strans, 15 too varuable a character for taxonomic purposes

Population analysis of phage variation. With phages, 1t 15 possible
to camry out mterestmg analyses of the relatne fitness of different
mutant types growing on the same host (309) Infrequent reverse
mutations occur from mutant types fo the wild type If any ome
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mutant is isolated in pure form and carried through a series of sub-
cultures, the population tends to revert ta the wild type, unless the
conditions ¢ontinue to tavor the mutants, For evample, an r mutant
will revert to wild type in 3 or 4 subcultures, rare wild-type particles,
onginating by mutations, stowly prle up and are favored by a larger
yield per bacterium  This is a clear instance of the fact that the virus
type found as the majonty type in a standard situation is generally the
best fitted for reproduction m that situation  The wild type of phage
T2 15, of course, the type found in stocks that have been transferred
repeatedly m the standard medium  The rate of mutation from a T2r
to a T2 is only of the order of 10~ 7 per duplhcation, but althouglt the
rate of mutation from T2 to T2r 1s much greater (about 10-%), 1t 1s
T2 that predomunates m a misture at genetic equilibrium, because of
s reproductne advantage  In tum, genetre equilibnium can be
reached quickly because ot the large size of the bacteriophage popu-
lations with which we are deahng A similar advantage 1s found for
the wild type over the 2 mutants m the presence of bactertal cells
which bath % and wild types can reproduce, the selective 1

1n this case js unknown,

The reversion of most mutant types to wild type upon subculturing
has made possible an analysis for mdependence of various mutations
{310) A strain that has undergone two successne matations is sub-
cultured as desenibed above  If reversion to wild #3pe 1s always pre-
ceded by resersion to a single-mutant type, the two mutational steps
are considered independent, if reversion occurs m one step, the two
mutations were apparently mutnally exclustve, as allelic mutations m
the same gene would be.

Genetic hinati The ph of genetic bimation
mn bactenophage, descaibed m chapter 9, exemplify 2 type of vanation
pecubar to mexed populations of rclated phages New types ansing
by recombmation are genctically as stable as new types arisen by mu-
tation  The role of genctic recombination m phage under natural
condthions 1s unhnown, by analogy with higher organisms, we may
speculate on a useful role of 1 Lmation in the freq
of genetic types within wterbreeding phage populations, weluding
the populations of prophages (1f any such populations cxist) in Iyso-
gene bactena

Nonhereditary variation in phage. There are several interesting
cases of phage varation wnduced by hnown factors  In all these the
varjation is nonhereditary, in the scase that the remosal of the conds-
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tons that prosoked the varation cavses an immedute return to the
onginal type

One example of “phenotypic” sanation, as distinet from heredstary
o “genstypic” ones, 15 $he production of modified phage m bactena
that hiave receied a myved mbection with phages T2 and one of ats
relatives, T4 or T6 or T2k (500} For example, cells of Lycheniclna
coli, strain B, infected with T2 and T4, hberate part of thetr phage vath
T4 host range {actwe on stram B and an indwcator stramn B2, wactne
on 4 stram By 1), but, aftes one cycle of grawth on B or ou B/Z, some
of ths phage brromes stable, normal T2 Phenomena of thns hand,
calted phenotypic mrung, suggest that some of the phage produced
the mixed-infected bacterra comes out with the genetse maternat of T2,
but coated with o “shwr” resembling that of the other phage that way
present  the host cells  In the next eycle of grouth the new phage
comes ovt with a shen formed nnder e own control, therelore cor-
responding 1o 1ts genotype

Another type of nonheredttary varation, already menttoged m
chapter 9, 15 a host-controlied mothfication of the growth abdity of
phage (446} For example, phoge P2 normally grows m Shegella
dysenteriae but does vot graw i E colt, stram B Occavwonally, a
pasticle of phage P2 succeeds w growmg in some exceptional cell of
L eoh B The phage that 15 kiberated b) B 15 11 a form P28, which
remains capable of successie growth eycles i the £ colt strawns gs
long os 1t stays with this host (76) It 1 sull Fully active on Shigella,
though, and  single cycle of growth on Shigella retuzns st to the primg-
twe form, which is almost unable to grow on E colt These relations
are lustroted 1w Bgure 63 (page 198)

Tn another typical ease {448), growth of phage T2 on certasn mutant
strawns of £ coli (see table 19) results m the production of phage
particles which are unable to reproduce m most cells of the £ col
host but remain able to grow on certaw straws of Shigella  One cycle
of growth on Shugelle restates the normal T2 type, which grows both
o Shigella and on E eolt

There 15 no questson of murtation and selection i here, the vanant
character of the phage 1s directly and stuctly determuncd by the hast
1 which it has grown

It appears that, by growimg m a new host, the phage pasticles un
dergo some mod: of their phynok tly actine matestal (but
not of thew genetic, hereditary matersal}, wheeh alters thew abilty 1o
untiate reproduction i some hosts
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There is no clearly adaptive relation in these changes: some new
hosts modify the phage so that the phage continues to attack those
hosts, some modify the phage so as to prevent it from multiplying
further  We have already discussed the role of host-controlled varia-
tion in the Vi-phage system of Salimonella typhosa (see page 206)

The main mterest of these phenomena 15 that they reveal 2 new type
of plasticsty of viruses and a directly governing role of a hast on the
properties of the virus produced within that host. No definite evr-
dence for or agamst the occurrence of such host-controlied anation in
struses other than phage has been reported  The relative stabihity of
the best-known virus vanants with modified host range, even after
return to therr ongnal host, suggest that most host adaptation m viruses
results from genetie, hereditary changes rather than from host-con-
trolled, phenotypic ones  But the recogmtion of the phage modifica-
tions controlled by the host has opened a new field for the mterpre-
tation of a vanety of virus transformations whose mechanism and
meanmng still escape us

For example, a virus may reproduce extensively in a certain host or
m a certain tissue, but apparently only to a limited extent m other hosts
or tissues to which 1t 1s hughly pathogemie. Reproduction of actne
virus may even fail completely in diseased tissue, as in virus “maskmg”
{see chapter 17). Since the usual tests for virus are made by mocn-
lation of certain hosts, in some of these complex sttuations the virus
may actually be present, but so modified by the host cells that 1t does
not reveal itself in the test host It secms possible that such phenomena
play some role in the course of the transfer of viruses to new hosts and
of the spread of viruses from one tissue of the organism to another

VARIATION IN PLANT VIRUSES

Vasnation 1n plant viruses 15 evidenced by the occurrence 1a nature
of a vaniety of virus strans tor almost every major virus type  These
strains may differ in the symptoms produced, in host range, and
many other properties

Tobacco mosac virus strmns have been found i great numbers, a
systematic collection has yrelded close to a hundred dilferent types
(352). Most of these are found acerdentally n nature, and their recent
common origin must be mferred by similantres 1n properties (sero-
Jomeal ions, physical stm: between the particles) But
some mutants actually appear under the eye of the investigator  Bright
yellow patches are occasionally observed 1n plants mfected with 2 green
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mosaie virus (figure 6). From these patches one can 1solate saniants
that breed true and give a yellow, more severe type of mosaie (457)
The occurrence of yellow mutants in different strans of a vrrus and in
different viruses (tobacco mosaic virus and cucumber mosaic virus,
531) suggests the presence of common genetic determmants with com-
mon mutability in these dilferent viruses  Parallel mutants character-
ized by similarsty of symptoms have actually been found to be asso-
crated with virus proteins mamfesting similar changes in electrophoretic
properties from the parental types (243)  These viruses with sinular
mutational patterns are probably more or less related to one another,
although they may hase hecome so differentiated that serologecal cross-
reactrons may have disappeared  The chemtcal analyss of several
closely related mutants { 350) shows differences m the amounts of a few
ammo acids  The protens of serologrcally mmretated viruses duffer to
a much greater extent (see table 9)

There 1s no ind. that such diif m can ongi-
nate chrectly as a result of growth in the chernrcally different environ-
ments of different bosts No vahd evidence for chemcal simdanty
between sirus protean and host protemns has been obtained  Mutations
1 plant viruses can reasonably be assumed to anse by the same type
of mechamsm that causes mutations in hereditary matenal of all other
organsms  The weidence of motation can be meseased by radution,
an agent known to cause gene and chromosomal mutation in plants
and ammals (264}  Most of the procedures used m obtanmg vanants
of plant viruses (passage through different hosts, growth at tempera-
tures above optimum, scleetion from areas with unusnal symptoms or
from abnormal Jocal Jesions)} prebably imohe simply a selection of
spontancous mutants

Some mteresting conclusions can be derrved from ecolagical observa-
tions on the distribution of plant virus strams i nature It 1s generally
the mild, nondestructive strams that are widely and more or less per-
manently established m large natural populations of the host  Thus 15
only reasonable, since survnal and successful propagation are de-
pendent on the ability of the wirus to mfect as many hosts as possible,
allowng them to Ine and propagate, sa that the favorable environ-
ment to which the viras 1s bound will not be eshausted  For a para-
site, ;masneness and destructiveness, the two features of virulence,
operate 1 opposition, imasiveness makes for survival of the parasite,
destructivencss for self destruction

Virulent vanants of plant viruses, such as the yellow mutants, are
found only in exceptional patches at the place of their ongm and are
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often difficult to maintain without reverston. For all plant viruses there
1s probably at lcast one host in which the response is systemic and
nornecrotic  This systemic response is elearly more suitable for virus
survival than the neerotic one. The role of latent virus-plant combina-
tions 1n the survival of virus in nature 15 actually well established.
Many plant viruses are found latent 1n symptomless hosts.

VARKATION IN ANIMAL VIRUSES

The field of vamation in ammal viruses mncludes such an enormous
number of observations that it would be impossible to cover it m
detail, even by devoting scveral chapters to it (see 218). OQur purpose,
however, 15 to point out the major types of variation, therr mterpreta-
tion, and their practical importance both for virus biology and for the
requircments of therapy, prophylaxis, and control of virus diseases.
The general les 1 at the beginning of this chapter make
1t possible fo mterpret practically every known observation according
to a single pattern,

Natural vanation 1s reflected 1 the occurrence of groups of viruses,
whose relationship to one another 1s fested 1n the morphol 1
sumlanty of their particles, in serological cross-reactivity, and in
common patterns of varabitty A typreal example of such a group
of related viruses 1s the vaccrma-vanola group  Smallpox or venola
sirus has been hnown to be the cause of human epidemcs for at least
500 years  In man it causes severe smallpox manifestations, a some-
what different strain causes a milder disease (alastrim).  Horses, sheep,
and cattle are subject to diseases caused by sumilar viruses, swine-pox
15 apparently caused by an unrelated virns.  Vacania virus, the stram
used for human vacemation, 1s derived from smallpox either by transfer
through the skin of calves or, more easily, by successne transfers 1n
monkey and rabbit, Other ammal pox viruses such as horse-pox alse
grve vaccinsa strains, characterized by low virulence for the ammal of
origin and by frequent farlure to produce typical intracellular mclu-
sions {Guarnien bodies).

The viruses that cause pox diseases in birds, although serologically
unrelated to the group of mammahan pox viruses, form a similar group
of agents infectious for several domestic and wild birds.  Another well-
defined group 15 that of the psittacosis-lymphogrnnu]ogna viruses, In-
cluding several lun viruses ¢h 1zed by similar paﬁlFlES
and similar growth cycles, and by the susceptibility of the infections
by vanous b ial drugs (543).

they produce to
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Among groups of naturally occurnng related »aruses st 15 imtesesting
ta observe the variety of degrees of relationship, as idseated by sero-
logical veactions  Let us take, for example, the Sbroma and myxoma
Aruses of rabbits {602). Myvama wirus contams alf ar atwost all the
antigenc determunants of Sbroma, plus some autigens not present w
Bbsoma, fibroma virus cannot remove all antibodies from serurn agamst
myxema  The relationship betw een these tvso viruses is also shown by
the fact that both gue rise to a simvlar vanant, which produces an
wiammatory type of disease instead of 2 tumoral syndrome

A mare complex situation bas been recognized m the iwofluenza
viruses  Three major types are known. swine nfluenza, wfluenza A,
and mfluenza B, with weak serological cross-reaction between the
first two and none between fluerza B and the others A fourth group,
wuenza G, 15 represented by one stram, 1233 Each majer type
oceurs i a varety of shightly different serofogical types, several such
types are often isolated from a sigle outbreal of influenza, suggestng
a ramd »anation m the course of relatnely few transfers It seems
reasonable to suppose that for a virus that 1s periodically evposed ta
neutralzing antbodies there will be a selective advantage w a type
of mutabibty providwg for great serological vanation, and more
especially for variants resistant fo anhbodies that would peutralize the
parent type  Thus, hered: pl y based on I t vanabid-
aty would afford arama) vrruses greater chances for suceesshul spread

Host ad ion and tissue ad: ion. Virol ¢k 1s full
of examples of virus vanation arsing under the eve of the expenumenter
The tw.o most commonly abserved types because of thess smportance
w practical work, are host adaptahon and tissue adaptation A virus
pathogenie for man will often gne no mamfestation, or even not
repraduce at afl, if wjected mto a laboratory ammal or smto the chick
embryo, but it may become adapted to do sa by repeated transfers,
especially by the use of farge rocala  This type of adaptation ss ob-
tamned more or less easily for different viruses anmd 15 probably dve to
e selection of yariants wiich are capable of reproduchon w the new
host  Typcal examples are the adaptstien of rabies \irus to rabbats,
the adaptation of human poliomyehtis virus to mice (something that
has occusred only exceptionally, for instance, for the so-called Lansmg
stram}, and the adaptation of 2 number of viruses to growth m the
<hich emlaryo  The adapted vanants obtamed m tus way are gen-
esally stable and maintam thew new host range even aftes some trans
fezs through the ongmal host
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Tissue adaptation follows the same pattern and consists of the
“traming” of a virus to reproduce m a tssue different from the one
m which it was found, For example, the viruses of vaccinta, yellow
fever, herpes, mfluenza A, and Neweastle disease give nise to neuro-
tropte vanants, which can be revealed by injecting Jarge amounts of
the v1rus directly into the central nersous system of susceptible animals
Examples of host and tissue adaptation could be multipled at will, 2
major segment of the expersmentation on ammal viruses being devoted
to findmg more stutable hosts for virus cultvation

Changes associated with adaptation. 1t 1s important to keep in mind
that, since adaptation probably consists 1n the selection of spontaneous
mutants, the adapted strams may differ from the stram of origin not
only m the new host or tissue affimties but also in other properties,
This 1s only natural, becanse v irus mutations ate hkely to be pleiotropic,
that 1s, to affect a number of different charactenistics  For example,
neurotropic vacemra 1s more virulent for the shin and for other organs
of rabhut than the dermotropic stran (190) Neurotropte strams of
yellow fever, on the contrary. after long selection by intracerebral
transfer, are almost completely nonvirulent for most organs of monkey
and presumably of man It was a netrotroprc stram of yellow fever
whch, after more than 50 transters m chick embryo tissue cultures,
gave nise to Theiler’s strain 17D, which 1s not pathogenic for man but
immunizes agamst yellow fever  This strmn 1s now used the world
over for vaccimation (647)

Another classic case is that of rabies vires  The virulent virus from
rabid dogs (“street” virus) was attenuated by Pasteur by means of
successne transfers through the central nervous system of rabbits
Ths attenuated virus (“Bxed” virns), after proper treatments, can be
used tor human vacamation  Innumerable examples can be found in
any book on medical virology Indeed, the sclection of nomirulent
but mmmumzing srrus strams by means of adaptation procedures has
provided the best vaccnes for the prophylaxis of virus diseases

A number of g changes are 1 with the carly stages
of adaptation of influenza virus to new hosts (118) Human strams
as first solated frem throat washings or after some transfers in the
ferret lung are mn the O form, characterized by a Jow ratio between
their hemagglutinating titer for red blood cells of fowl and that for
gunea pig red blaed cells (low F/G ratio). After several transfers
through the allantoic or the amniotic cavity of the chick embryo, the

F/G ratio increases The increase is npparenﬂ}" dl{c to an actual re-
placement of the O particles by a I mutant, which is better susted for
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growth in the chich embryo. The virus can be maintained m the O
farm for seversl transfers i eggs by nsing snoculx with very hitle varus
Py bly, the verus p duced 10 an early egg transfer
stall consists predommanﬂy of the ungmn! type A bight moculation
will generally transfer only this type, and the process of varabion and
selection of mutants has to stast al ever agasn  1E, however, the mocu-
Ium happens to contain some of the vanant swus type, then this type
will suddenly take ever In fact, even small mocula can mamtam the
© form for 5 or 8 transfers only

The change from O 2o D {orm also results w several other chmgcs,
aflecting path extent of multpl . and ¢ to
intubutors of hemagghutination  Other sanant forms of influenza viruses
appear upon egy transfer (613) Important changes also take place
10 nfluenza virus dunag the frst few transfers through mice  Strasms
ssolated from the same epidemnic outburst ;m man, after passage through
muce, are olten serologically different I these differences are already
present 1o the ongmal strams fmm ﬂm patieats, they have to be taken
mto 0! in the of such out-
bursts (231)  Suce, however, some sesologseal sanation secompames
the adaptatron of visus to muce, an ongmally homogeneous group of
wolates from o human epudemic may gne rise to a sexolegically hetero-
geneous group of viruses after mouse adaptation {326}

Virus variation and the evolution of virus diseases The few
examples of vanabihity that we have mentioned gue us 2 lead to the
iterpretation of the ongm of naturafly accurtng groups of more or
less obviously related viruses, each group s probably demed from a
commen ancestor, which might oz might not have been wlentical wath
one of the forms currently entountered  Cenerally, all viruses of a
group have morpholomeally simslas porticdes, m e with the fintings
an bacterwophages  fu fooking for the commen 2ncestor of a group
of viruses we should expect st to be 2 virus that produces a suld or
fully latent dhsease of some host, while having opportumbties to come
mto contact with the other hosts pow parasitized by the grovp of
virases A good example 15 that of the mammakhan pox swuses (117)
One member of the group 1s the virus of ectromela, a mld endemic
disease of mice  The ancestral type of the graup may hinve been esther
ectsomeha wself or some other form of virus well estabhished 1 some
sodent  Rodents sse wdespread, come m close tontact with many
other mammals, and are almost weally fitted to act as vinus reserous

The problems of virus exokstion and of the surunal of viruses be-
tween epsdeimes are among the most fastinating aspects of vurology
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Tissue adaptation follows the same pattern and consists of the
“traming” of a virus to reprodice fn a tusue different from the one
m which st was found  For example, the viruses of vacemia, yellow
fever. herpes, mfluenza A, and Newcastle disease gise nise to peuro-
tropte varants, which ean be revealed by injecting Jarge amounts of
the virus dircctly nto the central nen ous system of susceptible ammals
Examples of host and tissue adaptation could be multrphed at will, a
major segment of the expenmentation on ansmal viruses bemng devoted
to findmg more suttable hosts for vicus eultivation,

Changes associated with adaptation. Itis important to keep in mind
that, since adaptation probably consists in the selection of spontaneous
mutants, the adapted stramns may differ from the stram of ongm not
only in the new host or tissue affimties but also m other properttes
This 15 only natural, because visus mutations ave hikely to be plefotropic,
that 15, to affect a number of dufferent characteristtes  For example,
neurotropic vaccinia is more virulent for the skin and for other organs
of rabint than the dermotropic stran (190). Neurotropic strams of
yellow fever, on the contrary, after fong selectton by mtracerebral
transfer, are almost completely nonvirulent for most organs of monkey
and presumably of man. It was a neurotropic strain of yellow feser
which, after more than 50 transfers m chick embryo tissue enltures,
gave nise to Theiler's stran 17D, which 1s not pathogemic for man but
immunizes agamst yeltow tever  This stram 15 now used the world
over for vacanation (647)

Another classic case 1s that of rabres virns The virulent virus from
rahid dogs (“street” virns) was attenuated by Pasteur by means of
successne transfers through the central nervous system of rabbts
Ths attenvated virus (“fixed” virus ), after proper treatments, can be
wsed for human vaccmaton  Tnnumerable examples can be found m
any book on medical vivology  Indeed, the selection of nonviaulent
but immumzimg virus strams hy means of adaptation procedures has
provided the best vaccmes for the prophylaus of virus diseases

A number of & changes are 1 with the carly stages
of adaptation of influenza virus to new hosts (118) Human strans
as first 1solated from throat washings or after some transfers in the
ferret lung are m the O form, charactenized by a low ratio betwcen
therr hemagglutnating titer for red blood cclls of fowl and that for
gamnea g red blood cells (low F/G ratio)  After seseral transfers
through the allantore or the ammotic cavaty of the chick embryo, the
F/G ratio mcreases  The 1ncrease ss apparently due to an actual re-
placement of the O patticles by a D mutant, shich 1s better suited for
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Sensitivity to bacteriophage. With bacteriophages, the sensitnaty
of a bacterral host may be d by a single muta-
tion (435) That the bactenal mutations to phage resistance are spon-
taneous, that 15, not induced by contact with the phage, 1s shown, for
example, by the fact that phage-resistant mutants can sometimes be
isolated without previous contact with the phage, either because of

1} 1 colomal hology or by means of special detection
procedures (411}

The spontaneous ongin of the bactertal mutations to resistance re-
sults in 2 peculiar distribution of mutants n a senes of similar bactenal
cultures (442) The sooner the first mutation to resistance happens
to occur 1n 2 given culture, the larger will be the number of mutants
1 that culture, when later tested If many similar eultures are tested
for the proportion of phage-resistant mulants they contain, they show
wide fl These {1 are, an of
the fact that the mutants are already present i the culhues 1 the
form of clones of 1dentical sibs, before the cultures have ever come n
contact with phage This forms the basis of the so-called “fuctuation
test” for spontaneons bactenal mutations

The genetic resistance of bacternia molves either complete mabihty
to adsorb phage or only mability to carry out the irreversible stage of
phage adsorption (250). It has proved valuable matenal for the study
of bactenal genetics (435) A bacterum may by one mutation be-
come xes‘stant to one or more of the phages that attack 1t, and, by

may acquire to several
phages There seems to be no correlation between the properties of
two phages with a common host and the existence of bactenal muta-
tions producmng jomt resistance to both phages A mutation to re-
sistance to one phage often mochfies several bactenal properties, such
as ability to adsorb other phages, ability to synthesize some essential
metabolites, or ability to produce other phages in normal form For
example, certamn mutants of Escherichia cols, stram B, are resistant to
phage T4 and, although still sensitive to phage T2, produce a modified
form of T2 (416, see page 295)

Bactena with known sexual phcnomena of the genetic-recombination
type (speaifically, E col, strain K-12) show that each mutation pro-
duemg phage xesistance behaves as a change 1n a single gene In

diploid races of K-12 ygous for and sensitnaty to a
phage sensmvlty is dommant ( 410) In this bactenal stram, even the
for the phage lambda,

behme as a pair of allehe dnfferences (409}
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(114). The record is extremely fragmentary, and evidence is often
supplemented by guesswork, Eten so, a few examples illustrate the
prnaples  Yellow fever as 2 human disease would have been erad-
cated by mosquito control had it not been for the occurrence of a
yungle form of the disease in wild monkeys and other animals in the
tropical forests  Psittacosis, sporadic and very virulest in man, is
endemic among parrots and other burds. It is maintained not only 12
wild birds but also in domesticated ones, because of transmission from
mother to young m the nest Infection of the young is frequently
followed by apparent recovery, with return to a stage of active lib-
eration of virus after the amimals reach matunty (483).

