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Frontispiece. A hair cell of tobacco, containing a crystal of tobacco mosaic virus,
is photographed (a) before and (b) after freeze-drying. The crystal is extracted
by micromanipulation in the frozen-dry state (c¢). Upon partial dissolution in
water such crystals release characteristic virus particles (d). From: Steere and

Williams (625a). Courtesy Dr. R. C. Williams, Virus Laboratory, University of
California, Berkeley.
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Preface

This book is the outgrowth of a course on viruses that I have been
teaching since 1946, first at Indiana University, more recently at the
University of Illinois. The problem that faced me in 1946 was plan-
ning a course in virology for graduate and advanced undergraduate
students in biology and biochemistry, who had no medical orientation
and no background in histopathology, in a university that was justly
proud of its reputation as a center of experimental biology. I could
teach either a watered-down course in virus diseases or organize a
new type of course, in which virology would be presented as a bio-
logical science, like botany, zoology, or general bacteriology. My
choice of the second alternative was, 1 think, justified. My classes in
virology have been well attended and have attracted excellent students.
Similar courses have since been established in other institutions.

Virology is fast becoming an important field of science, in which
geneticist, cell physiologist, and biochemist find, in the ground plowed
by the pathologist, a fertile soil for new approaches to fundamental
problems of cell function and organization. The interest of “outsiders”
in viruses has grown continuously since the middle 1930’s, stimulated
at first by the progress of physicochemical work on virus particles, later
and more powerfully by the recognition of viruses as keys to the study
of cellular integration. The eagerness with which modern bacteri-
ophage work has been seized upon by biophysicists, geneticists, and
biochemists, and the conscious efforts to create a comparative virology
(whose heuristic value can be seen by perusing, for example, the pro-
ceedings of a symposium on The Nature of Virus Multiplication held
at Oxford in 1952) are signs of the healthy growth of the new science.

In attempting to teach general virology, I was faced with the prob-
lem of the lack of a textbook. In 1946, the best books dealing with
viruses were devoted to the description of virus diseases. The main
exceptions were Doerr and Hallauer’'s Handbuch der Virusforschung,
a bilingual treatise of vast scope, and Bawden’s excellent Plant Viruses
and Virus Diseases. Both were unsuitable as textbooks, although in-
valuable as reference books. In spite of many important additions to
virological literature, no single volume suitable for classroom use has

ix



X Preface

appeared. This book is an attempt to fulfill the need for a textbook
in general virology.

My teaching of virology, and this book as a result of it, have been
built around a central concept, that of the dual nature of viruses as
mert particles on the one hand, and as operating constituents of func-
tional cells on the other hand. In the light of this concept, I have
tried to present the physical and chemical approach to virus particles
and the biochemical and cell-physiological approach to virus-infected
cells as two separate but integrated aspects of virology. In the limited
space of one semester or of a book of. this size, one can hardly hope
to make a biochemist or a physicochemist out of a biology student, or
a biologist out of a chemist. I have covered such background infor-
mation as I found useful in teaching, from the logarithms to the em-
bryology of the chick embryo, but I have given no details of actual
techniques. Any description of individual virus diseases has deliber-
ately been omitted. The pathogenicity of a virus is, of course, less
incidental to virus biology than, say, the pathogenicity of Strepto-
coccus pyogenes is to bacteriology, since the virus, an integrated intra-
cellular parasite, “lives” the life of the host as its own only life. Thus,
each virus disease is potentially a different form of virus life. Yet, I
feel justified, both on didactic and on conceptual grounds, in assuming
a priori as much uniformity and community of mechanisms as the
known facts do not contradict. This assumption stems, of course,
from a belief in the intrinsic simplicity of nature and from a feeling
that the ultimate contribution of science resides in the discovery of
unifying and simplifying generalizations, rather than in the description
of isolated situations—in the visualization of simple, overall patterns.
rather than in the analysis of patchworks.

Facts about individual viruses are presented as model systems or as
examples, without any attempt at extensive coverage. The choice of
examples reflects my limited knowledge of many areas of virology.
Being myself a specialist, I shall count on the tolerance of other special-
ists whose field I may have misinterpreted, and on their willingness to
suggest improvements for future editions of this book. The selection
of references was dictated not only by the accidents of my limited
knowledge but also by an attempt to single out articles with further
references, with descriptions of important methods, or with new ideas
and timely syntheses.

In a science developing as fast as virology, any book is bound to
be somewhat out of date by the time it appears in print. In fact,
original work is proceeding at such a pace that interpretations pre-
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sented in research articles must often be revised in galley proof. Yet,
virology has reached the stage where we may be justified in attempting
at least a provisional integration. It will be gratifying if this book
contributes to such an integration.