Same mstances of varation m anmal viruses mvolve complex sita-
tions sull unclanfied  One such 1s the fbroma-myxoma virus trans-
formation (78, 6122} Fibroma virus causes 2 midd disease of rabbuts,
charactenized by fibsous tumors, which geperally regress, it may be
the ancestral form of this virus group  The highly virulent mytoma
virus, characterized by a jellylike transformation of connective tissues,
is always fatal to rabbits  Injection mto the rabbit skin of a misture
of lne fhroma virus and heat-hilled myxoma virus (which cannot
cause myxoma by itself) often gives nse to typical myvoma, This
dicates either a transformation of the fibroma mto myxoma virus or
a reachivation of the inactive myxoma  Successful transformation de-
pends on the relative amounts of Ine fbroma and heated myvoma
sirus  The transformation can 2lso be induced by deproteinized ex-
tracts of mysoma (612a)

We have already discussed m chapter 13 the recent experiments on

bl genetic b in il viruses

(120).

CENETIC AND DEVELOPMENTAL FTACTORS IN YIRUS SENSITIVITY

The host range of any virus must reflect not only the genebic prop-
erties of the virus, but also those of its hosts  Different tissue affimities
must seflect differences ansing i the course of development among
the cells of an organism  Usually the genctic and des elopmental
factors that determme virus-growmng ability are too compheated for
wsis 1n either genetic or ochermeal terms.  Some si:‘np!vf cases of

R

anal

in action
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importance of bereditary factors i resistance to discase {sce 265)

“Hhgh-mortality” and “low-mosrtahty” strains of mice with respeet to
several viruses {pseudorabaes, equine encephahtis} haye been reported

Some results of Iy bodization suggest a smgle-gene control of suseepti-
hality and resistance, more commonly, control 5 probably poly geme,

A discovery by Sabin (572} has provided 2 clear-cut esample of
genetie determmation of sensitss ity to ammal siruses  An inbred strain
of mice (PRI} 33 1007 sesistant to the neurotropie 17D stram of yellow
feves, and 15 also resistant to sesveral other penrotropic viruses {dengue
West Nife fever, encephalitss of the Japanese B, St Lows, and Busaan
types, not to pol hitss, equine encephal Dtas, or rabies) In
crosses wath other inbred muce, the resntance of stram PRI behaves as
if controlled by a single domnant gene  Resistamee 1 only complete
m the adult mice, not in the newbormn  The mechanism of ressstance
15 2 reducton ta the extent of praduction of infectious virus . anmals
with the doranant gere It s not krown whether virus multiphcation
15 altogether suppressed or arrested at some nomnEectious stage

Other studies of this kind hase seldom given such clear-cut results
These studies are complicated, 1 the first place, by intrinsic compleaty
of the genetic h mvohed {multiple-ge charact: genes
with wcomplete penetrance, that 15, with more or less frequent failure
te pmduce therr phenotypic eﬁect) In the second place, thete ate

due to devel These mamfest them-
selves both m the vamous tropxsms of viruses which canse them to
seproduce 10 some tissues of a host and not me others, acd m the
nfluence of age on the suscephbibity of the organism as a whole

Thus, even a bactennm may differ i s response to a phage accord-
g to the stage m s cultural eycle, from actnely reproducing cells to
resting cells  In plants, a virus that nnades rapidly growang cells may
produce a mmlder infection :h:m sn mature cells  The competition of
actnely h 4 Texy be too stiong to
allew the virus to grow as much a5 in nongrowng cells

In ammals, the age of the host may affect erther the hisyue respanse
or the successful operahon of tmmumity mechanasms  Newborn ang
mals are of antibodies.  man thry & fasts
about 6 months after birth and 15 reflected m greater moxhldxt) and
mortality, for example. from encephalomyehtis (579) P
anttbodies from smmune mothers may sometimes p!:xv a role m the

opposite dwection  In mice, the degree of immuntty produced by
aceabon with Eastern equine encephalamyehitis mereases rapudly wm
the first feve days after burth. This age-dependent ummunty 15 strctly
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Plant viruses. Good evidence has been presented for 2 simple
genctic determination of the type and seventy of plant respouse to
several plant virus diseases The best examples are those of genetic
control of necrotic response to tobaceo mosaic viras in tobacco and 1
other plants

The usual tobacco plant, Nicotiana tabacum, as well as many other
species of Nicotiana, respond to tobaceo mosase virus by a systemic
chlorotte disease  Nicottana glutwnosa responds with necrotic lestons
at the pomts of entry of the virus  This localization of the virus pre-
vents 1ts spread  If present m the commercially valuable N, tabacum
st could confer a “feld immumity” to a tobacco crop, Hybrids of
N tabacum X N glutmosa give the necrotic response, this 1s due 1o
a dommaot factor (N) from N glutinosa (337) These hybnds are
stenle and cannot be used to transfer the N gene to N fabacum by
farther crosses. Success was obtawed (339%) by crossng N tabacum
with N, digluta, a tertile artificral amphidiplosd hybrid (carrying both
the fabacum and the glutinosa chromosomes). Some of the progeny
plants had the N type of respense, unfortunately, this was present in
2 chromosome denived from N glutinosa (250a) and was accompanted
by other commercially undesirable glufinose properties  Further
crosses have succeeded in reducing the amount of glufinosa heredity
1 the tobacco denvatnes and seem to have provided commercially
valuable dernatives (250D, 65¢b). The resistance conferred by the
necrotic response is not complete, since generalized necrosis may follow
heavy moculation, but 1s qurte adequate under field conditions The
genetic basis of the necratic type of resistance to tobacco mosare virus
1 plants other than tobacco has also been elucidated (339)

Another type of resistance has been observed in the variety Am-
balema of N tabacum Tlus vanety remains symptomless if inocu-
lated with tobacco mosaic virus {498¢). The dommant factor for
resistance (A) can be wtroduced mn other vaneties of tobacco Its
practical usefulness may be hmited by the fact that the virus may
multiply mn the resistant plants

Single gene differences determune the ability of an insect (Creadulina
mbila) to transmit the corn streak virus, the dommant allele of a sex-
Jinked gene determines ahility to transmit the virus, apparently by
controlling the permeability of the wall of the insect gut for the virus
(632). Other cases of the same type exist (see chapter 16).

Animal viruses, Genetie work on sensttivity to virmses m higher
animals has been lunited by the practrcal difficulties of pure-Ine work

1n mammals, watil recently there was an inadequate realzation of the
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importance of hereditary factors 1n resistance to disease {see 265}
“High-mortality” and “Jow-mortality” strans of muce with respeet to
several viruses {pseudorabics, equine encephalitis) hare been reported
Some results of hybndization suggest a smgle-gene control of suscepts-
bility and resistance, more commondy, control 15 probably polygeme

A duscorery by Sabm (572) has proveded a clear-cut example of
genetie determmation of sensitnv ity to amimal viruses  An mbred stram
of ratce (PRI} 15 100T resistant to the neurotropic 17D strow of yellon
ferer, and 1s whso resistant 1o several other nevsotrope saruses {dengue,
West Nile ferer, encephalitis of the fapanese B, St Lown, and Russan
types, not to pohiomyelitrs, equine encephalomyelits, or rabnes)  In
crosses with ether mbred mice, the rewstance of stram PRE behases a

£ fed by a single & gene 1 < 1s only complete
sn the adult mce, not in the newborn  The mechanism of resistance
15 sed I the evient of prod of inf <ieus m animals

with the dorunant gene 1t 1s not knows whether yirus multspheation
35 altogether suppressed or srrested st some nominfections stage

Other studhes of this hind hase seldom gaven such dlear-cut results
These studhes are complicated, 1 the first place, by minmsic complevty
of the genetic h molved {multiple-gene characters, genes
with meomplete penetrance, that 15, with more or less frecquent farlure
1o produce thess phenotypic effect) In the second place, there are
comph due to desel 1 difl These manifest them-
sehies both 1 the vanous tropms of viruses, which cause them to
weproduce 1n some fissues of a host and not sn othess, and i the
whience of age on the susceptibilty of the orgamism as a whole

Thas, even a bactenm may differ w its response to a phage aceotd-
wg ta the stage 1 sts cultural ¢ycle, from achively reproducing cells to
restmg cells  In plants, a varos that imvades rapidly growang cells may
produce 3 milder anfection than w mature cells The competition of
setnely synthenzed 1 may be too song to
allow the virus to grow as much as in nongrowing cells

10 anumals, the age of the host may affect exther the tissue respouse
ot the fut of gt 3 Newh aor
mals are mneficient producers of antibodses, 10 man this condition lasts
abioat 8 months after birth and s reflected i greater morhdity 2n
mortality, for example, from halomyelitis (573) P, of
antibodies from jmmune mothers may sometimes play a rale m the
oppeste dwection  1a muce, the degree of mmmumty produced by
‘acemation with Eastern equine encephalomyelitss mereases rapidly
the first few days after buth  This age-dependent ymmunity 15 stractly
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peripheral and due to production of antibodies, the susceptibility of
the bram to direet noculation with the virus remains constant (491).

In some cases, the age of an animal determmes its receptivity to a
virus, which then remams latent for a long tine in the animal’s tissues.
This is so, for example, for the so-called milk factor of mammary
carcinoma 1n miuce (see chapter 17). Age and hormonal factors de-
termine the later mamifestations of the latent virus.

Viruses and tumoral host cells. An important application of the
specific tropism of viruses 15 their use as tumor-destroymg agents
(489a) A vanety at viruses wall attack preferentially the cells of
certan tumors and destroy them  For example, a mouse sarcoma may
become neerotic and nontransplantable 6 days after the mouse that
carres it 1s lated wtrapen: lly with halitis virus {Rus-
sian strain) A virus may even destroy a tusmor of an ammal s which
it produces no sign of disease, for example, encephalitis virus in tumeor-
bearing chickens (591}

This “oncolytic” (= tumor dissolving) property of viruses abeys
definite rules of specifictty, Certamn viruses destroy only certain tumors,
others none. There 1s no absolute relation hetween the abity of a
virus to destroy a tumor and its abulity to reproduce in ats cells  Sue-
cessive transfers of 2 varus i a tumor may increase its oncolyhe ability
(-459a), the mechanism of this adaptation to 2 more destructive action
on the host cell has not yet been analyzed




CHAPTER
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Transmission, Vectoys,
and Survival of Viruses

Far 1ts successful propagatton, a yifus must come m contact with
suscepible cells  We must now consider how wuus propagation 18
effected in nature A consderation of virus fransaussion and survival
furmshes the key to an und hng of the epademology of virus
diseases, henee 10 a ratsona prophy lats

Transaussion presents no specmat problems for bactenophages
Chance contact between phage and bacteria ss probably the geaeral
mechansm of propagation  Lysogenc bactesy are the virus reser-
voirs, and 1t ts bhely that any phage well established i nature exists
m lysogemc refatian svith some bactersal stran

The sstuation 15 more complex far ammal and plant ruses  The
external surfaves of the host ergamsms act as barzsers v vaus pene-
trabon  The strectural ddferentiation of the host often burtes the sus-
ceptible cells 1 deep tissues aud organs  To parasitize successfully
an ansmal o 2 plant, & virus must penetrate the surface wnd sometumes
alsa mternal barnsers, reach the susceptible cells, maltiply, and be re-
Jeased 1 such a way that st ean reach anotber host

Direct mechameal transmussion 15 possible only through wounds or
by contact with poorly protected cells  In amumady, the cefls inmng
the respiratory or dhgestive tract are the most exposed  Often, trans-
mussson by mechawcal means 19 madequate and the virs must be
wioduced directly beyond the protective cefl tayers, generafly by
asthropods er other v ectors

Onee penetratson hos been accomphehed, the virus often tas @ long
way ta go 1 ardes o reach susceptible cells  Success 5 possible be-
vavse of the enstence of spreading pathways  Plant vsruses move
along wath food wn fhe vascular tissues of plants  Likewsse, anmal
viruses arculate with the blood, the lympb, and passibly the spinal
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perspheral and due to p of antibodies, the tibiity of
the brain to dircct mocu]ahon with the virus remains cunshlnt (491).

In some cases, the age of an ammal determmnes 1ts receptivity fo 2
virus, which then remains latent for a long time in the animals issues.
This 15 so, for example, for the so-called mik factor of mammary
carcinoma in mice (see chapter 17)  Age and hormonal factors de-
termine the later manifestations of the Jatent virus.

Viruses and tumoral host cells. An important application of the
spectic tropism of viruses 15 their use as tumor-destroymng agents
{489a). A ramety of swruses will attack preferentially the cells of
certan tumors and destroy them  For example, a mouse sarcoma ntay
become necrotic and nontransplantable 6 days after the mouse that
carrtes 1t 1s waoculated mtraperidoneally with encephalitis virus (Rus-
sian stram). A virus may even destroy a tumor of an animal in which
it produces no sign of disease, for example, encephabitts virus in tumor-
bearing chickens (594).

Thes “oncalytic” (= tumor dissolving) property of vouses obeys
definite rules of spectfiaity  Certamn viruses destroy only certain tumors,
others none  There is no absolute relation hetween the ability of a
virus to destroy a tumor and its abifity to reproduce 1 ifs cells  Sue-
cessive transfers of a virus in a tumor may increase s oncolytic abibity
(459a); the mechanism of tlus adaptation to a more destructrve action
on the host cell has not yet been analyzed,

1




CHAPTER

10

Transmission, Vectors,
and Survival of Viruses

For 1ts successful propagation, a virus must come m contact with
susceptible cells We must now consider how virus propagation 1s
effected in nature A cons:demtmn of virus transmussion and survival
furnishes the key to an und of the epidemiclogy of virus
dhseases, hence 10 a rational prophylaus.

Transmussion presents no special problems for bacteriophages
Chance contact between phage and bactena 1s probably the general

h of nic bacteria are the virus reser-
vous, and 1t 15 likely that any phnge wwell estabhshed 1 nature exists
1 ysogenic relation with some bactersal stramn

The situation 15 more complex for animal and plant viruses  The
external surfaces of the host orgamisms act as barriers to virus pene-
traton  The structural differentiation of the host often buries the sus-
ceptible cells in deep tissues and organs  To parasitize successfully
an ammal or a plant, a virus must penetrate the surface and sometimes
also mternal barners, reach the susceptible cells, multiply, and be re-
leased m such 2 way that it can reach another host.

Durect mechanical transmission 1s possible only through wounds or
by contact with poorly protected cells In animals, the cells inmg
the respiratory or digestive tract are the most exposed  Often, trans-
mrssion by mechanical means 15 madequate and the virus must be
mtroduced directly beyond the protectne cell layers, generally by
arthropods or other vectors

Once penetration has heen accomplished, the virus often has a long
way to go in order to reach susceptible cells  Success 1s possible be-
cause of the eustence of spreading pathways Plant viruses move
along with food in the vascular tissues of plants Likewise, amimal
viruses circulate with the blood, the lymph, and possibly the spmal
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flurd* of ammals until they reach susceptible cells. Humoral trans-
port is especially successful in the early phases of infection, before
circulating antitbodies appear,

Some viruses, however, have special ways of spreading.  Several of
the neurotropic viruses spread along the nerve fibers to the central
nervous system (352) This nerve transport appears to ocenr in the
axon rather than along the surrounding sheaths of the nerve fiber.
Thus 15 the major rowte of spread faor some viruses, which may reach
the nerve endings in the mucous membranes or in exposed, wounded
tissues (93)  Not all neurotropic viruses are restricted to the nene
pathway, however.  Poltomyehtis virus apparently multiphes at the
paut of entry and m ather tissaes (578}, and 15 found transitordy
the blood crrculation  Its spread to the central nervous system may
occur erther through the blood or along the nerve Rbers (81). Spread
through the blood before reaching the central nervous system 1s the
rule with equine encephalomyelitis,

Nerve transport occurs both centripetally and centrifugally, as well
as from one part of the central nervous system to another. It is
doubtful whether viruses such as rabres and poliomyehtis actually
multiply m the nerve fbers  The rate of progress of pohomyelitis
virus in nerves (24 mm per hour, 92) 1s compatible with the 1dea of
spread without multipheation

The precision and selectivity of the mechamsms for virus spread i
an snfected fsm may seem dinary  We must, however, re-
member that the possibiity of infection exists only when such mech-
amsms are present  Virus-host relations as we find them in nature are
the product of a long process of selection, which continuously perfects
these relations by trymg the viruses in a variety of anatomical and
physiological environments

Mechanical and graft of plant viruses, Few plant
viruses are regularly d by h 1 Tati Tobaceo
mosaic virus can penetrate through the roots, although by this route
1t often fails to invade the rest of the plant (532). Infection of roots
from so1l also occurs for tobacco necrosis and wheat mosatc viruses,
Some of the potata ituses are perpetuated by the planting of mfected
tubers. Seed transmisston 15 the cxception rather than the rule. Even

when tuber and seed can viruses,

1The spmal flud probably transmits siruses mjected mto it to the eentral
nervous system bt does not seem to be imoled fn the natural propagation of

newrotropic VIruses
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from drseased plants to heslthy plants 15 necessary for virus survival,
otherwise the diseased plants would ultimately be displaced by healthy
ones and the virus would pensh with them Therefore, all viruses
must be transmitted 1n natyre from plant to plant by external mecha-
nisrs, most of them are spread by msect vectors

Practically all plant viruses are transmissible by graftng (or bud-
ding), but this method plays a role only m the natural spread of
wiruses of domestic fruit trces  Plant viruses can also be transmitted
through dodder

Mechanical transmssion of animal virnses. Aany anrmal viruses
are regularly transmmed by mechamcal transfer We may mention
measles, tts, the lian pox viruses, and
pseudorabies, These vmxses are Itberated from wfected individuals 1n
crusts, droplets, or feces, from which they can easly reach accessible
mucous by of other mdividuals  For htis, the fre-
quent presence of virus 1n the feces of infected and carner pexscms has
menmmnated fhes (478) and cockroaches (356) as possible vectors
These msects would be vectors only i the sense of spreading the virus
and mtroduemg 1t nto food, not as specific carmers mvolved n the
actual propagation and moculation of the virus  The moculat:on of
rabtes virus by the bite of rabid ammals may be constdered as a
peculiar nstance of mechanical transmission

Human-disease viruses that are transmtted mechamecally wall sur-
vive if they produce mild diseases that are widespread m the human
population  For example, the virus of lymphogranuloma venereum
remains 1n the mfected person for a long time, 15 transmitted almost
exclusively by sexual contact, and 1s very frequent among sevually
promiscuous groups m certan localities  Another survival pattern 15
exemplified by those viruses sporadically causing a serous disease m
man, while the virus 1s endemic m 2 domestic or readily domesticated
anumal  For esample, lymphocytic choriomenigitis 15 common 1
grey mice (31), m which 1t remains active for a long time and causes
a mfection tr: ble from mother to offspring m the
womb (651). In such cases, even a high mortahty rate 1n an accr-
dental host, such as man, dees not preclude virus survival The epr-
zootre pseudorabies virus causes a regularly fatal disease 1n cattle Tt
persists m nature because of its widespread occurrence m hogs, m
whuch 1t causes a readily d, ly mild d (599)

Control of human wiruses transmatted mechameally is even more
difficult than control of insect-transmtted viruses, as evidenced by the

of measles and pol Iitis  Mass

: is the only
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flud* of anmmals until they reach susceptible cells  Humoral trans-
port is especially successful i the early phases of infection, before
circulating antibodies appear.

Some viruses, however, have special ways of spreading  Several of
the neurotropic viruses spread along the nerve fibers to the central
nervous system (352). This nerve trausport appears to occur in the
axon rather than along the surrounding sheaths of the nerve fber.
Thus 1s the major route of spread for some viruses, which may reach
the nerve endiags i the mucons membranes or in evposed, wounded
tusues (9%). Not all neurotropic viruses are restricted to the nerve
pathway, however. Poliomyehtis virus apparently multiphes at the
powt of entry and in other tissues (573), and js found transitorly in
the bload cwenlation  Its spread to the central nerious system may
accur either through the blood or along the nerve fibers (91). Spread
through the blood before reaching the central nervous system is the
rule with equine encephalomyelitts.