Many friends and colleagues encouraged me to write this book;
friendly periodic reminders from the publishers over a period of three
years helped me fight the frequent temptation to forget about it.
Special thanks go to Dr. Zella Luria, who read the whole manuscript
and contributed many improvements of language, style, and reasoning,
and to Mrs. Mary Delbriick, who in the summer of 1949 typed under
dictation the first draft of several chapters. My friends Drs. L. M.
Black, E. Caspari, M. Delbriick, G. K. Hirst, K. Maramorosch,
S. M. Rose, R. W. Schlesinger, and R. Y. Stanier read some chapters
at various stages of writing and made valuable suggestions. The
Graduate School of Indiana University provided in 1949 a grant for
secretarial help. I wish especially to thank my very good friends the
students in the virology courses at Indiana University and at the Uni-
versity of Illinois, who stimulated and shared my enjoyment of virology
and submitted themselves sympathetically to my early and recent ex-
periments in developing an approach to this growing science.

S. E. L.

Unsana, ILLiNoOIS
November, 1953
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“For understanding life phenomena it is neither sufficient to know
the individual elements and processes nor to interpret their order by
means of machine-like structures, even less to invoke an entelechy as
the organizing factor. It is not only necessary to carry out analysis
in order to know as much as possible about the individual components,
but it is equally necessary to know the laws of organization that unite
these parts and partial processes and are just the characteristic of vital
phenomena. Herein lies the essential and original object of biology.”

Lupwic vON BERTALANFFY
Problems of Life



CHAPTER
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Introduction

The Science of Virology

VIROLOGY AS A BIOLOGICAL SCIENCE

Virology has become a fundamental biological science in its own
right. Just as bacteriology has emerged as a biological science out of
the practically important but scientifically constricting borders of its
medical applications, so has virology begun to become a body of
knowledge and of generalizations, with its own perspectives and its
own internal development. Having originated as a branch of pathol-
ogy—human and animal pathology on the one hand, plant pathology
on the other hand—the new science of virology, developed at first in
response to practical needs, has reached a point where progress is
dictated at least as much by the logic of its internal development as
by the demands of applied arcas. Analogy with other fields teaches
us that the emergence of virology as a fundamental science from an
applied one will actually make virology more adequate to handle
those practical problems from which it arose, even though it may some-
times appear to lose sight of them. The years between 1945 and 1950
saw an increasing integration of various areas of virology, particu-
larly under the impact of advances in the study of bacterial viruses
(172). Nevertheless, the attempts to present virology in a coordinated
way, or at least in an all-inclusive way, have been few (187; 610).
Still today, the methodological and semantic barriers between plant,
animal, and bacterial virologists are slow in yielding before the recog-
nized need for joint efforts and for cross-fertilization of ideas.

What kind of biological science is virology? We may subdivide
somewhat artificially the fundamental biological sciences (as distinct
from applied sciences, like medicine, and from ancillary sciences, like
biometrics) according to the nature of their subject matter, into taxo-
nomic, integrative, and interpretative sciences. A taxonomic science
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2 The Science of Virology

(for example, botany, mycology, entomology, ichthyology, mammal-
ogy) is characterized- by the fact that its subject matter is a group of
organisms with a recognized taxonomic unity, that is, a common an-
cestry and a historical development unique to that group. Integrative
sciences (physiology, ecology, genetics) analyze the common or
specialized properties of living organisms in their historical dynamic
relations and transformations. Interpretative sciences (biochemistry,
biophysics) analyze elementary processes and functions of organisms
in terms of the behavior of the pieces (molecules, atoms, electrons)
that are the common material basis of all matter, living and nonliving,

A definition of viruses. Does virology fit into any of the above
categories? This question has no precise answer. The subject of
virology is not one immediately definable by common-sense criteria
verified by taxonomic or methodological analysis. Viruses, the subject
matter of virology, themselves require a definition. This, like all defi-
nitions, should be operational, that is, it should provide factual criteria
for inclusion or exclusion of given objects in terms of observable prop-
erties and performable tests. Such a definition always has a certain
arbitrary quality. Its value will depend on the number and size of
the areas of uncertainty it leaves.

We shall adopt for viruses the following definition: Viruses are sub-
microscopic entities, capable of being introduced into specific living
cells and of reproducing inside such cells only. This definition provides
practical, restrictive criteria, and at the same time emphasizes the fact
that virology, although it covers a group of biological entities, is not a
taxonomic science in the usual sense. Indeed, there are no grounds
for assuming that all objects that fulfill our definition belong to one
distinctive branch of the evolutionary tree. There is not even general
agreement as to whether any or all viruses can be considered as
“organisms.” Our definition of viruses stresses the methodological
rather than taxonomic unity of the subject matter of virology. Yet it
stresses the fact that viruses, although possibly not constituting a taxo-
nomically valid group, possess the basic properties that can be validly
accepted as an operational basis for defining “organisms”—the proper-
ties of individuality and of homologous reproduction. Reproduction—
together with its inseparable counterpart, heritable variability—makes
possible the historical continuity and perfectibility of the pattern of
specificity embodied in the individual and gives it potential immortality.

We must point out, however, that the reproduction referred to in
our definition is purely descriptive, stating that more virus similar to
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the original one is produced. No specific mechanism of reproduction
is postulated in the definition.

Let us examine our definition more closely. We shall discuss the
meaning of its various parts and sec how the elimination of any one
of them suggests possible natural relationships between viruses and
other biological elements.

The requirement for ability to be introduced into host cells em-
phasizes the external derivation of the virus. This constitutes a re-
quirement for the recognition of a virus as such. A virus does not
need to enter every host from outside. It may be transmitted internally
from generation to generation of its host, even intracellularly at cell
division and in the formation of germ cells. But, to be observed, a
virus must be capable at some time of entering some host organism or
cell from the outside. Elimination of this requirement would identify
viruses with all “self-reproducing” protoplasmic components of cells,
such as genes and other units endowed with genctic continuity. As
we shall see in chapter 18, the view is rather widely held that some or
even most viruses may have originated by the acquisition of infectivity
(that is, of external transmissibility) on the part of self-reproducing
cell components. At any rate, we may emphasize from the start that,
once inside the host cell, a virus appears indeed to behave as a proto-
plasmic element, distinct, however, from other such elements by its
actual or potential transmissibility to new host cells.

The “submicroscopic” requirement is more arbitrary, but is method-
ologically convenient. The effective resolving power of the light
microscope being around 2000 A, the definition restricts the virus field
to the study of agents that at some time in their development consist
of elements, recognizable in isolated form, with at least one linear
dimension equal or smaller than 2000 A (43). There is, of course,
no fundamental reason behind the choice of this borderline value for
size. It simply turns out empirically to be an adequate point of sepa-
ration. This size limit happens to be reasonably close to the limit of
porosity of ordinary bacteriological filters, which can therefore be used
to separate bacterial cells from virus particles without much loss of
the latter (filtrable viruses). Several agents, however, which have
dimensions greater than 2000 A are included among viruses. Our
definition should really state: “submicroscopic or nearly submicro-
scopic entities.”

Elimination of the submicroscopic size requirement would include
among viruses a variety of obligate intracellular parasites, such as some
bacteria (e.g., Mycobacterium leprae), the rickettsiae, and some algae
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and possibly fungi. There are sound taxonomic reasons for including
such organisms with groups other than viruses. The rickettsiae (see
chapter 19), according to the most accepted view, represent a special
group of obligate parasitic Gram-negative bacteria. The possibility
that some of the obligate parasitic microorganisms are related to viruses
and the hypothesis that some viruses originated from them or from
their ancestors by “regressive evolution” through parasitism are very
popular among virologists (114; 271; 395).

The requirement for reproduction “inside living cells only” excludes
all saprophytic, free-living organisms. A number of submicroscopic
free-living organisms are known to exist. Many bacteria, especially
in unfavorable environments, can go through submicroscopic stages
or L forms, which may reproduce as such and later return to the
typical bacterial morphology (179). Several submicroscopic free-
living organisms, without known bacillary stages of development, have
been described. Among them are the “pleuropneumonia organisms”
originally described by Nocard and Roux (see 571), similar in many
respects to L forms of bacteria; the sewage and soil organisms of
Laidlaw and Elford (396) and of Seiffert (589); and the serum
organisms of Barnard (39). The pleuropneumonia and sewage or-
ganisms have well-defined and not too complex nutritional require-
ments for growth (519). This in itself differentiates them from viruses,
whose growth, as we shall see, appears to depend on the host cells not
for a supply of nutritionally required compounds or growth factors,
but for the use of the integrated enzymatic machinery of the cell, which
provides energy and synthetic machinery for the virus. Indeed, viruses
in the free state appear to be completely inert metabolically.

The requirement for “host specificity” included in our definition of
viruses, although not excluding any known group of organisms, em-
phasizes again the fact that the virus-host relation is one of integration
rather than of supply of nutrients. If we were to encounter an intra-
cellular parasite apparently unable to reproduce in the free state but
capable of reproduction in living cells of any kind, we could reasonably
suspect that growth of this parasite in the free state would be possible
if we were able to isolate and supply in cell-free form some hitherto
unidentified, perhaps unstable, nutrient. On the other hand, we shall
see that the relation of true viruses to their host cell is so intimate and
integrative that the hope for cell-free virus reproduction is about on
the same level as the hope for artificially constructed, self-reproducing
cells.
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The relation of virology to other biological sciences. Virology’s
relation to bacteriology stems on the one hand from the common
technical problems of handling very small biological objects (micros-
copy, filtration techniques, sterilization), and on the other hand from
the common interest in pathogenic microbes. Both pathogenic bac-
teriology and applied virology belong to the wider field of pathology.
The study of pathological changes in host organisms, however, is more
intimately connected with the study of viruses than with that of patho-
genic bacteria, because the detection, the recognition, and the titration
of viruses depend almost exclusively on observations of abnormal
changes produced in some host. Fundamentally, however, virology
should be concerned primarily with virus properties and functions. It
should ultimately be possible to interpret all pathological changes of
a host, directly or indirectly, in terms of the mechanisms by which a
virus alters the infected cells.