Nerve transport oceurs both centripetally and centrifugally, as well
as from one part of the central nervous system to another It s
doubtful whether viruses such as rabies and poliomyehtis actually
multiply m the nerve fibers The rate of progress of poliomyelifis
virus in nerves (24 mm per hour, 92) 1s compatible with the lea of
spread without multiplication,

The preci: and sel ity of the mechanisms for virus spread n
an wfected orgamsm may seem extraordmary  We must, however, re-
member that the possibility of infection ewsts only when such mech-
anisms are present  Virus-host relations as we find them n nature are
the product of a long process of selection, which continuously perfects
these relations by trymg the viruses in a sarety of anatomrcal and
physiological environments.

M ical and graft viruses. Few plant
viruses are regularly d 1 Tobaceo
mosaic virus can penetrate through the roots, although by this route
it often fails to invade the rest of the plant (532) Infection of roots
from soil also occurs for tobacco necross and wheat mosaic viruses
Some of the potato viruses are perpetuated by the plantmg of snfected
tubers. Seed transmussron 1s the exception rather than the rule. Even
when tuber and seed can viruses, i

3The spwal flud probubly transmuts siruses mpectod into 1t to the central
stem but does not scem to be imohed in the natural propagation of

of plant

1

nenaus 5
neurotropic viruses
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are also transmtted by ticks, and so are the Jouping 11l virus of sheep
and the virus of Colorado fever Sandfly fever (papatac fever), a
mld virus disease common around the Medrterranean, 1s transmutted
by a dimi e fly, Phleb pap

The relations among virus, host, and vector are ecologically and bio-

logically complex. Not all arthropods feedmg on an infected host can
transmut viruses, and different msects transrmt different viruses, More-
over, 1f we find that a gaven msect can transmit a virus, this does not
mean that 1t 15 the vector of that virus in nature, or even one of the
usual vectors Ecological factors may completely prevent 1t from
playing a role. For example, although ticks can transmit the Western
equme encephalomyelitis virus (638), 1t 1s doubtful that they play
any sigmificant role n ats spread

After feeding on an mnfected animal, the vector 1s not always imme-
duately capable of infecting another ammal For example, 1t takes
8-12 days for Aedes acgypti to become “infectious” after engorgement
with yellow feveranfected blood (419}, and 7-10 days after feeding
on a dengue patient {see 87) What 15 the reason for this delay or
“mcubation period”® One reason 1s that the virus finds itself m the
gut of the msect and much reach the salivary glands before being -
jected with the mnsect’s saliva mto another susceptible ammal  The
passage from the gut to the blood and from the blood to the glands
may take some time There 15 definite evrdence that the mtestmal
wall of an msect may be a barrier to virus penetration  Aedes aegypt
can transmit WEE virus, but apparently not EEE virus  Mernill and
Tenbroeck (+£31), repeating with the EEE virus a classic experiment
on a plant virus (see page 815), found that i, after feeding on emul-
sions of gunea pig bram contammg EEE, mosquitoes had their ab-
domens punctured, so that the mgested virus could penetrate into the
body cavity, they became capable of transnutting the virus  In viru-
Iiferous mosquitoes the virus 1s present m practically all tissues and
organs (342)

Multiplication of animal viruses in vectors. At least some animal
viruses multiply m the tissues of the vector. The mcubation period
represents m part the time needed for muliphication of the virus
Yellow fever virus can be titrated by njecting mice ntracerebrally
with the pulp of Aedes acgyptt at vanous intervals after the insects
have fed on a monkey mfected with yellow fever The sirus titer
decreases at first, then mcreases and reaches  level that may be 50
times higher than the mmtral one (651). Tlus nse in biter 15 particu-
larly evident f the mosquitoes are not allowed to mngest toe much
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effective provided effective are lable, as for
smallpot, (In domestic animals, breeding for immunity 1s an impor-
tant possibihty ) The futility of many quarantine measures (851) is
due to the mild and often symptomless course of the mfection in most
indtviduals (subchinical infections)

Poliomyelitis 15 again pertinent (114, 351) The paralytic disease
15 apparently the exception, probably representing about 1% of the
cases of infection, a genetic factor seems to be involved n its oceur-
rence.  Most people have contacts with the virus in childhood, pos-
sibly more than ence, and became at least partially immune for ife
The H k of primary nf seems to have shifted
from mfancy to early school age. Thss may be due to a later average
time of first exposure to virus n chillren, because of a Iugher propor-
tion of smmune adults 1m the community In spite of this widespread
mmunity, there mast alw ays be present enough subclinically infected
carrier mdwiduals, probably children with primary infections, to give
the virus ws almost world-wide distributian mn the form of small epi-
demics,

TRANSMISSION BY VECTORS

Many animal viruses and practically all plant viruses are transmutted
w nature by arthropod sectors, mainly msects  This mechanism of
teansmussion is favored by the feeding habits of the vectors  Blood-
sucking insects such as mosqurtoes and lice take up a virus by feeding
on mfected ammals and transmit it to other ammals of the same spe-
cies or of other species. In plants, sucking msects (aphsds, leaf
hoppers, ete ) and some biting ones are continually feeding on plants
and moving from one plant to anather, thereby transmutting varuses
Some such vector mechamsm 1s usually a necessity (see table 2)

Animal viruses, As examples of vector transmussion we may take,
fiest, yellow fever and dengue fever, both of which are transmitted by
mosquitoes, pasticularly by the species Aedes aegypti This 15 a fre-
quent pest in tropical and subtropical human communities along the
coasts of the Atlantic Ocean and the Mediterranean 8ea, The proof
by Walter Reed and s group {543) of the role of mosquitoes in the
teansmission of yellow fever has long been part of the saga of medical
moicrobiology.

The equine encephaloms ehtis viruses are transmitted by scveral
< and other arthropods  The Wastern form of equine en-
ehitis (WEE) can be transmitted by a common tick, Der-
‘The Eastern form {EEE) and a Russian form

Toosquitoe:
cephalomy! !
macentor andersonii
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are also transmutted by ticks, and so are the louping 1ll virus of sheep
and the virus of Colorado fever. Sandfly fever (papatact fever), a
mld virus disease common around the Mediterranean, 1s transmitted
by ad e fly, PhleD pap

‘The relations among virus, host, and vector are ecologically and bio-
logically complex  Not all arthropods feeding on an mfected host can
transmit viruses, and different mnsects transmit different viruses  More-
over, if we find that 2 given mnsect can transmt a virus, this does not
mean that 1t 1s the vector of that virus 1n nature, or even one of the
usual vectors Ecol al factors may ¢ letely prevent 1t from
playing a role  For example, although ticks ¢an transmmt the Western
equune encephalomyelitis virus (638), 1t 1s doubtful that they play
any significant role m its spread

After feeding on an 1fected anrmal, the vector is not always imme-
duately capable of infecting another ammal  For example, 1t takes
8-12 days for Acdes acgypti to become “infectious” after engorgement
with yellow fever-infected blood (419), and 7-10 days after feeding
on a dengue pahent {sce 87) What 15 the reason for this delay or
“mcubation period”? One reason 1s that the virus finds 1tself m the
gut of the nsect and much reach the salivary glands before being -
jected with the msect’s saliva into another susceptible anmmal  The
passage from the gut to the blood and from the blood to the glands
may take some time There 15 definite evidence that the mtestinal
wall of an msect may be a barner to virus penetration  Aedes aegypt:
can transmit WEE virus, but apparently not EEE virus  Merrill and
Tenbroeck (481), repeating with the EEE virus a classic experiment
on a plant virus (see page 315), found that if, after feeding on emul-
sions of gumnea pig bramn contaming EEE, mosquitoes had their ab-
domens punctured, so that the mgested virus could penctrate mto the
body cavitv, they became capable of transmtting the virus  In viru-
Iiferous mosquitoes the virus ts present m practically all tissues and
organs (842)

Multiplication of anmmal viruses in vectors. At least some ammal
viruses multiply 1n the tissues of the vector The mcubation period
Tepresents i part the time needed for multiphcation of the virus
Yellow fever virus can be turated by mjecting mice mtracerebrally
with the pulp of Aedes aegypt at vanous intervals after the nsects
have fed on a monkey mfected with yellow fever. The tirus hter
decreases at first, then mereases and reaches a level that may be 50
times higher than the m:tial one (681). This rise n titer is particu-
latly evident if the mosquitoes are not allowed to ingest too much
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virus {2 mosquito can ingest as much as 10° infecttous units at one
feeding). With the same mosquito, the WEE virus was carried for
17 succesave miect-to-insect transfers without loss of titer (481)
This virus can he cultivated e cultures of tisues fram mosquito
(650). The EEE virus also multiplies n the masquito vectors (482).
Although the virus multiphes in their tissues, the mfected mosqur-
toes do not show any recogmzable symptoms of disease  Tlns situa-
tion 15 different from that of typhus rickettsiae jn the body louse,
which dies because of massive destruction of 1ts intestinal mucosa by
the rickettsiae (sec chapter 19
The reprodution of viruses i the msect appears to be the explana-
tion of the long persistence of transmutting abulity after a smgle infec-
ttve meal  For dengue, tr by has been ot d
as long as 174 days after feedmg, (88) the longest penod tested.
Once infectious, an msect will probably remam so for hie. Virus
transmission from generation to generation through the egg is excep-
tronal, it 1s doubiful whether 1t occurs at all for yellow fever. St
Lows encephaliis virus can be tr t for two
through the eggs of the chicken mute, Dermanissus gallinae (612).
The fact that viruses that are generally considered to be parasites
of vertebrates multiply i their arthropod vectors ratses the problem
of the sigmficance of the host-insect cycle m virus reproduction
There 1s no evidence for a relation similar to that obtaimng, for
example, for malatial parasites or for mst fung:, i which alternating
forms of reproduction take place 1 diff hosts, so that the host
cycle reflects the reproductive cycle of the parasite  Viruses that are
transmitted by insects i nature can also be transmitted directly
from a vertebrate host to another by injection or other means, and,
as we have seen, from msect to insect Al avalable facts can be
explained by postulating that the passage of a virus through a vector
is not an essential part of the life cycle of the virus and that insect
teansmussion is simply the expression of the ability of one partrcular
virus host to inoculate the virus successfully into another host.
Vectors and eccology of animal viruses. The vector-virus relation
should be constdered from the standpomt of virus survival and, there-
fose, of the distribution and the epidenuology of virus diseases  Let
us consider WEE (549). This disease 1s sporadie in man and spo-
radically epidemic 1 horses  In horses, it appears mn widely scfl!tered
herds 10 the spring and subsides before fall.  Mosqui particularly
Gulex tarsalis, can transmit the disease to horses, but infection of mos-
quitoes Ly feeding on infected horses has not succeeded, probably be-
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cause of the low virus titer in the horse blood It 15 almost certam
that the natural pathway of the disease is not “horse-mosquito-horse *
Moreover, adult mosquitoes do not survive the winter and do not
transmt the virus through the egg Instead, several fowl, both do-
mestic and wild, are found to be infected 1 a symptomless way and
can mfect mosquitoes that feed on them, The fowl are infested by
parasites, particularly mites, which can carry the virus through their
eggs and can transmit 1t from chicken to chicken The most hkely
cycle for this virus 15, therefore, “fowl-mnsect—fowl,” with horses and
man as accidental hosts This 1dea 1s 1 agreement with the theo-
retical of a mild, less infection m the most stable
reservoir  Some vectors may carry the virus through the winter, but
therr role does not seem to be important

An intnguing siteation arose in connection with yellow fever when
sporadic human cases were first recognized m jungle clearings of the
South Amertcan interior, away from the wsual coastal abodes of Aedes
aegypts and 1n the absence of human reservows, which by that time
had practically been ehmmated This “ungle yellow fever” was
traced to infection of monkeys, with transmission irom monkey to
monkey or to man by mosquitoes other than Aedes aegypti 1If the
Jungle yellow fever vrus 1s mtroduced into an urban community, 1t
can then be spread by A aegypti (618)

A similar jungle yellow fever 1s suspected to exst m central Afnica,
the presumptive cradle of yellow feser Yellow fever 1s rare and mild
among African Negroes, even if they are not vaccmated Thes fact
suggests a certain degree of selection for yellow fever resistance
among the African Negroes during the long centunes of exposure to
the virus,

The examples gnen above 1illustrate the general causes underlyng
the geographical distribution of animal virus diseases and clarntfy some
of the epidemiological problems i virus control It 15 clear that
nerther human vaccmnation nor Aedes eradication, however successful
m elimmating coastal yellow fever, can completely eradicate the dhs-
ease as mamtained m the jungle Smmlarly, vacanation of horses
agamst WEE can protect these animals but cannot elmmate the virus
harbored 1 its bird reservoirs  Vector control can go one step fur-
ther There 1s a great difference hetween these diseases and those
caused by ubiquitous, presumably single-host viruses, such as measles
Vaccmation, when possible, 1s the Ley to the control of the single-host
diseases  Serological vanation of the virus 15 probably the mam
source of compheations m such control measures
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virus (a mosquito can wmgest as much as 10% fnfectious units at one
feeding)  With the same mosquito, the WEE virus was carried for
17 successive amsect-to-msect transfers without loss of titer (481).
This virus can be cultvated m cultures of tissues from mosqute
(630). The EEE wirus also multiplhies i the masquita vectors (482)

Aithough the virus multiphes 1n therr tissucs, the infected mosqui-
toes do not show any recogmizable symptoms of disease. This sitva-
tion 15 different from that of typhus nickettsae in the body louse,
which dies because of massive destruction af its intesttal mucosa by
the nickettsiae (see chapter 19)

The reprodution of viruses in the insect appears to be the explana-
tion of the long persistence of transmutting ability after a single nfec-
tive meal  For dengue, by mosquitaes kas been obtamned
as long as 174 days after feeding, (88) the longest perod tested
Once infectious, an msect will probably remam so for life. Virus

ion from to through the egg is excep-
tional, it 15 donbtful whether 1t occurs at all for yellow fever. St
Louts encephalitss virus can be transmutted for two geperations
through the eggs of the chicken mite, Dermamssus gallinge (612)

The fact that viruses that are g 1 dered ta be p
of vertebrates multiply in their arthropod vectors raises the problem
of the significance of the host-insect cycle in virus reproduction
There 15 no evidence for a refation simiar to that ohtamng, for
example, for malarial parasites or for rust fung, m which alternating
forms of reproduction take place mn different hosts, so that the bost
cyele reflects the reproductive cycle of the parasite  Viruges that are
transttted by 1nsects m nature can also be transmutted directly
from a vertebrate host to another by mjection or other means, and,
as we have seen, from insect to insect, All available facts can be
explained by postulating that the passage of a virus through a vector
15 not an essential part of the hfe cycle of the virus and that insect
transmission 15 simply the expression of the ability of one particular
virs host to inoculate the virus successfully into another host

Vectors and ecology of animal viruses. The sector-virus relation
should be considered from the standpomt of virus survival and, there-
fore, of the distnbution and the epid, logy of virus diseases  Let
as consider WEE (549). This disease 1s sporadic in man and spo-
radically epidemic in horses. In horses, it appears in widely scattered
herds 1n the spring and subsides before fall - Mosq parhicularly
Culex tarsalis, can transmit the disease to horses, but infection of mos-
quitoes by feeding on infected hotses has not succeeded, probably be-
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vector of turmp yellow mosaic, However, the majonty of the insect
vectors of plant virus diseases are sucking sects, mostly aphids and
leafhoppers, but also white flies, mealy bugs, and tingids  The tny
green aphid Myzus persicac, a common plant louse, freds on a great
many plants and transmits at least 50 different viruses of potato,
bean, cabbage, onion, tulip, sugar beet, and other plants. The leaf-
hopper Cireulifer tenellus, the vector of the virus of sugar beet curly
top, probably transmuts only this virus and 1s the only species known
to transmit 1t In one mstance, vectors belonging to dufferent related
genera are needed to transmit two barely distimguwshable virus strams
(81). Because of such specificities, smgle virus strams can often be
1solated from mixed-mfected plants by means of proper msects.
Nonpersistent transmission. Two types of virus transmission by m-
sects are observed n plants These are the persistent and the non-
persistent types (667) In the nonpersistent type, the msect can
transmt the virus 1mmedsately after feeding and for a relatively short
time thereafter (24 hours or less), Ths 1s true, for example, for potato
virus Y and Myzus persicae It was long supposed that transmission
m these cases was simply due to mechameal transfer of virus by the
contammated mouthparts of the inscet The relation 1s apparently
more complex, however (see 43) Nonpersistent transmssion shows
certan speaificities  Aphids may fail to transmit viruses such as
tobacco mosaie virus that are readily transferred mechamcally, yet may
transmt other viruses from the same host plant  Successful transmis-
sion depends on the physiological condition of the msects, such as the
degree of previous starvatton  Viruses transmitted 1n a nonpersistent
way probably do not have to be deposited mto the plant phloem,
1

whereas some varuses 1 by the prob-
ably do
Persistent issi In the form of the

1nsect 15 usually not immeduately nfectious after feeding  The tacu-
bation pened, which lasts from a few hours to several weeks, mncludes
the time for passage of virus through the wall of the gut, mto the
blood, and ito the salvary glands For some viruses at least, there
15 actual multiphcation of the virus m the vector The viruses reach
the new host with matenal mjected by the insect’s stylets The stylets
find their way, by an mtercellular or mtracellular path, through the
epidermis and often reach the phloem tissue of the vascular bundles
(figure 90).

The passage of viruses through the wall of the gut has been demon-
strated by Storey’s classic expenments (632) on Cicadulina mbila, the
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Another mteresting consequence of the mode of trapsmission of a
virus 1s its scasonal incidence. For cxample, in two concurrent
summer eprdemics of WEE and poliomyelitis (203), the WEE rapidly
disappeared with the coming of colder temperatures, which caused
rapid death of mosquitoes, whereas the poliomyelitis incidence contin-
ued high until Jate m the fall This observation speaks against any
important role of insects i the spread of poliomyelitis The causes of
the summer merdence of poliomyehtis 1n man are unknown. We mght
speculate on a rale of the summer vacation habuts that bring together
children from dufferent areas, whose previous immunizing contacts, if
any, may have been with serologically different strams of the polio-
myelitis virus (492).

Some complex relations of viruses to multiple hosts can be clanfied
by bnlliant and pamstaking work; a classie example 15 that of swine
mfluenza (601) The discase 1s caused by a double infection with
swine influenza virus and wath the b Hemophil fl e
sws. 1t 15 emizootic n swane herds, where 1t appears regularly in the
fall, although the virus does not persist long in pigs. Interepidemi-
cally, the virus can be preserved for years m the lungworm, a nema-
tode that nfests the Jungs of the pigs and there becomes nfected
with the virus  The lungworm retains the virus throughout its com-
plete Uife cycle, which mvolves several stages of parasitism i the pig
and 1 the earthworm The pig becomes parasitized by the lung-
worms after eating earthworms infested with the lungworms The
adult langworms develop m the pig and transfer the virus to it The
virus cannot even be di d serol lly i the Jung during
large portions of their hfe cycle (“masked” virus). The only proof
of the presence of the virus 1s the fact that pigs that have ingested
lungworms 2ad have been moculated with H, influenzae suls can
come down with influenza  The actual outbreak of the disease is gen-
erally brought about by any one of a vartety of exposures to unfavor-
able condittons (wet, cold weather, poor hog house conditions, etc ).
Prophylaxis may be aimed at controlling one or more of the hnks n
the complex chain of events.

Interestingly enough, swine influenza appeared as a new disease in
1918, comcident with a world-wide outburst of pandemic influenza.
1t 15 possible that m pandemic influenza some bacterium may have
played a role similar to that of the Hemophilus in the swine, )

Plant viruses. Insect transmussion is the rule in most plant virus
diseases. The specifiesty relations are similar to those observed with
Some vectors are biting insccts, for example, the

animal viuses.
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and can gve 1t to a new batch of uninfected msects that are later fed
on the same droplets (124a, 609). The sahwary glands of wsects,
however, often contain less wirus than the blood (63)

The deposition of viruses mnto the vascular tissue by their vectors
cannot be the whole explanation of the success of msect transmisston
of plant viruses Many viruses cannot be transmitted by needle -
oculation into the phloem, for example, aster yellows vairus It 1s pos-
sible that the msect’s stylets are less damaging than needles to plant
cells, or that sometimes the virus may be combmed with some in-
Tubitor present mn the plant sap but not in the saliva In some cases,
a virus that affects the plant xylem 1s mnoculated by its vector mto
this tissue (350b).

Multiplication of plant viruses in their msect vectors, Several plant
viruses transmitted by leafhoppers actually multiply m the body of
their msect vectors, just as yellow fever virus multiphies i Aedes
aegypts  The mcubation penod, especially when long, represents m
part the time needed for virus repreduction  The evidence in favor
of the multiplication of plant viruses m their msect vectors 1s now
beyond question

Multiplication had long been postulated, for such virus as aster
yellows, on the basis of the followmg observations (82, 389, 390)
1 Insects fed on nfected plants may remam virulhferous for a very
long time, presumably for thewr whole lfe 2 After fesding, the
amount of virus recoverable from an msect decreases at first, then
mcreases again 3 This process can be exaggerated by heating the
msects, a treatment that can render them nonvirulferous If the heat
treatment 1s properly administered, the msects may later become viru-
Liferous agarn, dly because of mull of residual virus

More direct and convineing evidence has come from expeniments
n which the viruses have been carnied from imsect to msect for such
long senes of passages that multiplication must have occurred for any
wirus to be present At least two viruses can pass from mother to
progeny through the egg  Rice stunt virus was transmitted through
the eggs of its vector for 6 generations (245), and clover club-leaf
virus for 21 generations (84) Had the clover club-leaf virus not mul-
tiphied, 1t would have been diluted by a factor of at Jeast 10°¢ between
the 1mtial msect and the last batch of eggs tested This result 1s
clearly mcompatible with the hypothests of dilution and can only be
explaned by multiphcation of the virus m the msect

The discovery that some plant viruses can be transfersed directly
from 1nsect 1o msect by mjection of extract of viruhferous msects mto
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leaﬂ]u!)per that transmuts the com streak disease This leafhopper
ewsts in two strains, one that can transmit the virus, the other that
cannot. The transmttimg stram carries the dommant allele of a gene
pair, whercas the h i

g stran is ygous

Prgure 90 Section through a potato leaf and an aphid { Myzus psewdoswlant)
showng the path of the msect’s stylet reaching into the phloem  From* Dykstra
and Whitaker, J Agr Res 57:319, 1938,

Storey showed that the nontransmitting insects can transmit the dis-
ease 1, after they have fed on infected plants, their abdomens are
punctured The puncture permuts the passage of the contents of the
gt wnto the blood. Thus the effect of the genetic diference appears
to be at Jeast m part a difference 1o gut permeability to the virus.
The presence of virus m snsect’s salwa has been demonstrated by
allowiag Jeathoppers nfected with sugar beet curly top virws to feed
on droplets of a sugar solution  The sugar solution rcceives virus
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and can gve 1t to a new batch of uninfected msects that are later fed
on the same droplets (124a, 609) The salnary glands of msects,
however, often contain less virus than the blood (63).

The deposition of viruses into the vascular tissue by theur vectors
cannot be the whole explanation of the success of msect transmission
of plant viruses Many viruses cannot be transmitted by needle m-
oculation mto the phloem, for example, aster yellows virus It is pos-
sible that the insect’s stylets are less damaging than needles to plant
cells, or that sometimes the virus may be combmed with some 1n-
Tubitor present in the plant sap but not m the saliva In some cases,
a virus that affects the plant xylem 15 moculated by ats vector mto
thas hssue (350b).

Multipheation of plant viruses in their insect vectors, Several plant
viruses transmitted by leafhoppers actually multuply m the body of
their msect vectors, just as yellow fever virus multiphes 1 Aedes
acgyptr  The icubation penod, especially when long, represents m
part the time needed for virus reproduction The evidence m favor
of the multiphcation of plant viruses m their msect vectors 15 now
beyond question

Multipheation had long been postulated, for such virus as aster
yellows, on the basis of the following observations (82, 389, 390)
1 Tnsects fed on mfected plants may remain viruhferous for a very
long time, presumably for therr whole ife 2 After feeding, the
amount of virus recoverable from an msect decreases at first, then
mereases agam 8 This process can be evaggerated by heating the
msects, a treatment that can render them nonviruliferous  If the heat

troatmant e o R

1. .

2 viru-
virus
iments
m which the viruses have been carried from msect to sect for such
long series of passages that multiplication must have occurred for any
virus o be present At least two viruses can pass from mother to
progeny through the egg  Rice stunt virus was transmutted through
the eggs of its vector for 6 generations (245). and clover club-leaf
virus for 21 generations (84)  Had the clover club-leaf virus not mul-
tiphed, 1t would have been diluted by a factor of at least 10°8 between
the smitial iosect and the last batch of eggs tested This result 1s
clearly meompatible with the hypothesis of dilution and can only be
explamed by multipheation of the virus m the msect

The discovery that some plant viruses can be trausferred directly
from imsect 1o msect by mjection of extract of virubferous msects mto



318 Vectors and Survival of Viruses

nonviruhferous ones (632) has made possible another proof of virus
multipheation  Aster yellows virus has been transmitted for 10 pas-
sages, corresponding to a dilution factor of 10%, in the leafhopper
Macrosteles divisus (470), and the wound tumor virus has been
transmutted for 7 transfers i the vector Agallla constricta (dilution
factor 10%, 85). In these experiments, reinfection through the
plants on which the insects fed was excluded by using plants that do
not support multiplication of the virus under mvestigation. Particles
of the wound tumor virus 1solated either from plant tissue or from
mnsect tissue have the same morphology (100c).

Although multiplication of plant viruses n therr insect vectors has
been proved for several viruses, it 1s not certain whether it occurs m
many others  For example, curly top virus presumably does not mul-
tiply in 1ts vector, or at least does not multiply enough to maintain
stself an msects that have acquired small amounts of virus

Whether many plant viruses multiply in the msects or not, there 15
no evidence for an obhgatory alternation of plant and insect para-
sitism  Both -t t tr and plant-to-plant trans-
mussion appear to be possible m all mstances that have been mvest-
gated

VECTORS, HOST RANGE, AND EVOLUTION OF VIRUSLS

Virus multiplication 1n the 1ascet vectors of viruses parasitic on ver-
tebrates and on plants raises a number of interesting problems  We
must ask whether these viruses should be considered as plant viruses,
msect viruses, or vertebrate viruses It 15 clearly a matter of cheice
whether we call aster yellows virus a plant virus or an insect virus
The real problem concerns the ongin of these viruses and their
natural history. The primary host of a virus, that is, the host which
1§ essentral to its survival, is probably the one in which the virus
produces the least damage and can best maintain jtself alive from gen.
eration to generation  Thus, insects in wluch a virus can be transmitted
through the eggs, and which show no harmful effect of the virus,
may be the most important reservoir

e know that virus reproduction requires a host possessing a spe~
cific pattern of synthetic mechanisms, whose suitability for the shrus
is genetically determined  1f a virus can grow in two hosts widely
separated tavonomically (such as a plant and an insect, or a mammal

and a mite), it must find suitable conditions for growth in both hosts
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Tn tum, this suggests that stmlar synthetic mechamisms have arisen,
probably by different genetic evolution, m the two hosts

1t is unhikely that an msect-transmitted virus, for example, aster yel-
lows, could have remamed parasitic on a long evolutionary series of
plants and of msects feeding on them It 15 reasonable to assume that
the virus was originally restricted to one of the hosts only, the plant
or the msect The same may be said of mnsect-transmitted ammal
viruses  Suppose we started with a virus parasitic 1 an msect that
feeds regularly on a plant, for example, the aster Virus will regu-
larly be moculated into the plant, 1n which we assume 1t does not
reproduce  If the virus happens to produce vaniants that can multiply
m the plant tissue, whenever such a vamant particle even by an
extremely rare chance enters the plant, its chances of ivading other
msect ndwviduals or even other insect species feedmg on that plant
are enormously increased Such a vamant will soon become the pre-
domnant type A mutant of a mammalian virus able to reproduce mn
{and reach the saliva of) one of the many types of mosquitoes that
suck the blood of the han host (partroularly if the mosq
15 not wself damaged by the virus) mght spread so much better than
the parent virus stram as to displace 1t or to occupy successfully many
new ecological niches

Thus we may visuahze the ability of a virus to multiply mn two
hosts, one feeding upon the other, as an adaptation, by natural selec-
tion, to 2 mode of hfe more favorable for survival The survival of
an wnsect virus will be greatly favored by mtroductron mto 2 longer-
lved host, rendermg 1t less dependent on egg transmussion  In turn,
the survival of a plant virus will be enormously favored by multrph-
cation 1n an nsect that feeds on plants

Although the paths of cvolution of viruses are as yet difficult to
trace, the above considerations suggest some of the possible features
of the process  Another source of raformation 15 provided by epide-

miological data, as we have mentioned 1n connection with Western
equine b Ecol:

are also useful
They have been employed, for example, m attempts to trace the
ongm and evolution of tobacco mosaic virus and of the response of
vanous spectes of Nicotwana to tlns virus (341a, 654c), m support of
the ongin of pox viruses of man and the domestic animals from an
ancestor pathogenic for rodents, and of pohomyelitis from viruses of
the mouse encephalitis group {114) Rodents, 1 view of therr wide-
spread distribution, ther hrgh fertiity, and the contimuous contacts
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between wild rodents and therr man-surrounding relatives, are prob-
ably excellent reservoirs for many viruses of human diseases.

In speculating along these Ines we must remember that we are not
only observing virus evolution but the evolution of virus suscephbility
mn the host populations as well For example, the virus of measles
causes a mild disease 1n human populations that have long been ex-
posed to 1t, but 1t produced a highly fatal discase (with over 257
mortality ) when first introduced among the inhabrtants of South Sea
slands  This suggests that the present virulence relation in the
“crvihized” world is due to the selection of resistant human hosts rather
than to changes n virus properties.

Let us state once agam that the changes in host and virus popula-
tions that are most favorable for virus survival are those that encour-
age widespread and asymptomatic infection  Herpes virus mfects
about 90% of humans withmn therr first 5 years of life and generally
remamns n the body in a symptomless relation. Other viruses related
to herpes (pseudorabres, virus B) also have a tendency to produce
asymptomatic infections The virus of silkworm jaundice, which can
probably be transmtted through the insect egg, 1s carsted m latent
form by most silhworm colontes A variety of stimuli can provoke
the appearance of the disease (654a, 690a).

A man-made experiment in virus ecology 1s the artificral mtroduction
of myvoma virus 1n Austraha as a means of controlling rabbits which
have multiphed to enormous numbers mn some parts of that continent.
After several years of slow spread among the rodents, the myxoma
virus, disseminated by contacts and with the belp of some msects
(215a) has suddenly spread widely in eprdemic waves since 1951,
destroying enormous numbers of rabbits (5452).
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17

Viruses and Tumors

Tumors and cancers. The tendency of virus-mfected cells to dism-
tegrate, as for example in the lysis of phage-infected bacteria, 15 by
no means general Frequently, cells continue to divide after virus
mfectton, as proved by the presence of mitotic figures m mclusion-
bearmg cells The major mamfestation of a virus mfection may even
be an abnormal proliferation of the host cells, which may lead to the
formation of tumors

A vaniety of abnormal growths m multicellular orgamisms (ammals
or plants), 1n which 2 group of cells reproduces beyond 1ts place m
the organism, are called tumors or ncoplasms. The cells that consti-
tute 2 tumor are generally not different m any obvious gross way
from those of normal tissues  Yet, the tumors are distingwished from
pathological hyperplasia (an exaggerated growth of normal cells, as
m the formation of excessive bone tissue m the callus around a bone
fracture) by their lack of funchional coordination with the rest of the
body This autonomy makes tumors truly parasitic on the rest of the
orgamsm  For example, a tumor of fat tissue or ipoma will not lose
fat when the rest of the organism loses almost all 1ts fat because of
starvation or disease.

The degree of parasitism upon the organism vanes from tumor to
tumor  Benign neoplasms are those that grow without actively de-
stroying neighboring organs or disrupting the metabolism of the or-
gansms, and with no tendency to produce metastases, that 1s, sec
ondary tumors caused by transfer and implantation of tumoral cells
anto other organs A typically bemgn tumor, such as a Iipoma or #
fibroma, 15 mamly a mechanical nussance, as m growing 1t pushes
aside other organs The transttion 15 almost continuous from benign
to mahignant tumors, the cancers of current speech Cancers are neo-

5
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plasms that grow very rapidly, whose cells exhibnt frequent and often
abnormal mitoses, infiltrate and destroy normal tissues and organs, and
produce metastases

The changes that make cells neoplastic and, more especially, malig-
nant are not yet understood. Usually tumor cells are related to nor-
mal cells and may perform some of the specific activities, secretory
or otherwise, of the tissues from which they derive, although without
coordimation with the normal body constituents, Thus, we distinguish
cpithelial and connective tumors  Among the epsthelial we find, for
example, papillomas or epidermal tumors (warts), adenomas or
glandular tumors, among the connective, we find chendromas ar car-
tilaginous tumors, osteomas or bony tumors, and many others. Even
m the most atypical cancer, the tissue organization often bears some
resemblance to that of a normal tissue. This 1s evident both in epi-
thelal cancers or carcinomes (in which the tumoral epithelial cells are
accompansed by a nontumoral connective stroma), and in connective
tissue cancers or sarcomas The tumoral quality of the cells is an -
tnnsic property  In tissue cultures, a bine of tumor cells mauntams ns
tumoral properties and, if the cultivated cells are properly retmplanted
by graft into a suitable host, they will “take” and produce a tumor

Transplantability by graft 1s one of the major techmiques of expen-
mental tumor research  Tomor grafting 15 subject in animals such as
mammals to the same type of hmitations as the grafting of normal
tissues  Genetic factors prevent the “taking” of heterologous grafts,
partly because of immediate toxic reactions, partly becavse of the
formation of antibodies against the foreign tissues. Heterologous
grafts, even beyond the borders of the species and the genus, may
succeed m places, such as the bram and the anterior chamber of the
eye (275), or in chick embryos (497)), where antibody production and
7 jon are icted and other haaisms are prob-
ably less effective

Graft experunents with tumors in laboratory ammals generally re-
quire ghly inbred stocks obtained by repeated brother-to-sister
matings (pure lines). An interesting manifestation of the relative
autonomy of tumor tissues 1s that the genetic conditions for successful

plantations arc often hat less stringent than for most normal
tissues; for example, some mouse tumors can he propagated by graft
in many indnviduals of noninbred colonics (sce 425). Moreover, extra-
chromosomal factors appear to play a role in determining susceptibility
to tumor graftng {141, 400).
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In typical instances of tumor graft, 1t 1s the transplanted cells that
gne nise to the tumor 1n the new location, without neoplastic trans-
formation of host cells  Following heterologous grafts, serologrcal tests
mndicate that the transplanted tumor cells still possess the specifieity
of the donor, There is usually no reason to suspect a tumoral trans-
formation of the cells of the recipient host by the matemal m the
guaft  The frequent appearance of sarcomas 1n the stroma of trans-
planted carcinomas or even of benign adenomas 15 unexplained, how-
ever, it may be due to a tumoral nature of some of the connectise cells
already included in the frst transfer, although the spread of cancer-
l(lmducmg agents from one type of cell to another cannot be excluded

502).

ETIOLOGY OF TUMORS

Carcinogenic agents. What causes a cell or group of cells to assume
the neoplastic habit of growth and to become a tumor® Generally,
the cause 15 unknown, we speak of “spontaneous tumors”  Within
Tecent years, howener, it has become clear that a number of agents can
Induce the formation of neoplasms Notable among them 1s a group
of cychie hydrocarbons (for example, methylcholanthrene, 3,4-benzo-
Pytene, 1,2,5,6-dibenzanthracene, see 276), whose application to nor-
mal tissues provokes a high meidence of tumors, These chemacally
1nduced tumors nclude most vaneties that occur spontaneously and
also some that would not be observed otherwise, possibly because therr
Spontaneous incidence 15 too low  Following moculation mto a rat,
for example, of one of these carcmogenic substances, a series of tissue
disorders ocenr, which at first are not very dissimlar from a chrome
mflammation, but which lead more or less rapudly to the formation
of a true neoplasm, often a cancer In the neoplasm the carcinogen
15 110 longer present, but the cells have become permanently modified

The carcinogemc hydrocarbons are the best example of a vanety of
Agents, mcluding radations (615), parasites (see 161), and many
Chemicals, that act as provocative causes of cancer, by nducing or
favormg a more-or-less bl 1on of the
cells, after which the agent appears to play no further role

irus tumors There are some carcinogenic agents, however, that
Temam present 1 the tumors they mduce and apparently continue to
Dlay 2 role in the develop of the I cells,
them, so to speak, i their growth career These persistent and actuat.
ng carcinogens (563) are viruses




324 Viruses and Tumors

In 1803 Borrel (95) put forward the suggestion of a possible virus
orgm of cancer. s evidence was mainly a comparison of the prop-
erties of carcinomas with those of a series of virus diseases of epi-
thelial cells (infectious epithelioses, such as pox diseases and foot-
and-mouth), m which cell prohiferation was observed side by side
with cell necross Borrel pomted out that the causes of tumors were
probably multiple  Vahd proof of the viral ettology of a tumor would
require the d 100 of the ful praduction of tumors by
moculation of cell-free extracts of other tumors into normal hosts (7).
In 1911 Rous produced such proof.*

Fow! tumors. Rous Jed in reproducing md: Iy by serial
moculations of cell-free, bactera-frec fltrates of tumor extracts a sar-
coma that had appeared spontaneously mn a Plymouth Rock hen and
had been transplanted mto seseral hens of the same race (562). The
agent n the extracts gave nise to tumors simtlar to the one of ongm,
they appeared very fast, from 7 to 10 days after moculation  This is
a much shorter time than 1s required for the action of chemical car-
cmogens  The agent of Rous sarcoma was also present in the blood
of tumor-carrying chickens It was shown later that the actne agent
15 1 the form of particles, about 70 mu m diameter, wath a ratio of
particles to mfectious umts of about 2000 n the best preparations
(139) Tumors could be mduced by mjecting fltrates erther mto the
connectwve tissue of chickens or into the blood  The agent was indeed
avirus 1n the accepted sense of the word

Following Rous’ discovery and an almost simultaneous similar one
(244}, several viruses were isolated from a vanety of tumors of chick-
ens, ducks, and other birds and from cases of fowl leukema (228)
Although no viruses have as yet been isolated from fowl carcinomas,
1t seems possible (229) that for every fowl tumor there will ultimately
be found an etrologically responsible virus  Often a virus can be ob-
tained by extraction from the onginal tumor, without previous trans-
plantation (285).

Individual viruses of fowl tumors duffer from cach other, some of
them are apparently as httle related to one another as any two animal
viruses taken at random. In general, each virus grues nise to tumors
with the same Iustopathological features as the tumar from which 2t
has been isolated, and only if introduced n the proper tissue Thns
g, directional elearly diff s these

diser!
sson of fowl leulema by cell-free evtracts and blood serum had been

* Teansm:
204a), but the neoplastic nature of this discase had not yet hern

reported in 1908 (
recogmized cleatly
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viruses from the chemical carcimogens, which bring out the neoplastic
potentiabihies of a vanety of tissues in 2 vanety of hosts  Clearly, the
specificity relations ohsersed wath tumor sruses resemble the relations
of specificaty between struses and host cells n general

Most fowl tumors, in spite of thexr inducibility by viral agents, are
not contagious under natural conditrtons  Ammals kept 1 the same
cage with cancer-bearing mdividuals do not show avy higher wmci-
dence of tumors than control anmmals No msect vectors have been
found, and the problem of the normal transnussion of these viruses
remains unsohed The agent ble for fowl lymph 15
transmitted from hen to chick thrnugh the egg and possibly also
through the sperm (107).

There was mitially a great resistance among cancer workers agamst
recognizing the virus tumors of fowl as true tumors, or thewr agents
as true viruses The suggestion was put forward that the virus pro-
vided only the stmulus for the tumoral transformations of the cells.
The virus, however, continues to reproduce and to play a role in the
neoplastic development of the cell e dernved from the itrally -
fected cell  Many of the arguments whether the Rous agent and other
tumor agents of fowl are true viruses or transmissible inducers of cell
140} are m reality apphcable
to viruses in general They do not set aside the fowl tumor agents,
which at any rate qualify for inclusion among viruses according to the
definition of virus adopted 1n this book The arguments have rather
to do with the mode of action of viruses 1 their host cells and with

therr relation to other cell componenu
P R .. PR .

A frequent carcinoma of the kidney of leopard frogs 15 caused by a
virushke agent (429, 560) Its cells contamn pecular imtranuclear
mclusions such as many viruses produce

In mammals, viruses have been isclated from tumors of man, rabbut,
and mouse Human warts (skm and laryngeal papillomas) and the
gemital 11 ) are caused by a virus or
a group of closely related viruses (216) The role of the virus in the
occasional cancenzation of gemtal warts 1s unknown (see 563).

1In rabbuts, there occars a group of virus diseases (fibroma-my<oma

diate between infl and tumors  The Bbroma (597)
15 2 mild prolife disease of the sut tissue, endemic in
wild rabbuts, which regularly undergoes spontaneous regression. The
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In 1903 Borrel (95) put forward the suggestion of a possible virus
origin of cancer  His evidence was maiuly a comparison of the prop-
erties of carcinomas with those of a series of virus diseases of epi-
thelial eells (infectious epithelioses, such as pox diseases and foot-
and-mouth), m which cell prolferation was obsened side by side
wath cell necrosis Borrel ported out that the causes of tumors were
probably multiple. Valid proof of the viral etiology of a tumor would
requrre the demonstration of the successful production of tumors by
mocalation of cell-free extracts of other tumors mto normal hosts (97).
Tn 1911 Rovs produced such proof !