Virology has become closely allied to protein chemistry and physico-
chemistry and has borrowed the techniques of these sciences, because
the small size of viruses places them in the colloidal range and gives
them many properties in common with proteins and other macro-
molecular substances. Methods for purification and for determination
of the size, homogencity, and state of dispersion of particles are similar
for viruses and proteins. The overlapping size ranges of viruses and
proteins do not a priori imply a similarity of organization or of chemical
complexity. Such a similarity can only be tested by structural analysis.
Thus, the relation of virology to protein chemistry is, at least in prin-
ciple, purely technological.

THE DEVELOPMENT OF OUR KNOWLEDGE OF VIRUSES

Like all sciences, virology has not developed in a straight path, but
rather by a slow accumulation of empirical knowledge. Some unity
and general perspectives have only emerged in the last 10 years. Some
diseases now known to be caused by viruses have been recognized for
thousands of ycars. A Chinese description of a pestilence dating from
the 10th century B.c. apparently refers to smallpox. Yellow fever,
known for centuries in tropical Africa and as a scourge of ships in the
African trade, was probably responsible for the legends of cursed ships,
such as those of the Ancient Mariner and the Flying Dutchman (114).
Plant virus diseases, such as potato leaf roll, have been traced to records
of several hundred years ago; and tulips with the ornamentally appre-
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ciated color variegation known as tulip break, caused by a virus, have
been cultivated since the 16th century (43).

The transmissibility of smallpox has been known for centuries, and
vaccination against smallpox by extracts containing vaccinia virus
(cowpox) was introduced as a medical practice by Jenner at the end
of the 18th century (Jennerian vaccination, 361). The transmissibility
of tobacco mosaic by mechanical inoculation of sap of infected plants
was demonstrated by Mayer in 1886.

During the last decades of the 19th century, the successes that had
attended the search for bacterial agents of many diseases drew in-
creasing attention to various diseases for which this search had re-
mained fruitless. The idea of submicroscopic, nonbacterial patho-
gens, however, was slow in finding an experimental basis. In 1892
Iwanowsky reported the transmission of tobacco mosaic by means of
sap filtered through bacteriological filters which were supposed to
retain all bacteria. His report went unnoticed; its significance was
apparently not fully clear to the author himself. In 1898-1899 Loefller
and Frosch (428) for foot-and-mouth disease and Beijerinck (58) for
tobacco mosaic succeeded in proving serial transmission by bacteria-
free filtrates in which no microscopic organism could be detected.
Impressed by this unexpected finding, Beijerinck described the agent
of tobacco mosaic as a contagium vivum fluidum, meaning by this an
agent which reproduced, and therefore had life, but which was in a
state of dispersion different from that of organisms. In reality, there
is no clear-cut difference in the state of dispersion of small organisms
and of large molecules. Moreover, the fact that virus reproduction
and its pathological consequences can be initiated by a single virus
particle make the state of dispersion of viruses irrelevant for their
mode of action.

There followed an intense period of discovery of virus pathogens or
“fltrable viruses,” to employ a now obsolete expression. The early
years of virology saw the development of methods permitting the
microscopic visualization of the largest types of virus particles or ele-
mentary bodies. Following pioneer observations by Buist (106), many
workers, and especially Paschen (514), greatly developed the art of
virus staining. Meanwhile, rapid progress was made in the study of
the cellular pathology of virus diseases, with the recognition of specific
intracellular inclusions (see 217).

On the one hand, the work on the size and properties of virus
particles contributed to the development of modern techniques of
ultrafiltration, ultracentrifugation, and other physicochemical proce-
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dures, culminating in the successful purification, crystallization, and
chemical characterization of virus particles (405; 622). On the other
hand, research on cellular pathology of virus infections gave a great
stimulus, first, to the study of tissue cultures, and second, to the study
of chick-embryo techniques as means of investigating viruses in sim-
plified systems. . The study of tissue cultures provided direct evidence
of the need for contact with living, metabolizing cells as a prerequisite
for virus reproduction. Frozen, killed tissue, or tissue separated from
virus by membranes impermeable to the virus would not support virus
reproduction. The discovery in 1910 of a virus that produces malig-
nant tumors in chickens (562) and the generalization of this discovery
to a whole group of fowl cancers in subsequent years opened the way
for the realization that viruses are a major agent of neoplastic trans-
formations, both in animals and in plants (83).

The discovery of bacteriophages or bacterial viruses by Twort (653)
and by d’'Hérelle (306) and the deliberate use of bacteriophages as
models for the study of the virus-cell relation (65) provided perhaps
the most important single factor for the present integration of virology
into a unified science.

The recognition of the specificity of host-virus relations, of its limita-
tions, and of its determination by genetic and developmental factors
(host specificity and tissue specificity) assumed increasing importance
as a result of efforts to conquer the virus diseases of man and of eco-
nomically important animals and plants (see 265). From the epi-
demiological standpoint, the most salient developments have been the
recognition of the role of arthropod vectors in the transmission of many
virus diseases of animals and plants (547), the analysis of complex
host-vector-virus cycles (601), and the clarification of the role of
latent infections of reservoir hosts in perpetuating pathogenic viruses.
The analysis of spontaneous mutability in viruses, (310; 361a; 457 ) not
only contributed to the epidemiological understanding of virus diseases
but also established the nature of viruses as independently evolving
and therefore taxonomically independent genetic systems. Similarly,
the analysis of the serological properties of viruses (121) established
their nature as chemically specific, host-independent structural ele-
ments, while providing a basis for a multitude of diagnostic tests for
virus diseases.