Fowl tumors. Rous ded 1n Juci Jefinitely by senal
moculations of cell-free, bactena-free filtrates of tumor extracts a sar-
coma that had appeared spontaneously m a Plymouth Rock hen and
had been transplanted mto several hens of the same race (562) The
agent 1 the extracts gave nise to tumors sumilar to the one of origun,
they appeared very fast, from 7 to 10 days after inoculation This is
a much shorter tume than 15 requured for the action of chemcal car-
ainogens  The agent of Rous sarcoma was also present in the blood
of tumor-carrying chickens It was shown later that the active agent
15 1n the form of particles, about 70 mu m diameter, with a ratio of
particles to mfectious units of about 2000 in the best preparations
(139) Tumors could be induced by injecting filtrates either into the
counective tissue of chickens or mto the blood The agent was indeed
2 virus 1o the accepted sense of the word

Following Rous’ discovery and an almost stmultaneous similar one
(241), several viruses were isolated from a vaniety of tumors of chich-
ens, duchs, and other birds and from cascs of fow] Jeukemia (228)
Although no viruses have as yet been 1solated from fowl carcinomas,
1t seems possible (229) that for every fowl tumor there will ulimately
be found an ctiologically responstble virus.  Often a virus can be ob-
tamed by extraction from the original tumor, without previous trans-
plantation (285)

Individual viruses of fowl tumors differ from each other; some of
them are apparently as httle related to one another as any two animal
varuses faken at random  In general, eack virus gues rise to umors
with the same histopathological features as the tumor from which 1t
has been 1solated, and only if introduced in the proper tissue This
disers ting, d 1 i is clearly diffe these

mia by cell-free exteacts and biood serum had been
m;f::;“,‘n“i“g‘; { o )X, T eoplastic naturc of this disease had not yet been

recognized cleatly
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papilloma vires found 1n amounts similar to those m the papilloma
of the wild rabbuts (57) 1If the papillomas in domestic rabbuts are
protected from mechanical injury (which otherwise causes their hard,
homy mass to fall off) they regularly gine nse to very malignant
cancers in whch no infectious virus is obsersed (see 564)

Is the virus absent from these tumors? Not quite  Serological data
indicate that the virus persists 1n a masked, noninfectious form (602)
The blood of domestic rabbuts that carry 2 paptlloma (or a carcinoma
derived from it) reveals the presence of antibodies that neutralize and
fix complement with the virus isolated from cottontail warts Extracts
of the domestic rabbit papillomas injected into rabbits mduce an im-
mumty agamst the virus  This serologically specific virus “remnant”
cannot be eliminated by grafting the cancers that arise from the papil-
lomas through several arumals hypenmmumzed agawst the virus
(371) Such a proceduxe would eliminate fore)gn viruses, which

may grafted tumors (557)
It should be nuted that antwvirus anhbodles 1 high titer do not pre-
vent growth of grafted cancer cells, although they prevent not only
mfection by the virus but also the “taking” of grafted papilloma cells

These obsersations seem to mdicate that the virus, although masked,
15 a persistent component of the kumoral cells of domestic rabbuts, and
probably one directly d n the tumoral propertse
of these cells

There is more evidence of the actual eustence of virus, possibly m
modified form, 1n domestic Tabbut papillomas It 15 occasionally pos-
sible to demonstrate the virus in filtrates of exiracts of these paprllomas
by mjectmg the filtrates into shin rendered hyperplastic by nonspecific
umitants (241). Moreover, 1 two cases (590, 600) senal transmussion
1 the domestic rabbit for 18 and for 14 passages has been successful
Return of the virus to the cottontail rabbat for 1 passage gave nse
immeduately to a stramn of the “cottontail type,” nontransferrable in
the domestic rabbut (590)

It 15 interesting to compare these findings on the papilloma virus

PR . X L EOE

present in infectious form It can be detected serologically, whereas
the prophage has not yet been detected n this way, possibly because
of different antigenic orgamzation m the two types of viruses The
masked papilloma virus certam specific prop-
etties on the cells that carry 1t, ike the lysogemc prophages Oe-
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myvoma (576) is a Iughly fatal, more mflammatory process, which also
involves some prohferation of the infected cells. A varjant form of the
fibroma virus prod 2 form of infl ion without celt
proliferation,

Another virus which causes oral papillomatosis in rabbits (513) s
apparently present in most indnaduals of certain rabbit colonies, where
it mamfests itself only by causing the formation of specific antibodies

ST

Figure 91 Papillomas produced by artificial noculation of papilloma virs
(Shape) 1 wild cottontail rabbit  Courtesy Dr R E Shope, Rockefeller Institute,

New Yorh

Rabbit papillema. A very interesting virus tumor of rabbits is 2
papilloma (598) frequently observed in the wild cottontad rabhits
(figure 91)  The virus extracted from the papillomas induces an epr
thehal growth intermediate between bemign warts and mahgnant car-
cinomas, with some tendency to full cancerous transformation (373).
“The tumor 15 casily reproduced by rubbung 1ts cell-free extracts on

: o cottontails m nature,

virus is that jts mocu-
o onging 1n a different
genus from the wild rablut) results in the [orm:nm')n of pﬂpl"nmﬂf that
are similar to those of wild rabbits, but from which httle or no mh'.o‘
ed No tumor-producing agent is present in
nor are physical particles resembling those of

nous virus can be isolat
extracts of these fumors,
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papiloma virus found jn amounts simiar to those in the papiloma
of the wild rabbits (57). If the papillomas in domestic rabhits are
pratected from mechanical njury {which otherwise causes therr hard,
horny mass to fall off) they regularly gne rise to very mahgnant
cancers in which no infectious virus 1s observed (see 561).

Is the virus absent from these tumors® Not quite  Serological data
indrcate that the virus persists 1 a mashed, noninfectious form (602)
The blood of domestic rabbits that carry a papitloma {or a carcinoma
derived from 1t) reveals the presence of antibodies that neutralize and
fix complement with the virus 1solated from cottontail warts Extracts
of the domestic rabbit papillomas 1njected nto rabbits induce an m-
munity agarost the virus  This serologically specific virus “remnant”
cannot be eliminated by grafting the cancers that arise from the papil-
lomas through several anmmals hypermmunized agamst the virus
(871) Such a pmcedure would elimmnate foreign viruses, which

dentall ly may grafted tumors (557)
It should be noted that antivirus antibodies in high titer do not pre-
vent growth of grafted cancer cells, although they prevent not only
infection by the virus but also the “taking” of grafted papilloma cells

These obseryations seem to indicate that the virus, although masked,
1s 2 persistent component of the tumoral cells of domestic rabbuts, and
probably one directly d in d the tumoral
of these cells,

There 15 more evidence of the actual existence of virus, possibly 1n
modified form, m domestic rabbit paptllomas, It 15 occastonally pos-
sible to demonstrate the virus in filtrates of extracts of these papilomas
by mjecting the Sltrates into skin rendered hyperplastic by nonspecific
wmtants (241). Moreover, m two cases {590, 600) senal transmisston
i the domestic rabbit for 18 and for 14 passages has been successful
Return of the virus to the cottontail rabbit for 1 passage gave nse
mmediately to 2 stram of the “cottontail type,” nentransferrable m
the domestic rabbit (590).

It 15 1nteresting to compare these findings on the papifloma virus
and on the tumors it produces m 1ts vanous hosts with the findings on
bacteriophage m vanous host situations (see chapter 9)  The masked
papilloma virus, hike the prophage m the lysogemc bactema, is not
present mn mfectious form It can be detected serologically, whereas
the prophage has not yet been detected 1n this way, possibly because
of different antigenic orgamzatmn 1 the two types of viruses The
masked ! viru: bl certain specific prop-
etties on the cells (hat carry at, hke the lysogenic prophages Oc-
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casional production of active virus from the masked papilloma virus
(the equivalent of prophage maturation) may be hard to detect in
view of the rather insensitive tests available for detection of papitloma
virus {1 mnfectious unit = several millions of virus pacticles). Irradia-
ton of domestic rabbit papillomas with x-rays often canses an increase
i the amount of fectious virus detectable in extracts made a few
hours later (240}, an observation that recalls the “induction” of lyso-
genic bacteria by radations (454).

One of the cancers denved from domestic rabint papitioma, the V2
carctnoma, retamed the antigenic remnant of the virus through the
first 22 transplants but “lost” 1t sometimes before the 46th transplant
(866). 1In this case, the virus might have completely disappeared, or,
1t mught have become reduced to a true “provirus,” without detectable
serclogical eross-reaction with the mature vires  The question would
then anse as to how such provirus could be detected, a question we
shall discuss again m a later section

Another mteresting companson 1s one between the masked papil-
loma virus and that of phages phenotypically modified by their hosts
{sec page 205)  The cells of domestie rabbut mght modify the virus m
such a way that 1t was not mfections for exther domestie or wild rabbet,
whule remaming potentially infectious for some other host. Such a
possibility wauld be difficult to test in the specific case of papilloma
The domestic rabbit papitloma does not contam any mmportant amouats
of particles symlar to the virus particles, this fact mdicates that the
virus, 1f present, must be i a thoroughly modified form

The milk factor, Mammary cancer in mice has long been a favorite
matenial for grafting studies and for the analysis of genetic factors
cancer causation In 1936, Bittner (79) discovered that the tendency
to develop mammary carcmoma was transmitted from the mother to
the young through the mulk, and that a “low-madence” stran of mice
could by foster-nursing be made 1nto a “high-incidence” strain, and
vice versa, Genetic factors are imalved in determming the proportion
of realized cancers and the persistence of the influence or milk fuctor
in the milk of successive generations

This milk factar extubats all the properties of a virus {23), including
sumulation of speoific antibodses It 15 present not only in the milk
but also in many tissues of the anumal ‘In the cancers :t‘ i i'ound in

;-mth;‘rs yields animals with low concer incidence. To establish atself,
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the virus must enter very young mice, appatently before the wall of
the ntestine becomes impermeable to 1t This 1s not the only reason,
however, direct injection of milk factor m adult mammary tissue gen-
erally fails to transmut the cancer The cancer only develops in adult

a T

Figure 92 Electron micrograph of a porton of a cell from a tissuc culture of
mouse breast carcimoma  Note the abnormal, presumably viral, particles  The
large, dark masses are mtochondria  From Porter and Thempson (527) Cour-
tesy Dr K R Porter, Rochefeller Institute, New York

females that carry the milk factor and that have given burth to one or
several Iitters, unless artificial hormonal stimuh sumlar to those of
pregnancy are pravided (393)

Thus, the milk factor enters m early Iife, localizes 1tself i various
tissues of the host, mcluding the mammary glands, and remams there
latent for most of the host’s lite It produces tumors (bemgn at Sirst,
but becoming malignant) only m mammary gland cells that have been
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conditioned by hormonal influences. It is difficult, here, to decide
which 15 the provacative and which the actuating cause of the cancer;
certainly, the role of the milk factor in breast cancer is more deter-
mming than the role of foster nursing m the transplantability of cer-
tain tumors (141)  We cannot exclude the possibility that different
forms of the milk-factor agent may evist, some determining high inci-
dence, some low madence of cancers, and that one form may mutate
to the other, Such a possibihity could explam sudden changes to
Ingh mcidence m low-ineidence hnes of mice that had been obtamed
by foster nursing (80)

A clam (644} that, from mammary cancer of mice cultivated in
the yolk sac of the fertile egg, a virus directly carcimogenic to mice
by mpection could be recovered has rot been confirmed {652). In
mouse leukemta, an agent analogous to the milk factor may be m-
volved Cell-free cxtracts from leukemuc cells, used to inoculate
2-day-old mice, may cause leukemia {279).

Virus tumors of plants. In plants, where most tumors {galls) are
of bactenal or fungal origin, a wound temar virus has been described
(83} It causes a systermic disease, part of which consists of the for-
mation of multiple tumors on roots and stems The tumors develop
espeaially at the site of wounds artificially produced or at the places
where the tissues are cracked by the emergence of lateral roots or
shoots  The viris 18 1nsect transmitted and has a wide host range.

THE ROLE OF VIRUSES IN TUMOR GROWTH

In all the tumors discussed abave there is excellent reason for

ol viruses as ive agents  We may then ask. What 15
the role of the virus in transforming normal cells mto tumoral cells?
Does it act in the 1eitial stage only, or throughout the development and
growth of the neoplasms?

The tumor viruses reproduce with and mnside the tumor cells, and
the cells cannat he freed of the active virus, except for special cases
of mashing. The problem, thus, 15 one of the respective roles of the
nd of the cellular components of an iategrated system, the

viral a
irus-infected cell, in d i the neopl properhes  As such,
this problem and the more gencral problems of the roles of vanous
cell p ts m cellular & are still unsolsed
lation of cells to i d uction as a result of virus

infectaon 1s ot mfrequent  We observe st in many “destructive” virus
infections, and 8 whale senes of viruses can be arranged in order of
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y action and d action {table
81)., Tumor viruses themselves may cause mecrotic reactions, for
example, the Rous sarcoma virus causes an acute hemorrhagic discase
m very young ammals {197).

Table 31. From necrosis to neoplasia

From Duran-Rey nals and Shrigley (195)

Epthelal Series Connective Tissue Series
Foot-and-month disease Canary pox
Vacea, Vacemia
Fonl pox and sheep pox Trfectious myzora,
Piltrable warts (human) Infectious fibroma
Infectious papilloma (wild rabluts) Myxosarcomas of Rous type
Nonfiltrale papilloma (domestic rabhits) Fibrosarcoma of chickens
Basal eell carcinoma * Nonfiltrable fowl tumors *
Malignant epithelioma * Mammalian sarcoma *

* Tumors without known relation to viruses

It was pomted out by Rous {564) that tumoral manifestations follow
mt mjection of fat-soluble dyes such as Sudan III, but
these fi regress letely with resorption of the dye, as
though the stimulus had to be present all the time for contmued tumoral
prohiferation (222) Tn virus tumors, the situation might be analogous,
virus d p ding for the of the shmulus

There 15 o evidence that the neoplastic character of the cells of
tumors formed 1n response ta tumor viruses can be mamtamed m the
absence of virus  Cells from virus tumors of fowl or rabbit are as
transplantable as those of other tumors, but the virus remains harbored
m them The transplanted vires tumors of fowl grow mamly by
reproduction of the mplanted virus-carrymng cells, rather than by
neoplastic transformation of host cells, and the same 15 true of the
metastases of the virus tumors, This, however, seems a reasonable
course of events, since the virus 1s not necessanly liberated by the
transplanted cells, which actually shelter 1t from host antibodies
Even when virus 1s hiberated, the probability that 1t will cancerize
other host cells may be as low as 1 the admittedly difficult induction
of these tumors by injection of cell-free estracts It 1s possible that
the virug itself, and not only tumor cells, 15 sometimes responsible for
the formation of metastases of fow! sarcomas, sice the virus does
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wrculate in the blood  Metastases, probably due to virus, have been
obtamned after fow} sarcomas had regressed as a result of x-ray treat-
ment (515).

As for the role of the virus in determining the characteristics of a
tumor, we have already mentioned its evident importance; for example,
a virus from an osteochondroma of chicken causes formation of bone
and cartilage from connective tissue cells if injected 1n other chickens
(564) The host cells must be of the proper type and age The cells
that under virus action give rise to Rous sarcoma, for example, are
thought to be mainly phages (123} or fibroblasts (430). Oaly
rarely can a virus cause formation of a new type of tumor by infecting
a different type ot cell, and this may invohve virus mutation and selec-
tion, as m a sarcoma produced by fowl leuk virns that had
been stored 1n glycenn (see S01)

Rous sarcoma and other fowl tumors will “take” more easily m
young chichens than m older ones  Inoculation into other species, such
as duck, pheasant, and guinea fowl, succeeds better in very young birds
than m adults, with some differences frem virus to virus. e have
here the exact paralle] of situations known to obtain for most siruses,
which require special conditions for transmussion to hosts of other
species

The neoplastic charactenstics of the tumors formed 1n a heterologous
spectes reflect the character of the virus, as shown by a number of
observations  Injection mto duckhings of filtrates of Rous sarcomas
from chick when ful, causes rel ly eaxly fc of
tumors that often regress, are poorly transplantable, and are shit
“chicken tumors,” sinee extracts from them, if remtroduced m chichens,
pne nse to typical sarcomas with normal frequency  Transplantation
of the “heterologous” tumors can be prevented by the use of antiserum
aganst clucken tissue, an mdication that the virus has actually con-
ferred to the tumor developing 1 the duck some species specificity of
the clucken (197a) Stmilarly, Fupnam sarcoma of ducks shows
“duck tumor” characters (537, 538) Sometimes, the Rous sarcoma
sirus from chicken tumors, upon 1noculation  ducks, gives nise to a
ifferent type of tumor, which develops late and 15 more easily trans-
rmussible from duck to duck  The virus from these late tumors has
lost its typical affimty for chicken tissues, a fact that suggests a virus
mutation (or host-controlled transformation) from “chicken type” to
“duck type” (197a)

The situation with amphiban tumors (560) closcly parallels that
with yirus tamors of fowl, and provides an even bc‘llfr lustratron of
the mterplay of virus and host propertics in determining not only the
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charactenstics of neoplastic growths but also the charactenstics of the
viral agents obtamed from these growths  Graft of the srus carcinoma
of the kidney of Vermont frogs (429) into hmbs of newts led to the
formation of cartilaginous tumors m other limbs of the newts  From
these cartilage tumors an agent could be obtamed which, remtroduced
into the Yermont frog. produced, besides the renal tumor, also bone-
cartilage tumors of a type never otherwise observed m these frogs
Matenal from these tumors contnued to produce both bone tumors
and renal tumors by proper moculations, 1t could also produce de-
lytic changes, especially in muscles Moreover, im-

plantatmn “of the bone tumors of newts 1nto Wisconsin frogs nduced
renal cancers n the latter, whereas direct implantation of renal tumor
from Vermont frogs to Wisconsin frogs failed to do so

A remarkable feature of the bone tumors mduced by dernatives of
the frog virus 1s the high frequency of the formation of two tumors in
evactly symmetnical bilateral locations, for example, “at the jont be-
tween the third and fourth phalanges of the fourth toe of both feel
(560) We gather the that the
and the host-cell affinities of the virus are directly modifed and con-
trolled by subtle developmental properties of the host cells m which it
has been produced

The suggestion was made {560) that these transformations of the
viral agent may be induced by some form of genetic recombmation
between the agent and some hissue-specific, cytoplasmic partrcles sup-
posedly invohied 1n the determunation of the specific properties of
various tissues of the host More generally, and without introdueing
hypothetical enuhes mto the picture, we may visualize the possibility
of host lled alt of the host. and morpl
potentialities of a virus, along the same lLines as the host-controlled
phenotypic vanations of bactenophages (76, 6, see page 293)
These alterations mght well reflect subtle developmental differences
of the host cells

Be this as 1t may, we conclude that there are excellent grounds for
attnbuting an essential role to the tumor viruses i the determmation
of the reproductive and neoplastic actnities of their host cells

VIRUSES AND SPONTANEOUS TUMORS

The evidence given mn the preceding section emphasizes the role of
the virus m determining the propertses of a virusmduced tumor At
the same tume, 1t ndicates a very ntmate fusion of cellular and viral
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properties. This raises the question. How far can this fusion go® May
there not eust, 10 other tumors, viruses or virushke agents, whose
presence is responsible for the tumoral reproduction but which cannot
be 1solated m fectious form because their relation with their host
cells is too sntimate?

The Jarge majortty of neoplasms is not transmissible by cell-free
estracts  Smce the number of indiwvidual tumors from which viruses
have been 1solated is only a small fraction of those tested, and since in
all probability the great majority of mammalan tumors, if tested,
would yield no virus, one may be led to thinking that the virus tumars
are the excephion, and that viruses have nothing to do with the causa-
tion of most neoplasms.

Most pathologists inchine to the opinton that the causes of tumors
are multiple, and that the neopk: transfe P a re-
sponsc to any one of a number of cell disturbances Thus, chrome
wntations would favor cancenzation by providing a stimulns to cell
reproduction that may go beyond the needs for tissue repatr. Another
widely entertained hypothesis 1s that most spontancous tumors arise
by somatic mutations, that 1s, by genetic changes in some somatic cells,
which transform them into neoplastic cells, just as a genetic change
a cell of the reproductive line may cause the appearance of a new
hereditary trait.  Another explanation of the orngm of some spon-
taneous tumors considers ther colls of orgn as embryenal remmants,
which late m hfe fest their imshed growth p 1
by giving rise to tumors  Tumors (feratomas) stemming from slets
of embryonal tissues are, mdeed, well known

The question of a possible virus etiology of apparently spontaneous
tumors cannot be summanly dismussed  Since the days of Borrel, the
virus theory of cancer has had a growing body of proponents, It 1s
undeniable that the virus tumors are the only ncoplasms whose drrect,
actuating cause 1s understaod It 15 anly reasonalile to follow a lead
that may direct us toward a unified theory of tumor ctiology. More-
over, the img ) al and bio) } e hetween
virus tumors and “nonvirus tumors” suggest a basic similarity of thewr

gical i aswell I “lear inclustons similar to those
that charactenze some virus-infected cells have been observed in
tumoral cells, for example, n human ghomas (869), although t)n_ey
may have been due to viruses acaidentally infecting the tumors (23).
Faced by the lack of transmissiality of most tumors by ecll-free
evtracts, the proponents of the sarms theory bave turned to the hy-
pothesis of latent and mashed viruses as the causes of most cancers.
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Whatever the ultimate outcome of this hypothesis (the case for which
has ably been presented by Andrewes (25) and by Oberling (501),
among others), 1t must be smd that it has proved a fruitful working

hyp Tt has stmulated an i ive body of expenmental work
and has directed the thinkng of pathologists toward fundamental
biological problems

The virus theory of neoplasms. As a starting point, let us consider
agamn the rabbit papilloma of Shope (figure 93). The virus extracted
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Frgure 93 Diagram of the transformations of rabbit papilloma virus in vanous
osts

from cottontail papiliomas, 1f 1jected nto domestic rabbits, causes
tumors, which are papillomas at first and later become cancenzed
From these tumors lttle or no mfectious virus can be 1solated  The
domestic rabbit tumors contamn an antigen related to the virus by ats
ability to shimulate production of antivirus antibody. The virus, ac-
cording to Shope's termnology, 1s masked (602) 1n the domestic rabbit
tumors
Could the masking be due to a of virus with
(possibly antibodies)? There are cases, for example, of fow! tumors,
from which active virus can only be obtamed after removal of virus
whibntor by differential centnfugation (I136) An mhibitor for the
papilloma virus 15 actaally formed (593) m domestie rabbit papil-
lomas, yet, b and dies, are certamnly not the
matn cause of maskmg Extraction methods that reveal large amounts
of specific virus matenial in cottontail papillomas fall to extract any
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simular materjal from the domestic rabbit papilomas (57). Ad-
mittedly, the difference between domestic and cottontail rabbits might
only be in the amount of virus produced. The titration methods for
papilloma virus are not very sensitive (several million particles per in-
tectious units), and the domestrc rabbit cells may not produce enough
virus (241)  On the other hand, the antigenic power of domestic
rabbit tumors is not much lower than that of cottontail warts It 1s

to lude that the virus-specific material 1s present in the
domestic rabbit tumors in a different, noninfectious form, and we are
reminded of the nonrecoverability of other viruses in the early stages
of infection with most viruses (sec chapter 13) and in cases of per-
sistent latency, as for prophage mn lysogenic bactena (chapter 9).
We may suppose that the virus, although present in the domestic rab-
bit tumors, nesver “matures” into intectious particles, just as m lysogeme
bactera a phage very seldom reaches maturation

The mcompleteness of the masked virus might be due to the fact
that production of fully intectious virus particles requires some speaific
component asztlable m the cottontat, but not m the domestie rabbit.
There 1s some ground for such a “tso-factor” hypothesis (284), at least
by analogy. For example, Fuymami sarcoma virus grown in duchs is
neutralized by serum agamnst normal duck tissue, whereas the same
virus grown sn ehickens 1s neutralized by serum against normal ehicken
tissues. Virus grown 1n either host 1s also neutralized by serum agamst
virus-containing tissues of either host. The two anhbodies are gt

lization by the host-specific one requires ) t,
Lzation by the vi peaific one daes not.?

The 1mpartant pomnt 1s that the induced papillomas of domestic
rabbit and the cancers derived from them, to an observer unaware of
ther causation by papilfoma virus, would appear indistinguishable
from any spontaneous tumor They are transplantable, nonfiltrable,
and have a tendency to cancerization, just Iike other skin papilomas,
erther spontaneous or caused by chemical carcinogens, The presence
of the masked virus 1 the tumors 1s detected only by testng the
serum of the tumor-hearing rabbnt for anttbody against the virus from
cottentail, but an unwarned ghserver would not even suspect the
existence of such a virus

2 These observations {whick should Le confirmed by more extensive stuches) can
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The suggestion that virushke agents are present and etwlogically
responsible for all neoplasms requrres an answer to several questions
1 How can these agents be detected, so that the hypothesis can be
tested® 2. Can the suggestion be reconciled with the known facts of
carcinogenesis® 3 Where do the viruslihe agents come from? 4 When
and how do they enter the cells which they will make neoplastic® An
attempt 10 answer these questions will be a useful mntroduction to a
discussion of the ongin and natural relationship of viruses

Serological search for masked viruses in tumors, Could we test
for a *virushike hing” 1n tumors by serol 1means?
There have been many failures in such attempts, but some positive
results have been reported The Brown-Pearce carcmoma of rabbits
yields a nucleoprotemn antigen, whose specific antibody prevents the
graft of the tumor cells and their growth n witro (372)  Smce, how-
ever, the Brown-Pearce tumor had stemmed many years before from
an ammal of un} genetic and was d by
graft in rabbuts of varous genetic lnes ever since, the immumty could
be of the genetic-incompatibility type rather than a tumor-specific one

Suppression of tumar growth by antbodies agamst the tumor cells
or agawmst their extracts 1s by no means infrequent  The cancer ht-
erature contams a number of examples of tumors that after trans-
plantation regress and leave the amimal sohdly immune to new grafts
of the same tumor (see 129)  Most such cases, however, can sunply
be d as due to the )t h of the mmpl
cells, not to specific antibodies agamst the tumor cells as such The
serological evidence m favor of the presence of viruses i spontaneous
tumors must be considered as quite madequate

Yet, even 1f the serological search for viruses m spontaneous tumors
should prove frmntless, the latent-virus theory would hardly be re-
futed Indeed, m the best studied cases of virus latency, those of the
prophages 1n lysogentc bactena, the provirus has not been detected
serologically.  All avarlable evidence suggests that most of the anti-
gens of the mature phage are acquired only during maturation and are
not present 1n the prophage (313)

How can we exclude the possibility that tumors are caused by pro-
viruses, with no easily demonstrable antigens, whose maturation may
exther farl completely or yield “srus™ with Iittle or no infectious power?
Actually, the Vx2 carcinoma, which had ongmated from rabbit papil-
loma, but does not now contam the virus-related antigen (566), may
be an example of the lete evolution from a full-fledged virus
{papilloma virus) to a masked virus (the antigen mn domestic papil-
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sxmlhr matenal from the domestic rabblt papx]]omas (57) Ad-

, the b d and 1 rabbits might
only be in the amount of virus produced The titration methods for
papilloma virus are not very sensitive (several milhon particles per in-
fectious umts), and the domestic rabbt cells may not praduce enough
virus (241). On the other hand, the antigemic power of domestic
rabbit tumors 15 not much lower than that of cottontail warts Tt is
tempting to conclude that the virus-specific matersal is present m the
domestic rabbit tumors in a different, noninfectious form, and we are
reminded of the nonrecoverability of other viruses in the early stages
of infection with most viruses (see chapter 13) and in cases of per-
sistent latency, as for prophage in lysogenic bacterta (chapter 9)
We may suppose that the virus, although present in the domestic rab-
bit tumors, never “matures” 1nto mfectious particles, just as mn lysogemc
bacteria a phage very seldom reaches maturation

The incompleteness of the masked virus might be due to the fact
that production of fully infectious virus particles requires some speafic
component available m the cottontatl, but not in the domestic rabbit
There 1s some ground for such a “two-factor” hypothesis (284), at least
by analogy. For example, Fujinami sarcoma virus grown in duchs s
neutralized by serum against normal duck tissue, whereas the same
virus grown in chickens is neutralized by serum against normal chicken
tissues, Virus grown in esther host is also neutralized by serum agamst
virus-containing tissues of either host. The two anttbodies are quite
different: neutralization by the host-specific one requires l

\I by the virus-specific one does not.?

The important pomt is that the induced papillomas of domestic
rabbit and the cancers derived from them, to an observer unaware of
thew causation by paplloma virus, would appear indistingmshable
from any spontaneous tumor. They are transplantable, nonfiltrable,
and have a tendency to cancenization, pust hLe otber skin papillomas,
either spontaneous or caused by c¢h ) The |
of the masked virus an the tumors 1s detected only by testing the
serum of the tumor-bearg rablut for antibody against the virus from
cottontai], but an unwarned observer would not even suspect the
existence of such a virus

PR R
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the well-k m which the cells, although
modified, are nol yet neoplastic  \When does the mutation take place?
Moreover, how can the somatic-mutation theory account for virus
tumors® Some mgentous suggestions, such as the requrement for
many independently arisen mutant cells to form a cancer focus (223),
do not overcome the above objections  The virus theory of neoplasms
mught account for hereditary mfluences on the incidence of cancer
{see 425), which may actually represent quantitative genetic differ-
ences 1n virus susceptibility A case could even be made for a role
of somabic mutations in mahing a cell susceptible to carcinogenesis by
2 latent virus

As far as carcmogens such as parasites are concerned, therr role
could even be mterpreted as that of carrers of tumor viruses m
masked form A rather good model s provided by the role of the

1 the of swine infl virus to the hog

A remarkable case 15 that of the crown gall tumor of plants (178,
607). This tumor 1s produced m response to nfection with the bac-
tenum Phytomonas tumefaciens  The tumor cells continue their neo
plastic growth, both m plants and n tissue cultures, after bacteria
have been elmimated m any one of a vanety of ways The bacterum
apparently unleashes the neoplastic potentiahties of the host cells but
1s not needed for ther continued expression  Still, a specific agent
responsible for tumoral growth seems to be present in the cells of the
crown gall tumor (101) When a fragment of tumor 15 forced to
undergo exceptionally rapid growth, 1t nltimately gives nise to normal
plant tissue, which can reconstitute normal plant organs and become
mdistmguishable from onginal uninfected tissues  Forced raprd vege
tative growth 1s known to remove from cells of vartous organisms cer-
tamn eytoplasmic elements responsible for some of the properties of the
organisms, such as the “Mller” factor of Paramecium aurelia (530, see
chapter 18)  The abnormally rapid gxu\vﬂ\ of the cells leads to dilu-
tion and removal of self- d ments, whose duction 15
apparently not synct d with cell d and cannot keep
up with an wncreased pace of the latter Loss of latent viruses by
analogous process, for example, the loss of prophage from lysogeme
bactera 10 medza unt ble to phage repro-
duction, has been reported (135)

It seems plausible that the neoplastic character of the crown gall
cells 15 determined by a virushhke agent of some sort, which can be
elmnated from rapidly growing cells The mechanism of the mitiat-
ing role of the bactertum Phytomonas tumcfactens 1 crown gall tu.
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lomas) to the “purc” provirus. The question is: How could such &
pure, nonmaturing provirus be meaningfully distinguished from any
“normal” protoplasmic constituents? We shall discuss this question m
chapter 18.

The virus theory and artificial carcinogens. A reconciliation of
the virus hypothesis with chemcal carcinogenesis has been sought in
a number of ways  Papilloma virus, injected intravenously into rabbits
whose skin had previously been rubbed with tar or other carcinogens,
localizes stself m the treated areas and causes a rapid formation of fast-
growng cancers, defiutely more malignant than the growths produced
by carcinogen alone (870, 565) Tarring of the skin causes even the
almost innocuous f‘bxomm virus to give rlse to less regularly regressing

growths, and occ to lized fib or ¢ven to true
sarcomas {30) These neoplasms are transplantable and do not yield
any vius

Thus, carcmogens can provide conditions that locahze and enhance
virns action. Chemneal carcinogens could act through viruses, if
viruses were present, what has to be explained is the supposed pres-
ence of the viruses. Where could they come from, when not intro-
duced deliberately in our experiments?

Several puzzling hmes of evid are lable, MclIntosh (456)
produced sarcomas m chickens by mjection of tar and found that
some of these tumors could then be propagated by cell-free filtrates,
other workers, however, could not duplicate his results (515) In
more convincing experuments, it was shown that the blood of birds
that carry taranduced, nonfiltrable tumors often contains antthodies
agamst varous viruses, ncluding Rous sarcoma virus {26). It should
be pomted out that many of the fowl tumor viruses give some sero-
logical among th Ives. Thus the carcinogens may
act by providing the conditions for the neoplastic action of latent
viruses.

The carcinogen might either praduce a nonspecific tlssuc reactton,
which could make the cells ptible to the neopk of

a virus (or provirus) already present withm them, or 1t might act on
the virus itself, The recently discovered ability of certain carcmogens
to induce hereditary mutations in varous organisms (178) has been
sidered ns supportmg the )den that tumors arise by somatic muta-

* the virus theory,
m latent viruses,
. tes lacking direct
positive evidence to support 1t, must overcome the test of explaining

con:
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the welldhnown precancerous reactions, m which the cells, although
modified, are not yet neoplastic. When does the mutation take place?
Moreover, how can the somatic-mutation theory account for sirus
tumors®  Some . such as the reqs for
many independently anisen mutant cells to form a cancer focus (223),
do not overcome the above objections  The virus theory of neoplasms
might account for hereditary influences on the incid of cancer
{see 425), which may actually represent quantitative genetic differ-
ences in virus susceptibility A case could even be made for a role
of somatic mutations 1n making a cell susceptible to carcinogenesis by
a fatent virus,

As far as carcmogens such as parasites are concerned, their role
could even bLe mterpreted as that of carriers of tumor viruses mn
masked form A rather good model 1s provided by the rale of the
Tungworm in the transmission of swine mfluenza virus to the hog

A remarhable case 15 that of the crown gall tumor of plants (178,
807) Tlis tumor 1s produced i response to infection with the bac-
teriim Phytomonas tumefaciens  The tumor cells continue therr neo-
plastic growth, both 1n plants and in tissue cultures, after bacteria
have been eliminated 1n any one of a variety of ways The bactenum

leashes the 1 T hties of the host cells but
is not needed for thew continued expression  Stli, a specific agent
responsible for tumoral growth seems to be present mn the cells of the
crown gall tumor (101). When a fragment of tumor 15 forced to
undergo exceptionally ramd growth, 1t ultimately gres nise to normal
plant tissue, which can reconstitute normal plant organs and become
indistinguishable from onginal uninfected tissues  Forced rapid vege-
tative growth 1s known to remove from cells of varous organisms cer-
tam )¢ elements ble for some of the prop of the
orgamisms, such as the “hiller” factor of Paramecium aureha (530; see
chapter 18) The abnormally rapid growth of the cells leads to dilu-
tion and removal of self-reprod elements, whose d 1
apparently not synchromized with cell reproduction and cannot keep
up with an increased pace of the latter Loss of Jatent viruses hy
analogous process, for example, the loss of prophage from lysogenic
bactena repeatedly transferred 1 media unfavorable to phage repro-
duction, has been reported (135)

It seems plansible that the neoplastic character of the crown gall
cells 15 determined by a viruslike agent of some sort, which can be
ehmimated from rapidly growmg cells  The mechanism of the mitiat-
ing role of the bacterium Phytomonas tumefaciens m crown gall tu-
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mors remains obscure. It mught be that the bacterium brings into the
plaat a self-reproducing virushhe agent {possibly a bacteriophage}; or
1t mght stunulate the actisaty of a lateat varus; or it might teansform
same normal cell constituent mto a tumor-producing agent.  More m-
formation will be needed before an answer can be given, and the
wltimate answer may be quite different from any one now predictable

Latent viruses and tumors.  Chemical, genetic, and parasttic car-
emogenesss, then, does not present unsurmountable objections to the
theory that tumors are cansed by fatent viruses or vimishike agents,
We must see sf we can accomnt for the postulated Iatent viruses them-
selves

There 15 a whole series of transition cases between latent vsruses of
ushnown densation, such as preamansa visus of nuee (496) or virus
1T (558), and viruses that can be obsenved to become latent under
controlled evpenmental conditions Thus, the virus of Iymphocy tic
chonomeningstis s a reservorr m the wild grey mause (37} and <an
be transmitted to man and monhey by ticks, sf introduced accidentally
or purpasetully m a calony of white mice, the virus infeets e a symp-
tomless way practically all exposed ammals, besng transmutted to the
young, at first by mfectioa w carly age, later even m the womb (651).
Active virus can be recovered from many ammals of the colony, and
the presence of anttbady reveals a past or present infection m the
others. Injection of srtatmg substances, such as stenle broth, uito
the braw of yvirus-carrying mice can revive the pathogemaity of the
virus

The milk factor of mammary tumor 1 mice provides an example of
a latency lasting from the time of nfection (only possible mn early
age) to the time of the appearance of properly susceptible cells i the
breast of the multiparous females.  The virus 1s not fully masked, since
1t can be demanstrated m many parts of the organism by fecding new-
born mice with organ cxtracts; the mice Jater prove to be carners of
the factor (23) The latency seems to reflect only the lack of cells
that can react neoplastically to the varus A number of strmb, such
as hormones and carcinogens, can modify the breast cells m such 2
way that the tumors develop carher  The virus, however, multiphes
1 2 vartety of tissues that do not show any abnormal sesponse to ats
pYeSPﬂCC’

Finally, the facts of lysogemaity m bactena, and especially of jn-
duced lysageaity by infection of bacterta wit}{ temperate phages,
provide us with a variety of conditions i \ﬂnfh viruses become latent
(= asymplomnllc) and masked ( = nonsnfections).
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Thus, virus latency and masking phenomena could provide condi-
tons . the apparent origm of tumors from which
no transmussible virus can be obtained  Should we then suspect the
existence of an enormous vanety of latent viruses, each responsible for
one specific type of tumor? This may not be necessary The neoplastic
potentialities of each tumor virus are not very restricted, the same virus
strain can ge nse to different manfestations i different hosts and
tissues  For example, sarcomatous growth has been produced by fowl
leukomatosis virus, a vanety of different sarcomas are produced by
Rous sarcoma virus w clucks, pheasants, and other burds, several bio-
logically different carcmnomas have arsen from rabbat papillomas  We
have already described (page 332) the remarkable sitvation observed
with the amphibian tumors provoked by the agent of the renal car-
cinoma of frogs (560) It 1s clear that virus varabihty, either of the
genetic type or of the host-controlled type obsened with bacterto-
phage, can well provide the necessary vanety of tumor types from a
relatively small number of latent viruses

Conversely, the potential variety of latent viruses might explain why
a given caranogen produces different types of tumors m animals of
different stramns and races, the neoplastic potentialities of the cells
would reflect, at least in part, the nature of the viruses they carry

The real difficulty for the virus theary of tumors 1s the requirement
for an almost ubiquitors distnbution of latent tumor swruses  Where
can these viruses come from? Simple transmission from tumor-
bearng antmals to healthy anmimals 1s out of the question, since even
the experimental transmission of the known tumor varuses 1s difficult,
the tumor-bearmg ammals would not represent an adequate source of
viruses  Entry m early age (possibly m nursing or by vector trans-
mssion, of even 1n the wtrauterme hfe through the egg} 1s apparently
not frequent for viruses m general We have already mentioned the
failures to demonstrate milk-transmissible agents m many tumors, -

cluding some breast cancers of mice The mulk factor tumor 1s appar-
ently an exception rather than a prototype

Some Lnes of research provide suggestive nformation  Thus, many
apparently normal chickens possess antibodies agamst Rous sarcoma
virus and other fow]l tumor viruses These antibodies develop m
chicks only after hatching Therr appearance can be prevented by
ssolating the newly hatched chicks from adult chuckens, conversely,
their frequency 15 mncreased by contacts with tumor-beaning chickens
The suggestion 15 that most infections with tumor varuses, just as those
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mors remains obscure, 1t might be that the bacterium brngs into the
plant a self-reproducing virushhe agent (possibly a bacteriophage); or
1t mught stumulate the actoaty of a latent virus; or 1t might transform
some normal ecll constituent mto a tumor-producing agent,  More in-
formation will be needed before an answer ean be given, and the
ultimate answer may be quite different from any one now predictable
Latent viruses and tumors. Chemical, genctie, and parasitic car-
cnogeaesis, thea, does nat present unsuemarntable objections to the
theary that tumors are eatssedd by latest viruses or virnsfike agents
We must see tf we can account for the pastulated Jatent vinses them-
selves
There 1s a whole series of transition cases hetween latent viruses of
unknown derwvation, such as pneumonta virus of mice (456) or virus
I (558), and swruses that can be abserved to become latent under
Hed expenimental 1 Thus, the virus of lymphocytic
choriomeningttis has . reservoir m the wild grey mouse (81) and <an
e transmitted to man and monkey by ticks, if introduced acerdentatly
or purpeseflully m a colonv of white mice, the virus infects in 2 ssmp-
tomless way practically all exposed ammals, bemng transmitted to the
young, at first by mfection m carly age, Lliter even in the womb (651)
Active virus can be recovered from many anuals of the colony, and
the presence of anttbody reveals a past or present mfection in the
others  Injection of irritating substances, such as stenle broth, mto
the brain of virus-carrymg mice can revive the pathogemaity of the
arus,
The mulk factor of mammary tumor 1n mrce provides an example ot
a latency lasting from the time of infection (only possible in early
age) to the tme of the appearance of properly susceptible cells in the
breast of the multiparous females  The virns is not fully masked, since
it can be demonstrated m manv parts of the orgamsm by feeding new-
bom mice with organ extracts; the mce Jater prove to be carness of
the factor (23) The latency seems to reflect only the lack of cells
that can react neoplastically to the virns A number of stimuls, such
as hormones and carcinogens, can modify the breast cells ain such a
say that the temors derelop carkier  The wirns, however, moltiphes
1 a vartety of tissues that do not show any abnormal response to its

presenc&

Finally, the facts of Iy m bacterta, and esf fly of m-
duced lysogemety by nfection of bactersa with temperate phages,
with a vanety of conditions in which viruses become latent
tic) and masked ( = noninfections)

provide us
{ = asymptomal
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together as “transmusmible mutagens” (140) The nontransmussible
tunors would simply be produced bl
is clear that we are dealing here with the very nature of viruses and
with their relation to the phystcal carriers of hereditary spectficity m
normal cells

Heterogenetic theories of the onigin of viruses, which postulate therr
frequent nise by transformation of normal cell constituents, had been
proposed, for example, for viruses like herpes and choriomemngitss,
these theories were later discarded when the mode of primary mfec-
tion and transmusston of these viruses was clanfied Virus hetero-
genests, however, 15 bound to remam a possihility as long as our
knowledge of the engm of viruses and of their tavonomic position
remains obscure  With this and related problems we shall deal m
chapter 18




342 Viruses and Tumors

with certain other viruses, are subelinical and nontumoral, and lead to
virus latency, the tumoral transformation would be the exception.
Escen if a case could be made for an almost ubiguitoas distrbution
of tumor visuses, several problems would still remain unanswered, for
example, in with the plantability of tumors. If latent
viruses were ubiquitous, what role would they play in the serological
conditroning of graft “taking™ Why would the anmals of a highly
inbred line nat carry the same latent viruses, and therefore be immune
egawmst tumor transplantation? Why should a spontaneous or chem:-
cally mnduced tumor of one of these anmmals (or a virus denved from
1t, as in fowl sarcomas) find 1t easier rather than harder to “take”
animals of the same breed? Moreover, agents such as Rous sarcoma
virus can cause the neoplastic transformation of normal cells wnfected
from outside, of they were ahquatous, why would they not cause it
regularly from nside® Could the true tumor viruses be mutants of
ubiquitous, Jess actne agents®
To many of the adherents of the virus theory of tumor etiology the
idea of tumar viruses as Latent p appears f:
tory. A role of cvogenous viruses can hardly evplain the specific neo-
plastie patentialtties of different embryonal tissues transplanted st
adult mece of the same breed, a situntion that would sequire early
watrautenne mfection with a vanety of different viruses (564). Some
of the workers in the cancer field have gone a step further, and have
suggested that tumors are indeed caused by wiruslike agents, but that
these are new viruses, that 1s, normal components of cells, which under
the nfluence of any ane of a vaniety of simuls, or even by spontaneous
mutation, have embarked an an abnormal career, confemnng a neo-
plastic hahit to the cefls that harbor them In extreme cases they
could become transmussible from cell to cell and therefore become
true wiruses,  Support for this viewpomnt has been sought m the simr-
lanty between the ch ! and phy h } properties of some
tumor siruses and of certamn fractions extracted from related, non-
tumoral cells (135}  This argument is 1n itself rather dangerous, in
the present uneertam state of our hnowledge of the structure and or-
of normal protopl Any number of protoplasmic com-
;one'nts could resemble viruses i gross physicochemical propesties
Other warkers have stressed more the simlanty between the histo-
togacal chatacters of virus tumors and of normal tissues, and' have com-
pared turmor viruses (of foul) to agents supposediy responsible for cell
differentiation.  Stmulanities between these agents and the agents that
cause heredutary changes m bacteria have Jed to their being grauped




cn 18 Origin and Nature of Viruses 345

Nevertheless, 1t 1s important to locate the place of viruses 10 the bio-
Togacal world, that 1s, to understand their ongin and the possible paths
of their evolution  For this, we must visualize a series of possibilities
suggested by the known facts about viruses and other biological ob-
jects