PLAN OF THE BOOK

It will be our aim to study viruses as a group, in spite of the recog-
nized uncertainty as to the extent of taxonomic kinship among what
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we call viruses. We shall not attempt the description of individual
virus diseases nor of individual viruses, but shall rather deal with the
facts and methods of virology as a whole. We shall, however, under-
take whenever possible the interpretation of certain phases of applied
virology in terms of fundamental virus properties. For example, a
discussion of virus ecology will of necessity be closely allied to a
general discussion of the epidemiology of virus diseases. We shall
subdivide our subject matter as follows:

1. Survey of viruses; range of existence; nomenclature and classifi-
cation (chapter 1).

2. Detection and titration of viruses (chapters 2 and 3).

3. The properties of viruses outside the host: size, structure, com-
position, organization of virus material; chemical and serological
analysis; effect of physical and chemical agents (chapters 4-7).

4. Virus-host interaction: analysis of the simplest and most thor-
oughly investigated host-virus systems; study of virus reproduction;
interaction among viruses in common hosts (chapters 8-14).

5. Viruses in nature: variation, ecology, survival, transmission; virus
latency and relation of viruses to growth and morphogenesis; tumor
viruses (chapters 15-17).

6. Origin and nature of viruses; relation to other biological systems
(chapter 18).

7. Rickettsiae-(chapter 19).

RANGE OF EXISTENCE OF VIRUSES

It is customary and reasonable to subdivide viruses, according to
the major subdivisions of their hosts, into bacterial viruses (bacterio-
phages), plant viruses, and animal viruses. We must realize, however,
that even such broad subdivisions may create ambiguities, as in “plant
viruses” that reproduce in their insect vectors. We must remember
that, because of their nature, viruses are detected and discovered as
pathogens, that is, as agents causing abnormalities in some hosts. It
is therefore logical to list them in terms of their “major host,” that is,
of the host whose manifestations are of the greatest importance to
man—economical, medical, or otherwise. In general, each virus will
have a variety of hosts, more or less related organisms, in which it can
reproduce. Some of them, often those in which damage caused by
the virus is slight or absent, are more important in assuring the survival
and evolutionary success of the virus than the major host which arouses
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man’s interest. In tables 1 and 2 we present an extensive though by
no means complete list of animal and plant viruses.

There are several important aspects to be considered in taking stock
of the range of organisms that have been found to be hosts for viruses.
As far as bacterial viruses are concerned there is hardly a group of
readily cultivable bacteria for which bacteriophages are not known.
The bacteria for which no phage has been described (spirochetes;
myxobacteria; iron, sulfur, and nitrifying bacteria) present major
technical problems to bacteriologists. Our knowledge of them is quite
inadequate. It is likely that every thoroughly investigated bacterial
group will be found to be the host of some phages. It is interesting
to note that the host range of phages does not cut across well-estab-
lished taxonomic boundaries between bacterial groups. Phages active
on micrococci will not grow on streptococci; phages of enteric bacteria
do not attack Pseudomonas. Specificity can go far beyond the rather
flimsy classification boundaries that separate genera and species. It
reaches down to individual strains or “clones.” The explanation for
this great specificity resides in the fact that phage resistance in bacteria
is acquired by discrete mutational steps, so that a strain sensitive to a
phage may give rise to stable mutants resistant to that specific phage.

Among animal viruses, the only invertebrates in which virus diseases
have been observed are the insects. These represent, of course, the
economically most important and therefore scientifically most promi-
nent group.  The study of insect virus diseases was stimulated in
France in the 19th century by the losses due to diseases of the silk-
worm, the protagonist of the natural silk industry. Virus diseases of
insects, especially Lepidoptera and Hymenoptera, are today a most
important area of virology.

Among vertebrates, virus discases have been recognized in fish (carp
pox, infectious tumors) and in amphibia (virus tumor of the kidney in
the leopard frog). In birds we find virus diseases of great economic
importance: Newcastle disease of fowl, laryngotracheitis and many
others. The main importance of some virus diseases of birds is their
occasional transmission to man (psittacosis, ornithosis). Certain neo-
plastic virus diseases of birds, fowl sarcomas and fowl leukemia, have
a tremendous interest for the virologist because of their role in the
study of the relation of viruses to tumors. They represent in some
respects the most thoroughly investigated cases of tumors caused by
viruses.