Viruses as mdependent genetic systems. Ve have seen ample evi-
dence that viruses are endowed with genetic continuity and muta-
bilty, Some viruses, moreover, may undergo a number of independent
mutations, a fact which suggests a multiphaty of genetic determu-
nants  Thus, viruses represent mdependent and specific genetic sys-
tems It 15, therefore, unhkely that in their host cells they simply act,
duectly or through the release of mhibitions, as stmult for the pro-
duction of cell elements whose specifiaty 1s mtrmsic in the host cell,
or, as had been suggested, as catalysts for the maturation of already
specific precursors (395). No such hypothests could explamn why the
various mutant forms of a virus should cause the same cell to pro-
duce just the corresponding type

We must, therefore, consider viruses as carrying more or less com-
plex genetic systems, separate from, and in an evolutionary sense m-
dependent of, those of the host cells which they infect from outside
and 1n which they reproduce  As a matter of fact, most viruses may
differ from their hosts genetically (and chemically, as shown by sero-
logecal tests) as much as any two organisms taken at random may
differ from each other

The chemical substrate of virus activity. What do the structure and
composition of virus particles tell us about their nature® Ideally, a
virus particle represents the minmum amount of material needed for
successful invasion of a normal host With all reservation as to the
purity of even the best virus preparations, 1t 1s accepted that all virus
particles contamn at least nucleic acid and protem, supposedly cou-
pled 1n specific proportions to form “nucleoprotems”  Moreoser, the
nucleic actds and protem components of viruses contan the same
types of conshtuents (nucleotrdes, amno acids, ete.) as nucleic acids
and protemn of any other origsn  These properties of viruses are un-
equivocal confirmation that they belong m the umque Ime of bio-
logical evolution and are not new forms of Dife, that 1s, new products
of synthesis from nert matter The strict parasiism of viruses itself
speaks agamnst such an ongm of viruses  Furthermore, the occurrence
of DNA m some viruses, of RNA m others (and m some possibly of
both) may be mdicative of a relation to one or another group of cell

i 31 It might be d that the

content
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Origin and Nature of Viruses

In discussing the relation of viruses to tumors we have pointed out
the role of some viruses m deterrmming speaific processes of cell dif-
ferentration  Thrs poses the problem of the relation between the
visuses and the normal components of cells which regulate cell prop-
crttes and development, and, therefore, the problem of the natural re-
lation and ongm of virmses

In dealing wath any group of Wological ohjects, we must inquire
mto thetr relation to each other and to other objects  The pustificatron
for this taxonomic preaccupation 1s mherent i the established facts of
balogical evolution, according to wluch all life on carth s related by
common ancestry  In dealmg with viruses as a group, however, we
are immediately aware that the group possesses no obvious tavonomic
unity, but 1s only defined on the basis of the methodology employed
in virus research. None of the morphological or physiological criterta
applicahle to viruses carrres the tasonomie werght of the enitena used
to group together, for example, the phylum of arthropods, or the class
of birds, or the order of rodents  Size of virus particles, obhigate para-
sttism, and ability to penetrate some host, the entena we used in de-
fining viruses (sce chapter 1), do not represent adequate enterra of
natural relationship  There 15 no obvious evilence of a closer degree
of relationship between any two viruses (for example, a2 bacteriophage
and 2 plant virus) than between etther of them and a bacterfum or 2
protozoan oF even any other ammal and plant  There are, of course,
close resemblances among the viruses of certain groups, such as some
phages, the rod-shaped plant viruses, the mammalian pox viruses, these
can be assumed to represent groups of related viruses with not too dis-
tant common ancestors  But there the morphological, serological, and

hysiol 1 basis of virus classifi ends, and pts to create
;uc;aninglul virus classifications beyond this pont have confused rather
than clanfied the situation

a4



cu 18 Ongin and Nature of Viruses 345

Nevertheless, 1t 15 important to locate the place of viruses 1 the bio-
logical world, that 15, to understand their ongm and the possible paths
of therr evolution For this, we must visualize a series of possibilities
suggested by the known facts about viruses and other biological ob-
Jects

Viruses as mdependent genetic systems  We have seen ample evi-
dence that viruses are endowed with genetic continuity and muta-
bility. Some viruses, moreover, may undergo a number of mdependent
mutations, a fact which suggests a multiplicity of genetic determi-
nants. Thus, viruses represent independent and specific genetic sys-
tems It 15, therefore, unlikely that i their host cells they simply act,
directly or through the rclease of mhibitions, as stimult for the pro-
duction of cell elements whose speafiaity 1s mtrmsic n the host cell,
or, as had been suggested, as catalysts for the maturation of already
speeafic precursors (385) No such hypothesis could explam why the
various mutant forms of a virus should cause the same cell to pro-
duce just the corresponding type

‘We must, therefore, consider viruses as carrying more or less com-
plex genetic systems, separate from, and m an evolutionary sense mn-
dependent of, those of the host cells which they nfect from outside
and 1n which they reproduce  As a matter of fact, most siruses may
duffer from therr hosts genetrcally (and chemrcally, as shown by sero-
logical tests) as much as any two orgamsms taken at random may
duffer from each other

The chemical substrate of virus activity  What do the structure and
composttion of virus particles tell us about thew nature? Ideally, a
virus particle represents the mmimum amount of material needed for
successful mvas:on of a normal host With all reservation as to the
punty of even the best virus preparations, 1t 1s accepted that all virus
particles contam at least nucleic acid and protemn, supposedly cou-
pled 1 speaific proportions to form “nucleoprotemns ™  Moreover, the
nucleic actds and protemn components of viruses contam the same
types of constituents (nucleotides, amno acids, ete ) as nuclerc acrds
and proten of any other ongm, These properties of viruses are un-

equivocal confirmation that they belong i the unique Ime of bio-
logucal evolution and are not new forms of life, that 15, new products
of synthesis from nert matter The strict parasitism of viruses atself
speaks aganst such an orgin of viruses  Furthermore, the occurrence
of DNA 1n some viruses, of RNA m others (and n some possibly of
both) may be mdicative of a relation to one or another gioup of cell

1 It nught be d that the nucl

content
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Origin and Nature of Viruses

In discussing the relation of suwases to turmors we have pointed out
the role of some viruses in determining specific processes of cell dif-
ferentiation  This poses the prablem of the relation between the
viruses and the normal components of cells which regulate cell prop-
erties and development, and, thercfore, the problem of the natural re-
lation and ongin of viruses

In deahng with any group of bwlogreal objects, we must inquire
mto therr relation to each other and to other objects  The jushfication
for this taxonomic preoccupation is iberent in the estabhished facts of
biologreal evolution, according to which all Iife on earth 1s related by
common ancestry  In dealmg with viruses as a group, however, we
are immediately aware that the group possesses no sbvious tavonomic
umty, but 1s only defined on the basis of the methodology employed
1 virus rescarch  None of the morphologieal or physiologreal eriteria
apphieable to viruses carrres the taxonomic v eght of the entena used
to group togethier, for example, the phylum of arthropods, or the class
of birds, or the order of rodents  S1ze of virus particles, obhigate para-
siism, and ability to penetrate some host, the enitenia we used m de-
fining viruses (see chapter 1), do not represent adequate cnitenia of
natural relatonshep  There 15 no obvicus evidence of a claser degree
of relationship between any two viruses {for example, a bacteriophage
and a plant virus) than between erther of them and a bacterrum or a
protozaan or even any other animal and plant There are, of course,
close resemblances among the viruses of certamn groups, such as some

. . 1

bevnd wlant sneaeae tha mansmalian nav yireene thece

i
physialogical basis of virus classiicatton ends, and attempts to create
meanmgful virus classifications beyond thus pont have confused rather

than clarified the situation
LIS
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logseal Biach 1 diffe must have depended
mostly on the appearance of new patterus of synthesss, producing nes
speafic lecules (protems, pofysacchandes, nuclese acsds),

the chemistry and metabohsm of which are sull obscure
Vieuses as regressed parasttes. A case has been made (114, 271, 395}
for an ongm of viruses, or at Jeast of some viruses, by an extreme
process of regressive evolut Free-lnang mucr that re-
quure a number of preformed metabolites would become parasttic an
other orgamsms that act as supphers of the required substances  Para-
sitism, and especialy mtracellular parasitism, would favor further loss
of synthetic abilities by provichng an environment where most needed
metabohtes are present, thus placing little or no handicap on the syn-
thetieally more deficent mutant forms It 15 argued that this process
could proceed to such an extent as to cause the Joss of much or most
of the enzymatic machinery of the parasite, with accompanvmg reduc-
tion 1a size and transformation mto a virus A virus could ultmately
be reduced 1o the naked genetse system (or possthly even a part of
1t} of a formerly free-lving orgamsm
Appealing as this theory may be {especully to the frequent be-
hevers m an mtninsic, mystic tendency to decay m nature) there
5o strong evsdence to support 1t Althongh there 35 some pnv:sﬂehsm
betw cen the degree of and the
facultatve parasites (bactena, fungy, and protozoal, hardly any h‘an'
sitional stages are kaown between viruses and obbgately parasstic
protozoa such as the malanal plismadia, or betw een viruses and obh-
gately parasitic. bactena such as the feprosy Imcxﬂus Rickettsiae (see
chapter 19 are small Malar pasasites, prob alarge
number of specific supphes from thew host eells, but (hmr relationshsp
o any viruses 1 doubtiul
In many arthropods are found a vanety of mtracelindar symbonts,
some yeasthhe, some bactenalike {bacteronds, 626), which are trans-
mutted from mother to young by wfection of the eggs and wlach scem
to perform some functions needed by the hosts  In spite of ther fong
association with thewr hosts (shown by the sunddanty of the symbionts
n ansects that have Jong smce branched off from common ancestors,
such as roaches and termites), the symbionts, whose function 15 un-
fnown but probably esscnhal to the hife of the hosts, have hardly re-
gressed at all as far ns size and morphotogical compleuty are con-
cerned  The same 15 true of the algee (Zoochlorella) symbsotic with
certan protozen
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of virus particles simply reflects the incorporation into the particles
of parts of celi materials that are mvolved in virus synthesis. Nucleo-
protems or at least nucleic acids, however, are found wherever the
brologist 15 led, by genebic or cytologieal evidence, to locate the ma-
tersal sul of reproduction of specific bological elements.  Since
viruses vepresent systems of speaifioty distinet from their hosts, it is
only reasonable to consider the nucleoproteins of virus particles as m-
cluding the chemical substrates m which virus specificity 1s embodied

THE REGRESSIVE THECQRY OQF VIRUS ORIGIN

Biochemical evolution. The ind i and complevity of viruses
as genetic systems lends some support to a theory of virus origin,
widely aceepted today, according to which viruses represent the re-
sult of a regressive evolution from free-living cells

Studics of comparative metabolism on a vanety of organisms, from
bactena to man, have shown that all cells share cestain basic syn-
thetie and metabolie processes and that similar intermediate metabno-
hites are needed by all orgamisms as bulding blocks, at least at the
nonspectfic, low-molecular level (amno acids, monosaccharxdes, aro-
matic bases, coenzymes), Some organisms (autotrophs) can syn-
thesize all their requured metabolites from inorgamic materials, others
require an external supply of some organic components either as
sources of energy (heterotrophs) or as bulding blocks (aurotrophs)
or, m most mstances, for both purposes It has been suggested (504)
that the earliest self-reproducing umits, the primitive hfe forms, came
wto existence m an environment nich in organte compounds, which
were produced by v | m the cooling earth utihzing
the energy of ultraviolet hght Presumably, the primutive forms of
Tife were dependent for their reproduction on the esternal supply of
organte butkding blocks. They could have acquired more and more
synthetic power by mutation (843), and the synthetically more en-
endowed forms could have been selectively favored as the external
supply of orgame substances dwmdled, thus lending to the establish-
ment of autotrophs

In the course of successive evolution, some of tius synthetiec power
was often lost agam and m today’s world most ammals and mcro-
organisms, and many plants, are to some extent auxotrophic and het-
erotrophic. To this “regressive evolution™ (450} has been attributed

a more prominent role m biochemical evolution than 1t probably
Jeserves except m the restriction of most organisms to certain eco-
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behef that the viruses have derived from cell constituents that have
become transmissible from cell to cell—that 15, infectious Some of
the supporting evidence, as far as virus research is concerned, has
been discussed 1 chapter 17 We may recall the examples of virus
latency and mnskmg, thc morphogenetic effects of some tumor viruses
m 1 cell & and the k between the tu-
mors caused by viruses and those from which no virus can be ex-
tracted The advocates of the origin of viruses from cell constituents
stress the occurrence of diseases of plants, supposedly caused by
viruses but transmussible only by graft, as evidence for the direct
transmission from cell to cell of “infectious cell protems” Opponents
of the theory have objected, first, that several virus diseases sup-
posedly transmissible only by graft have finally ytelded bona fide
viruses {52) Second, in most cases of virus latency in animals or
plants some virus can be shown either to have entered the organism
very early 1n life, or to have been transmitted through egg. sperm,
or pollen

The msect virus that causes silkworm jaundice, a polyhedral dis-
ease, can manifest itself 1 normal silkworms following feeding with
vanous chemicals (hyd, 1 , acetoxime, nitrite, 690a)
The claim has been made that the virus 15 produced by a transforma-
tion of the genes of the host into virus protemn It seems more reason-
able to assume that the chemicals employed can mduce the matura-
tion and pathogenic action of a latent virus {provirus) transmutted
from generation to generation of sitkworms through the egg (654a)

The question, however, 15 deeper If 2 virus can remain latent n
the cells of a host for many cell generations and even through the
meotte process, 1t must be mtegrated m the normally functioning cell
machimery and as such 1t 13 a cell compenent The question should
be put n a different way Have all viruses, as we know them entered
more or less recently {from one to several thousand cell generations)
the Jineage of host cells 15 which we find them, or have they a direct
genetic relation with the matenals proper to some host cells® More-
over are these two alternatives mutually exclusive® That 1s, can the

between lly spectfic ¢ of a cell” and

“exogenous spectfic self. duaing elements” be 1 ly made?
It 1s clear that a meaningful approach to this problem cannot be made
from the viewpomt of virology alone, but must be based on 1 hnowl-
edge of the genetic orgamization and evolution of the cell

Viruses and chromosomal genes  As far as we are aware, all cells
denve from cells  Although the cell ss the only umit of reproduction
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It is hard to sce how regressnve evolution through parasiism could
lead to the establishment of such an mtimate organizational relation
between parasite and host as that founa in bacteriophages and prob-
ably in many other viruses, a relation in which the virus seems to
tegrate atself mto the syntl and genetic hinery of the host
and to determme 1 some cases the speaifierty of the whole product
of synthesis

The particles of some animal viruses, such as vacanm, in the most
puntfied preparations contam substances lke rboflavine and biotin,
known to play coenzyme roles in metabolie systems present in all
cells (606) This has been taken to suggest that the virus is derned

from a free-lning form p its own bot h , and
that the i of tlus machinery. We canuot
exclude, however, the posability that these sul derive from

the host cell and cannot be separated from the virus particles, becaunse
of the way the mature virus particle 1s formed The mature virus
particle, defined as the mimmum piece of material needed for infec-
tivity, may well mcorporate some host components along with the
essential, specific virus substance (142, 377).

For viruses whose particles contam RNA rather than DNA, the
hypothess of regressive evolution Jeads to the dea that the virus
represents a remnant of some extrachromosomal element of the free-
hving ancestor  The fact that all the plant viruses thus far analyzed
contam RNA favors, mstead. the idea that these viruses ongmated by
some common mechanism mherent m the plant ecll-possibly by trans-
formation of plastids.

There 15, of course, no reason to believe that all groups of viruses
ongimated by the same pracess, regressive evolution mught account for
the ongin of some of the largest and most complex ammal viruses
Also, we should bear in mmd that the above considerations only apply
nsofar as the regressive evolution theory 1s taken to 1mply a relatively
recent onigin of viruses from free-ving forms simmlar to those known
to eust now The possibibty that mn the course of evoluhen free.
Iwing forms have merged with cells more or less distantly related and
can again emerge and become viruses, can better be discussed after
we cousider the possible orgn of viruses from cell components

THE RELATION OF VIRUSES TO CELL CONSTITUENTS

Viruses and eell constituents. Many workers have emphasized the

similanty of viruses to some cell components and have mclined to the
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VIRUSES AND THE TRANSFER OF GENETIC MATERIAL
IN BACTERIA

Viruses and formir inciples. Type f is classi-
cally obsens ed 1n preumococci (see 32)  Diplococeus pnewmomiae oc-
curs m a multiphaaty of smooth types (SI, SII, SIII, -} each char-
acterized by the presence, amount, and chemical nature of a capsular
polysaccharide A stable lated (R) form con be demed
fmm any § type by mutation  The R stram can be transformed mto

Jy stable capsulated form, producing a specific polysac-
ch;mde by growth in the presence of an extract of a gnen capsulated
type. Yor example, an R stram derived from S11 can be transformed
mto a strain SHI by growth with an extract of SIII cells

The change from R to $ 1s not the result of a selection of sponta-
neots bactenal mutants. It is actually mnduced by the extracts 1 an
appreciable proportion of the evposed cells  The responsible agents or
lmusformmg principles ave present n a DNA traction of the extracts
The are not ble chemically from the bulk of the
DNA  Presumably they represent, m part or full, the genetic deter-
minants responsible for the production of the capsular matenal  The
transformed orgamisms become, mn turn, a permanent source of the
correspondmg transforrmng principles  Other characters, such as sen-
sttivity or to p Ihin, can also be 1 by means of
transforming principles in the DNA fractron {350a)

Recent develepmcms ("ID) ndicate ddd(lmmd simulartties be-
tween bt and ch | genes or gene com-
pleses  The prinaples from different serologieal types (SI, SI1,
SII, - ) are as a rule mutually exclusive, just hke allele forms of a
certam gene, Nevertheless, mteractrons occur between shightly dif-
ferent forms of the same transforming principle, with results com-
parable to recombmation phenomena  For example, two different
principles acting together can induce mto an organism a third, novel
type of property, which 15 sfterward transmissible hereditardy (or by
transformmg  principle) without segregation nto the two parental
properties

Here and in similar ph with He Rl fir (1r),
we have the closest thmng to the of hered
deten’mn:mts of the type usually assoctated with genes  Notice that
the fulfill our defi of viruses (or,  the

cell, of pxovuuses) Yet, only a fiend for semantics would consider the
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observable in 1solation, we trace the seat of the specificity of a cell to
certain materials jt contams. Mother and daughter cells present both
similarities and dhfferences, the differences manifested in the phe-
nomena that go under the general headings of development and dif-
ferentiation, In discussing cellular organization for our purpose, we
should remember that we are looking for something that may be re-
lated to viruses  Since viruses can exist as discrete material particles
carrying more or less complex systems of hereditary determinants, 1t
1s only natural to look in the cell for something having properties of
this type

The first cellular elements to be considered are the genes, located
1n the nuclear chromosomes  The genes are determinants of heredity,
transmitted 1n an orderly manner from cell to cell at mitosis  Their
Imear arr: n the chr strings 1s proved by cyto-
genetical observations on crossing over, chromosomal breaks, and re-
arrangements of vanous hinds (604)  As a rule, each gene, 1dentified
by the effects of its changes on the properties of the orgamsm, 18
located at one specific positton m a i
Tocation of DNA and other suggestive evidence for an actual role of
desovyrib leoprotemns m the hereditary h of chromo-
somes emphasize an unportant simfanity between genic materal and
viruses such as bacteriophages and most anmmal viruses  Actually, the
complex recombmatton phenomena observed with bacteniophages (see
chapter 9) and more recently with mfluenza viruses (120) closely re-
semble the behavior of gene groups such as we find in chromosomes
The multiple matability of many other amumal viruses suggests that
they too are genetically complex  These similarities between viruses
and chromosomal genes may indicate a recent common ongin, and the
dea of viruses as “naked genes” was suggested as early as 1920 (192,
496, 683) It would now seem more fittmg to compare some viruses
with naked gene complexes, chromosomes, or even groups of chromo-
somes or nuclet

A rudimentary nuclear system could have derived either by regres-
sive evolution through parasitism or by acquisition of transmussibility
from cell to cell by a whole or partial nucleus The first possiblity
has been discussed above, 1s there any evidence for the second? The
most suggestive evidence is pravided by a vartety of transformation
phenomena that occur m bactena
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Abortton sheep, 24, 28
Achromyam, see Tewracycline
Acridine compounds for psittacasis, 231
Awute respiratory duscase, 11
Adenowd(s) source of viruses, 17
Adenovirusies), 13
Mrican wart hag and swme fover, 20
dgaparnts, see Lovebirds
Agglutination test(s) ornuchosis, 127
puittacosss, 54, 155-150, 251
Mbumauna m humaa psttacosn, 140
Allergy and smmumty, 133
to ormthoxs virus in poultry, 127 ff
Allantorc fud for tutkey omuthoss
surus wolation, 208, 211
Amno aad(s) and viral growth 7
#\minobtnzoc acd and plasmodial
growth, 6
Ancnia equing mfectious, 19
Anorexa i human psittacosts, 140
n turkey ormithosss, 92
Anubiotics and staphylococeal ententis,
[

for bacnal contamemauon of viral

noltes 53, 113 15018 208
for puttacosis an man 139 T4 233
253

Patlatoss varus rentanc 188 230
2851

See also Letracyclne(s)
Watibodies and antibiouc terapy 141
Phttacnn-lymphogranulama scne
Teum virwes SEAE 111, 118
See also Tnmunay
Autigens complement hiamg, ormithosts,
13-126, 197 4, 152
265