In mammals, virus diseases have been recognized in most domestic
animals and in several wild ones, particularly in rabbits, whose virus



SuoISnoul Jg[n|[aoeIju]
sa1poq Arejuaux
-3[@ jo uoneunn|3de
‘uonexy juswedwo))
UOIBZI[BIINU SNIIA
‘uonexy juewaduo))

UOI}BZI[eIINA3U SNIIA

The Science of Virology

Jorpunep
(syurgur ur Aqe
-129ds9) snrarpounfuo))

saAJou Juore urys
3o uonndnia IBNOISI |
S1}1}BWO)S (19}
-SI[q I9A3j) 3108 Pp[O)

1083U0))

30B3UO0)

(uony

-03Jul B[[3J1IBA
wouy L[qissoq) ¢

10%U0))

¢ S[emnwrewx

P4 ¢spiiq

UBTA

UBI

uey

uEpy

siiyeday snotjoayuy

s1pAoun(uod uorsnouy

(soj8urys) 13350z sodioly

xo[dums sadiofg

‘uonyexy juswejdwo) sieydaouy | ssojnbsowr ‘SoYy | I9Y}0 ‘UNOIYD ueyy | suipeydeous smoy ‘18
S
UOIRZI[BIINAU SNIIA st ¢Spiq pu® -eydodus (dwrmng
‘uonyexy juswrdiduro)) | -eydadusd SIPFUIUITY SYOLY, | Sfewwewr piAy e -Suudg) ueissny
UOIRZI[BIINIU STIIA syuiuaw
‘uonjexy juewa(dwo)) SPSuIuay | (§S103994) OBIUO) ASNON uepy | -ouoyd dorphsoydwAy
UOI}BZI(BIINAU SNIIA Zspew sijipeydooud
‘uorjexy juawa(dwo)) | syieydeou’-oFutuaTy saoynbsoyy | -wwew {udydIy) uep (g 2d£y) sseuedep
(ue
-9NZIUIA .Evamo.?w_
UO1}eZI[eI}NdU SNIIA ‘u19)sBy) SIPAW
tuorjexy jueuwR(duro) | snipeydoous-oSurudyy | s} {s03nbsoyy [40j ‘uRy asIoyg -opeydsoua sumby
dnoa3 siypeydeduy
UOI}BZI[BIINAU SNJIIA eruad »
‘uonjexy juewe[dwio)) | -OjN3| ‘YSBI [ISA] s903INbsoy SKoUOTy uB andua(q
UOT}BZI[RI}NIU SNIIA eidpelw (s1jISurnopy 1981U0) — uB| dnoa3 arorsxo)
suoljoeay odnsouderq u mnuwwwmm.nﬂw_ dAT, UOISSTWSUBL, Euzum.wmmvﬁo 1sol Joley STJTA

10

SOSTUIA [euwrrue dAnejuasaiday ‘I J9IqeL



-
i

Range of Existence of Viruses

H 1

)

uonexy jusuwsjduo)

oI BZI[BIINAU
SNIIA {SNIIA JO UOIJB[OST
(satpoq
1I91uUIRNL)) SUOIS
-npaul JBnjRIeIIUL
‘uonexy juswd[dwo)
SIIpOQ LIBjUIW
-9 Jo uoryeurini3se
‘uoryexy jusws[duio))
SUOISN[IUI JB[N[[20BI}U]

(9an3no anssy
ur j09P° DIX030}4D)
‘uoryexy juawd[dwod

{UOI}BZI[BIINIU SOITA
1S9} UIyS {uoljexy
Juamwadwod {uoryiquy

-ut uoryeunn[3ewaf]

suoIsnoul Jen[[@oeIju]

159} ULYS ‘UO}BXYy
Juaurepdwod  :sarpoq
Arejuswap 10§ Sururelg

380 ut uony
-B[OST SNIIA {uonIqy
-ut uorjruIN[33eWI

S9[OIS9A UIYS
s)aeM [BISULL

-8] pue ‘[Bjudd ‘uryg
SISOJOJU LU

-PIy pu® J941] t21pUnep

S9OISaA UIYS
ysel ulys
snanounfuo) Jtuory)

r—m.ﬂh Emv—m

sis.g[eaed 10307y

sijijoled
sa[npou uIyg
ynour ut
syods yipdoy yses uryg

Suijas apou
-ydui] :193s1[q ST

gruownaud ‘nig

198}U0))
jorIU0)
s903Inbso
joRIU0))
jorU0))
19B1U0))
1o'U0))
19B1U0)
iblalilve}
19BjU0))
1PBIU0)

(1Bnuad) jrjuo)

1o8U0)

U

SAaUOTy
xod daays ‘xod
-9s10Y ‘(BIUID
-oea) xod
-M00 0} parepPy

MED

UBIN

UBI

ueyy

uey

e

ueJy

UBTA

UBJA

UB

UBJA

UBY

uepy

(erutooea) xodmo)
(o®oniIdA) S}IBA
J9A9) MO[[PX

(wnay
-se[e ‘xod[[gus) B[OLIBA

(xod uaxOIYD) B[[POUIRA
rwIoyoRLy,
(so[seamt

uruwIdn) B[RqNY

(III “II
‘[ s°dAT) snpedworjog

sdunyy
WNSOISBJU0D WNISNJO
SI[SBOTA

wnaIdu
-oA ewopnueifoydw iy

(D ‘d ‘V) vzuanguy



The Science of Virology

12

(onp *Aayany

angeid Moy

UOI)B[NJOUI UINIIY)) | BWIPI ‘$98BYIIOWI] 1o8U0) SPIIq PlIA) | ‘UIYOIYD) [MOJ
(eruadoonsjued) st}
— eruadoonay ¢sijuajuy 1981U0)) — 1e) | -1197U3 SNOIOFUL U]
uone
-Xy Juawa[dwod £(sat
-poq W39N]) urelq ur siipeydao ugw
suoisnpul Je[Eoeu] | -ud ‘sisf[ered jeodyJ, (311q) 19BU0)) | :X0F ‘jlom f}e) Soq | (eiqoydoipAy) saiqey
(x03
UOI}R[NJOUT J3113,] | SI}ISUIUSW ¢BIUOWNIU ] 1981U0)) XO0J JIOM So(q | pue surued) zedwsiq
sageyiroway 30B31U0D (erwdue snoIjddy
— ‘RIWSUE IA1}INISI(] | ¢s0jnbsow st — 3sI0[] | -u1 suinbs) 1949} dwremg
uoniqry
-ur uoryeunnj3dewafy rIUOWNAJ | wiIom3un| ‘}eju0) — uimg BZUINPUI JUIMG
siyipeydaous ‘eruad
159} US| -0onI[ {safeylIoWI 198U0)) — umg rI9[0yO SO
UOT}BZI[BIINAU SNIIA SISOJO?U JIAI] sa0jinbsoyy |uew:a[13edjRON) daayg 13a9] Lafrea Y
UOIBZI[BIINAU SNILA
‘uonjexy juawd[dwo)) | snirydesua-oFutua SYOLL, JUBN daayg It 8utdnoy
1081} AT} ojeynq (angerd
uolje[nooul }Iqqey | -S98Ip Jo uolyewwrRyuU] 10BU0)) {1803 {doayg EliLe) 3[11®0) jsedispury
sis{ered (yon
— [Badufreyd :yoy umyg 10%u0)) {'Sop ¢1ed ‘auimg Ined pew) solqeiopnas g
urys pue ugw (39435 snoyy
uonexy Juawa[duo)) | BSOONU [BI0 UO SI[IISIA 10rU0) ¢doays auimg sme) | -yde) yinow-pue-300,f
7SO} 10[®e s}s0
suonoeay orpsouder(y w mco:ww om. Mmm AL, UOISSTWISU®I ?u:uuZwmoﬁO 1SO Jolepy ST

(panuyuo)) sosnuia Jewrrue dAneudsaxdoy 1 d[qel



18

Range of Existence of Viruses

—

&

‘uo1)B[os! [euIFLI0 U® WO} A10}BIOQE] Ul PIUIBJUIBUL SISTUIIA

SUOISN[OUl [e4p
-ay£jod respnueryuy

suoisnput tensde)

uorjexy juswdjdwod
{UoI}e[NOOUL ISNOAT
uomqry
-ur uonyeur}ni3dewa

835 ur uoryeA}[N)

UOI}BUIUIBXI POO[(
(sdrpoq 1a3utfjog)
mﬁcmmﬂ—oﬁm .—@_ =- —vo@d 3

-ul {Uo1}B[NI0UI UdYIIY)

aeAle| jo
UOT)BULIOJSURI] SYI[DBS
JBATE] WIOMY[IS JO
UOI}RULIOJSUBIY 3Y1[1e]
sans
-s1} [BATR[ JO uOl}
-BULIOjSUBI} JB[NUBIL)

uoljodul judje|
SNOJ3OUBD

Suiossq ‘s AUIoy
siown} snou

-nead (sipanoun(uo))

ruIoIqry

BUOdIBG
uBw
ut eruownaud (oAl
Jo siso1du  ¢a3reyo
-SIp [esBu  ‘BIYIIR(]
st}
-1[eydaous eruownaug
sSIYIUoIq
‘snijvyoenoduliey
(s1s0
-SB[OI[1119) BIWIYNI|

quoo .

‘peaY UO SI[IISIA UIYG |

10%}U0)

10%8}U0))

10U0)

[BRGIY

1P'IU0)
[BLYIY

[BRYIY

108U

1981U0))

1o U0

(syoasuy) .

S10}098 |
podoayyie ‘3orju0)) |

satoads 313
-uts 10§ oy123dg

(uorsstu
-suel} [eloyn}
-18) [M0) 13y}

uew {spliq
13430 u0adJ
[“oj 110

JuesSBaIY | _

40} 1_YIQ

uoagdid ‘sayIng, ~

33q Souoy

ULIOMY[IS

e19jdopidoy
(sndta

juate]) Nqqey

nqqey

nqqey

Hqqey

LENBilife}

joLIBJ
uaNoIy)
ﬂ@v—om a—U

uaydIy)

uayory)