Autigens (Cont)
patttacosss-lymphogtanulema venere

um iruscs, 37, 123, D7-118, 127,
128, 146-117, 152-153

APCRI siruscs, 1311

Wiperigidloss avian 150

Aurcomyain, see Chlortetracychine

\umcomyn Soluble 217 233 231

Surcomyan Tablets, 183, 184, 187

\wrofac 10 152 187, 192 205

\emyan 174, 178, 182, 184, 183

Baallus anitratum and ormithoss virus,
251
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Bacienal contanmnation of vral solates

5% 1508 208
Banding  birds for control of human
puttacosss, 21400 226, 229, 230,

238-239 28 2144
Basht virus 158-159
Bilaary stavs 103
Sre also Tner o tuthey ornithoss
Birds ser Pet birds Poultry Wild binds
Burbe Tabs 182
Bittaer virus 8
Bhind pasages for sius wolatwn see
Patticons virus(es)  volation
Bradycardia uy human psittaconss 130
Brecding of birds amd latent disease
6560
Bronchutis i human pattacoss HY
Bracclloss 1 145

Canary and human puttacosss 46
Cancer mammary mice, 8-
Cat poeumouus, 24, 28, 46
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Catscratch fever, 159
Cattle: encephalits, 36
encephalomyelitis, 24, 26
pneumonits, 24, 26
pseudorabies, 20-21
psitacosis lymphogranuloma vene-
reum antibodies, 35
psittacosss virus infecuon, 24, 26-27,
35, 86, 46
Central nenvous system m human psit-
tacosts, 141
CFI test, see Complement fixauon m-
libstion test
Chick embryo for virus study, 91, 106,
111-116, 152-153, 208, 211
See also Egg, embryonated
Chicken ornithosis, 36 ff, 75, 127-134
source of human psittacosis, 36 ff, 46,
49, 139
See also Poultry
Chloramphenicol for human paittacosts,

Chlortetracychine  and psittacosis virus
solauion, 113-114
for avian psittacosis, 164, 1681,
171 @, 187, 190, 197-203, 216-217,
228, 233, 234
for human psittacosts, 141
for turkey ormthosis, 204-212, 213—
214, 232-233, 234, 252
psittacosis virus resistance, 252-253
See also Tewracycline(s)
Cholera swine, 19, 23
Choriomeningius, Iymphocytic, 20
Colostrum  and ealf suscepubihity to
psittacosis virus, 26, 27 29
Common cald, 13 15
Complement fixation rnhibiuon test. 53,
91, 127 f£, 250-251
Complement fixation test 1 psittacoss,
54-56, 145-146, 250
Complement fixing anugens, ornithosis,
117-126
Conjunctraus, 14
Constipation 10 human psittacosts 140
Cough 1 human psitiacosss 140, 144
Con(s), see Cattle
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Consackie virus(es), 13
Cyanoss: 1n turkey ormithosss, 92
Cytomegalic indlusion disease, 14, 17

Delirium, in human psittacosss, 141
Diabetes and suscepubslity to infectuion,
4,810
Diarrhea' 1 psittacosis virus infection,
26, 57, 59, 61
in tetracycline-treated parakeets, 172,

m turkey ormthoss, 92
Dihydrostreptomycim, see Antibiotics
Duscase(s) resistance, 3 fF.

siral, epidemuology, 19
Distention, abdomunal, m human psit

tacosis, 140
Dog distemper, 19, 23

hepatiis, 20

puttacosss virus mfection, 24, 28, 151

salmon porsoning, 21
Droppings, see Fecal droppings
Duck ormithosss, 75

antibiotic prophylaxis, 232
source of human psittacoss, 42, 49,
139, 249

East Alrican swine fever, 20
Echo virus(es), 13
Egg, embryonated. for psittacosis virus
study, 25, 53, 117-126, 237
Encephalitss, cattle, 36
opossum, 24
Encephalomyelitis cattle, 24, 26
horse, 19
English sweating sickhness, 3
Latcrsts, staphylococcal  after anube
otic therapy, 6
Livironment  and susceptibility to -
fection, 12, 16, 62, 75
Epidemic keratoconjunctivans, 14
Epidenue pleurodynia, 14
Epidemics and virus reservorrs, 191
Epistanis i human psittacosss, 140
Epizootc, silent virus reservorr, 20-21
Exanthema viruses, 13-14
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Febnle pharynguts, 14
Feaal droppings and spread of avian
pitacous, 57-58, 77, 81
puittacosis virus ssolation, 5%
Fline pneumomtis virus, 24, 28, 128,
231, 251
Feer m human psittacosss, 140, 141,
144
malignant catarrhal, 20
pharyngoconjuncunal, 14
Foot and mouth dicase, 23
Fonl, see Poultry
Foul plague, 2
Fres tat, see Skan test(s)
uchisin-methylene blue stam, see Mac-
dunello’s staming method
Fulmars ormithosis, 75
Fungus infections 10 tetracydine.
treated parakects, 230

Gustromtcstnal tract and
wwrus inlection, 24, 141, 143

Genler's Petmyan, 183

on Gierke's discase and susceptibility
to mlccnon, 4, 10

Goat puttacons virus micction 24, 28

Goose and human puttacosss, 42

Gredley's duscase, 14

Ground squirrel puttacosis varus, 160

Guinea pig in pattacosis virus study,
25, 26

Mannters psittacosss varus anfection 24,
o

Weache an buman psittacosss, 140

Heart 1 tekey ormthosts 9211 108

Heart distase and puttacosss 80-81

e il o, ser It
atfs)

Hepatti, canme, 20

Heepangina, 14

Herpes simplex 3, 5, 16 17 20

Histoplasnosss sunulating peustacosss,
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Hog(s), see Swnc

Hormones. and susceplibiliey to mfec
tion, 8, 6566, 75
Horse encephalomyclius, 19
infectious ancmia, 19
Hyperscasitiaty, see Allergy

Iimoss virus, 46
Immunity and allergy, 133
biochemical mcchanisms, 8 Jf
to psattacos, 53, 7L, 7677
See also Antibodics
Inadence of paittacosts, sce Psittacosss,
m man, cpidemiology
Infection Jatent, virus rexcnair, 2
susceprbality, 3L
Infectious sinuates avian, 130
Influensa swine, 21 ff.
Intradermal ormtheus test, 127-138

Javan sicchirds, see Ricelurd(s)

Jo swraw trkey ormithows vius, 91,
107, 204, 205, 210
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n turkey ormithosss, 109

monkey source of viruscs, 17-18

LCL bodies 57, 93, 101, 107, 108
Lactic asd and resistance to mlection,
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Latent disease sirus resenowr 20
Leukocytes i human psittacosss, 140,
144
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see LE L bodics
Liser an anm puttacows 56, 57 60, 61
n human puttacosts 113
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Lousiana prewnonitis 46
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Catscratch fever, 159
Cattle: encephalitis, 36
encephalomyelius, 24, 26
pneumonius, 24, 26
pseudorabies, 20-21
psittacosislymphogranuloma vene.
reum antibodies, 35
psittacosis virus infection, 24, 26-27,
35, 36, 46
Central fiersous systemm in fiuman psie-
tacosis, 141
CFI test, see Complement fixaton -
hibitton test
Chick embryo for srrus study, 91, 106,
111-116, 152-153, 208, 211
See also Egg, embryonated
Chucken ormthoss, 86 ff, 75, 127-184
source of human psittacosis. 36 ff, 46,
49, 139
See also Poultry
Chloramphenicol for human psittacosis,
141
Chlortetracychine  and psittacosis virus
isolation, 113-114
for avan psittacosss, 164, 168,
171 €., 187, 190, 197-203, 216-217,
228, 233, 234
for human psittacosss, 141
for turkey ornithoss, 204~212, 215~
214, 232~233, 234, 252
psittacosis virus resistange, 252-253
See also Tetracycline(s)
Chalera swine, 19, 23
Choriomemugius Iymphocytc, 20
Colostrum and calf susceptsbility 10
psittacosts virus, 26, 27 29
Comumon cold, 13, 15 fF
Complement fisationt sujubicton test, 55,
91, 127 i, 250-25)
Complement fixation test in psittacosis,
54-56, 145-146, 250
Complement fixing antigens, ornithosis,
117-126
Conjunctsitss, 14
Consupauon in human psieacosts, 140
Cough 1n human psittacosis, 140 144
Cou(s), see Cattle
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Cossackie verus(es), 13 f
Cyanosis 1 turkey ormthoss, 92
Cytomegalic mclusion disease, 14, 17

Dehirium: 1 human psittacosss, 141
Diabetes. and suscepuibtitty to infection,
4,810
Dearthea: in psittacosis virus infectton,
26, 57, 59, 61
n tewacychne-treated parakects, 172,
175

m turkey ornithosss, 92
Dilrydi ptomyain, see A
Duscase(s): resistance, 3L

viral, epidemiology, 19
Distention, abdominal. i human psit

tacosis, 140
Dag distemper, 19, 23

hepanus, 20

pstttacosis virus infection, 24, 28, 151

salmon porsoning, 21
Droppings, see Fecal droppings
Duck ormithosis, 75

anubrotic prophylaxis, 232
source of human pstttacosis, 42, 49,
139, 249

East African swine fevef, 20
Echo virus(es), 13
Egg, embryonated for psittacosis virus
study, 23, 53, 117-126, 237
Encephalwuis, catile, 36
opossum, 24
Encephalomyelitis cattle, 24, 2
horse, 19
English sweaung sichness, 3
Fanrersus, staphylocaccal  after anubi
oute therapy, 6
Fovronment and susceptibihty to i
fccuon, 12, 16, 62, 75
Epudemic keratoconjunctivitss, 14
Epidemic pleurodynia, 14
Epidcrmes and virts reseriours, 19
Eprstaxis 1 human psittacosss, 10
Epuzootic, silent’ virus resenoir, 20-21
Exanthema virwses, 13-14
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Febnle pharynguus, 14
Fecal droppings and spread of avian
pattacosts, 57-58, 77, 81
puttacons 1irus nolaven, 54
Edine pneumonttss virus, 24, 28, 138,
231, 251
Fever 1n human psittacosss, 140, 141,
144
malignant catarthual, 20
pharyugoconguncenal, 14
Foot and mouth discasc, 28
Towl, see Poultry
Foul plague, 23
Frex test, see Sken test(s)
Fuchwn-methylene blue stam, see Mac-
duarello’s staming method
Fubmars ornithowss, 75
Fungus snfections m tewracycine-
treated parakects, 230

Gastromtestinal tract and paittacosss
Mrus infection, 24 141, 143

Genslers Petmycin, 183

von Gierke's discase and susceptibnlity
to nfecuon, 4, 10

Goat puttacoss virus infection, 24 28

Goose and human paittacosts, 42

Greeley's discase, 14

Ground squurrel  puittacosis virus, 160

Gumnca pig 1 puttacosss vus study
25, 26

Hamsters paistacosts virus wfection, 24,

Headache 1 humn pactacous 140

Heart m turkey ormudhoss, Y26 108

Heart dicase and psittacosss, 80-81

Hemiggluunm test see \galutmation
test(s)

Hepauts canne, 20

Hurpaugina, 14

Herpes sunples, 4, 5 16, 17, 20

Nwoplasmosss simmlating puittacoss,
s

Hog(s), see Swine
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Hormones and susccpibihty to infec
tion, 8, 63-66, 75
Hone encephalomyehs, 19
infecuos anema, 19
Hypersensitity, see Allcrgy

Ilhnons vsrus. 46
Immunity and allergy, 133
brochermeal mechanysms, 8
to puiteacass, 53, 71 fF, 76-77
See afso Anubodics
Inadence of psittacoss, see Pasttacosts,
w man. cpdemiology
Infection latent, sirus rescrvor, 20
susceptibulity, 3 .
Inlccuous smusius avian, 150
Influchza swinc, 21 fF
Intradesmal ormthows test, 127-138

Javan ricebirds, see Ricebird(s)
Jo stram, turkey ornsthosis virus, Y1
107 204, 205 210

heratoconjunctivts - epidemie, 14
Rudiey m avian psittacosis, 57
in turkey ormuthosss, 109
monkey, source of viruscs. 17-18

LCL bodes, 57, 93, 101, 107, 108
Lactic aaad and resistance to miecuon,

Latent disease virus resenoir 20
Leukoates i human pittacoss, 140
144
Levinthal Cole Lillie inclusion bixdics
see 1 C L boddics
Liver n avian puttacons 36 57 60 61
i human puttacoss, 143
i turkey ormthoss 976 108 100
Loussuana prcumonits, 46
Lovebard(s) and human psittacents, 57 41
Lungwarm  rescnoir for swine b
i sirus 2022
Iygranum anugen $7 123 128
Tamphogranuloma venereum  antigens
37,123 123, 146-147
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Lymphogranuloma senereum (Cont)
differentiation from psittacosis, 146,
147, 152

R P
s15 viruses, see Psittacosis virus(es)
Lymphomatosts visceral, 150
Lysozyme, 10

Macchiavello’s staiming mcthod, 93, 118
Malaria, see Plasmodia
Malignant catarrhal fever, 20
Mammals psittacosts virus infections,
24-31, 160
Menmgismus 1 human psittacoss, 141
Memingitis nonbactersal, 14
Meningopneumonitis virus, 159
A i test, see Apgl
tion test(s)
Milten intérieur and suscepuibihity to
nfection, 12
Millet seed with tetracybines for avian
psittacosss, 175 1., 187
Mombhasis after anubiotic therapy, 6
Monley psittacosss virus infection, 85
Mouse carner of lymphocytic chorio-
meningitis, 20
for psittacosis virus swudy, 23, 53, 67—
69, 111-116
psittacosis varus nfecuon, 24, 27
Munia oryzivora, see Ricebird(s)
Myocarditis and psittacosis, 80-81

Nasal mucosa 1n avian psittacosss, 57,
60, 61

Nausea 1 human psittacosss, 143

Newcastle virus, 23, 149, 150
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Ormsthosss (Cont )
See also Psittacosss; specific species of
domestic birds
Ornithosis virus and Baallus amiratum,
251
persistence, 249
Onytetracyclines for avian psittacosss,
164 fF, 168, 177, 187, 190, 233

Padda oryuvora, see Ricebard(s)
Pain, abdommal, 1n human psittacosss,
143
Parakeet(s) psittacosss, susceptibility,
69-75, 76-77
source of human psittacosis, 33 ff, 52,
55, 139
therapy, 163-196
See also Psitacosss, avian
Parrot(s) psittacoss, 69, 75, 245
source of human psittacasss, 57 ff, 139
Pemallin n malk of treated cows, 236~
237
feline pneumonitis virus resistance,
231
psittacosss virus resistance, 252-258
See also Antiboucs
Pericarditis: i turkey ormithosts, 92 &,

108
Penodate and psittacosis virus antigens,
152, 153

Pentonstis n turkey ormithosis, 99, 102,
109
Pet burds banding for human psittacosis
control, 214 fl
source of human psittacosss, 32, 36 i,
571F, 139, 193 fF
Petrels h 5

Nutnitional state and suscep y to
wnfection, 6-7
Nystatn for {ungus infecuons of tetra

cyclinereated parakeets, 230

Opuossum  psittacosts virus infection, 24.
28
Ormithosts  complement fixing antigens,
117-126, 127
mradermal test, 127-138
latent, and breeding, 65-66

Phagocyun, 10

Pharyngits febride, 14

Pharyngoconjunctival fever, 14

Pigeons ormithows, 36, 75, 249
tetratychine therapy, 228

source of human psittacosss, 33, 36,

16, 80, 240

ig(s), see Swine

Plasmodia and p aminobenzoic acd de-
ficrency, 6
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Plastic exudate, see Laver m turhey
ormithosis
Pleurodynia epidemic, 14
Pcumoma. atypscal, m human psitta-
woss, 86, 248, 250
 turkey ornithosis, 101, 103, 108
Pcumonta virus, mice and pyridoine
deficiency, 7
Prcumonius 1 psittacosis virus wnfec-
tion, 24, 26, 28, 140, 142, 144, 155 1F
Pohovrus and thwmme defiaency, T
Polyouc Intramuscular, 163
voultry ornuhasis, 36 ff, 43, 75, 89-110,
127-138, 149, 157, 204-212, 232, 218,
250
source of human peittacosts, 32, 34,
36, 38 fF, 45 1T, 158, 248, 249
See also Chucken, Duck, Turkey
Pox* swane, 19
Propurding, 9
Protein and virus growth, 7
Iseudorabies, 20-2)
Pattacne birds, see Loveburd(s), Para
keet(s), Parrot(s)
Pattacoss avian, 52-79, 163-196, 212-
218, 23411
control, 163-196, 212-213, 234
diagnosis, 52-57
epuootiology, 57-75
m Denmark, 86
latent, 4 531, 63-66, 163 ff
means of spread, 57-59, 66-67, 77~
78, 81, 84
transovarian transmassion, 66-67
See also Ornubosis Wild birds, spe
aific arl spuces
control, Federal regulations 221 {1
oy, 71, 189, 192 197
e duldeen 42 80, 84
m kst e 86
i mammals 2{-31 46
wonan, chinsal fateres 140144
control by avian therapy 192-196
diagnous 81iE 180-149, 1526
differential duagnons M4
epidemology, 32-51, 7
243, M8 K

213, 214,
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Psuttacosss. 1 man (Cont)
n Deamark, 86
occupational, 32 1T, 46, 49, 84, 158,

201, 232, 248, 249

Psittacosss Board report, 223
simulated by hustoplasmosts, 12
transmussion, 84-85, 143
treatment, 139, 233, 252

Pittacosts antigen, see Antigens

Psittacosss Bowrd scports on puttacosis
control, 221

Puittacosss virus(es). 1, 3L, 46, 111, 118,

wolation, 52, 60, 6711, 83, 153 (F
from sputum, 144, 15, 155, 157

persistence, 19, 85, 14, 145, 157, 158,
232243

resistance to anubotis, 188, 230-231,
252258

resstance w sulfonamades, 231, 252-
233

Pyridoxine and virus growth, 7

Q fever, 1%, 144, 145
Quaranume psitacine birds, for controt
of psittacosss, 66, 79 139, 221 , 246

Rudiation and latent distasc. 5, 10

Rash in human pssttacosts, 140

Respiratory tract in psittacosss vinig -
fecuon, 24, 26 23 101, 10% 108
1O, 112, 144, 1530 248, 250

Rucebird(s) psittacosss 58

Rundarpest 23

satnary gland vus 1417
Salmon pononing dogs. 21
Salmotn {or pautacons virus solation
250
S brancse sirus 46
Sendhar varus 13
sarologic tests for ormthosss 91
for psittacoas 316 1276
See also spectic tests
SE Mix 17,172
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Sheep- and mabignant catarrhal fever,
20
psittacosis virus mfection, 24, 28, 35,
36, 46
Smusiuse anfecuious, asian, 150
Sk in human psittacosss, 140
Sk tests: 1n human psittacosis, 147,
153, 156
i poultry ornithosis exposure, 127~
138, 250
Sore throat. 11 haman psittacosss, 140
Spleen in avian psittacosis, 53, 56, 59 f,
76, 114
1 human psittacosss, 141, 143
n turkey ormthosts, 103 f, 107
m vanous turkey discases, 107-108
Sputum  for psittacosis virus 1solation,
135, 157
Squnrrels  psittacoss, 46, 160
Stain{s) for psittacosis rirus, see Mac
duazcllo’s staimng method
Streptomycin, see Antubjotics
Stress and latent disease, §, 63-66, 75
Sulfonarmdes  psittacosts sirus  resist
ance, 231, 252-253
Sweating sichness, 3
Swine pseudorabues, 20-21
cholera, 19
nfluenza, 21
pox, 19
Synnemaun B, 250

Terramyan, see Oxytetracycline
Terramyen Amumal Formula, 183, 184,
187, 253-234
Tests for virus isolation, see specific tests
Tetrscyclnels)  for aian  psuitacoss,
113-114, 1646, 169, 171, 179,
1821, 186-188, 190fF, 2281,
233, 234
estimated cost, 186-188
for human psittacosis, 139, 253, 252
for turkey ormithosis, 204212, 213-
214, 232, 252
1n aqueous solution, 165-166, 186 191
229-230, 234

Tetracycdine(s) (Cont)
m drinking water, 169, 171, 179,
185, 187, 190, 216-217, 233, 23
m feed, 185, 190 ff, 228
a oil, 166-170, 187, 190, 191, 228
ngestion by man via teated foc

See also Chlortetracycline, Oxyt
cycline
Thamine and virus growth, 7
Thyroidiis 1n human psittacosis, 1
Tonsillttis an human psittacosss, 14
Toxoplasmosis latent, 5
Turkey ormthosis, 45, 75, 89~110,
138, 149, 158, 204-212, 248, .
chlortetracycline  treatment,
212, 213-214, 232-238, 234,
chinieal features, 92 ff., 157
mtradermal 1est, 134-138
mcans of spread, 208, 211
pathology, 92 £, 218
source of human psittacoss, 34,
381, 451, 139, 158, 248, 249
Typhord feser, 143, 144

Vaccmia yvirus' and nutnitional defic
ces, 7
Vacanes for viral respiratory disea
4
Virus(es) adenoviruses, 13 ff
APCRI, 13
Bashy, 158-159
Bittner, 8
Consachie, 136
cytomegalic mclusion dusease, 14,
Echo, 13
exanthema, 13-4
feline pneumonius, 24, 28, 46, 1
281, 251
herpes, 4, 5, 16, 17, 20
Tinoss, 46
meningopneumonits, 159
mice pneumonia, 7
Newcastle, 23, 149, 150
ormithosis, 249, 251
See also Ornithosis
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Virus(cs) (Cont ) Visceral lymphoraatosts, 150
polio, and thiamme deficiency, 7 Vomitmg in human psacesss, 43
pscudorabies, 20-21
Pittacosss, see Psittacosis virus(es)
salnary gland, 14, 17
San Franuwo, 46
Sendhai, 13
swane nfluenza, 7

Weight Joss 1 turkey ormchosss, 103+
Wild birds souree of human puttatows,
11, 42, 46, 48, 139

Worms sirus 1eservnts, 21-22

vacama, 7 1o0lk sac, sce 1gg, embryontated