3¢ Jo pooiqoeg
(s1soapay4jod)
dorpunel wWIOMY[IS

SIOSNIIA siso[nuelx)
IIT STIIA
rwojided nqqey
SISO}RUIOXA TN

» BWOIqY NqqEY

» BUWODIES SNOY

SISOOBINS
9SBISIP I[ISBOMAN
SO

-erjogu.sle| snoljoajuy

SISONNI| [MO ]

xod [mo



14

The Science of Virology

Table 2. Representative plant viruses

Name of Virus *

Transmission

Abutilon variegation
Aster yellows

Bean mosaic

Cocoa swollen shoot
Corn streak

Corn stripe
Cucumber mosaic diseases
Elm phloem necrosis
Pea mosaic

Peach mosaic

Peach rosette

Peach yellows; little peach
Potato leaf roll
Potato paracrinkle
Potato virus X
Potato virus Y
Potato yellow dwarf
Rice stunt disease
Sugar beet curly top
Sugar beet mosaic
Sugar cane Fiji disease
Sugar cane mosaic
Tobacco mosaic
Tobacco necrosis
Tobacco ringspot
Tomato bushy stunt
Tomato spotted wilt
Tristeza of citrus
Tulip break

Turnip yellow mosaic
Wheat mosaic
Wound tumor

White flies?
Leafhoppers
Mechanical; seed; aphids
Mealy bugs, carried by ants
Leafhoppers
Leafhoppers
Mechanical; seed; aphids; cucumber beetles
Leafhoppers
Aphids
Aphids
2

Leafhoppers

Aphids

Mechanical (artificial only)
Mechanical

Aphids

Leafhoppers

Leafhoppers

Leafhoppers

Aphids

Leafhoppers

Aphids

Mechanical

Mechanical (soil to roots)
Mechanical

Mechanical

Thrips

Aphids

Aphids

Flea beetles

Mechanical (soil to roots)
Leafhoppers

* Generally includes name of major host.

tumors (papilloma, fibroma) have provided an invaluable material foi
the study of the relation of viruses to neoplasms. Virus diseases of
man (over 40 are now known) include such major epidemiologica
problems as smallpox, yellow fever, poliomyelitis, measles, mumps
rabies, and various types of encephalitis.

In the plant kingdom, the absence of reports of virus diseases ir
lower plants (except bacteria) is notable. Only the flowering plants
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or angiosperms, have yielded viruses. It is difficult to decide whether
viruses for other plants do not exist or have failed to be detected
because of limited knowledge. We could reasonably expect that some
virus diseases 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 plants of economic
importance. Here viruses probably rank second only to fungi 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 historically as particularly important in
general virology, apart from any practical importance, because they
have provided model cases on which general principles or methods of
virology have been worked out. Thus, the study of the chemistry of
virus particles has progressed mainly through work on some plant
viruses and bacteriophages. The physicochemical 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 bacteriophages and with
the viruses of the influenza group. The study of tumor causation by
viruses has derived much of its impetus from the discovery of virus-
induced chicken sarcomas.

Yet it is essential to keep constantly in mind in the study of virology
that no conclusion based on the study of one virus can a priori 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 exerted in 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 psittacosis-lympho-
granuloma group, for example, or certain bacteriophages) as consti-
tuting taxonomic groups as valid as any found in higher organisms.
We must simply keep in mind that viruses as @ group may include
things as different in their structure, chemical composition, and bio-
logical activities as any odd collection of biological materials selected
on the basis of arbitrary criteria, for example, all animals shorter than
an inch or all plants with pink flowers.
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CLASSIFICATION OF VIRUSES

The common nomenclature for animal and plant viruses consists in
using the name of the disease produced in 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 is
not a system of classification and which frankly admits its own em-
pirical, nontaxonomic basis, has worked quite adequately for animal
viruses and for bacteriophages, but not for plant viruses. The need
and quest for a taxonomic classification, indicating natural relation-
ships, has been an ever-present problem for plant pathologists. The
difference may be due partly to a difference in scientific training.
Plant pathologists are generally trained as biologists, whereas animal
pathologists are more often physicians or veterinarians. Moreover, the
natural relationship among plant viruses is of some practical signifi-
cance, because cross-protection between related viruses infecting the
same plant provides a potentially important defense mechanism in
plant virus diseases. The increasing realization of the role of reservoir
hosts in the epidemiology of virus diseases, both of animals and of
plants, is also increasing the requirement for a characterization of
viruses independent of their host range and of the pathological re-
actions of the hosts.*

The shortcomings of all systems of classification of viruses reflect, of
course, our present_inadequate knowledge of the nature and origin
of these entities. This makes any assessment of the degrees of rela-
tionship among the viruses highly problematic. On a strictly prag-
matic basis, a provisional classification can be made using any group
of virus properties that are sufficiently stable and distinctive. Most of
our knowledge of viruses, 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 pathologists have repeatedly proposed classifications or systems
of nomenclature of some practical value. In some cases, the grouping
criteria were the properties of virus materials in vitro. In others, the
criterion was the plant host in which a virus was first described (see
43). Clearly, the latter method is of little significance as to virus rela-

1The problems of virus classification were discussed from many viewpoints at a
symposium held in New York in 1952 (121a).
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tionship, since most viruses attack many hosts. Holmes (341) has
proposed a Latin binomial system, similar to that used for plants and
animals, and has extended it to include all viruses. These would form
an order, Virales, with three suborders, Phagineae (bacteriophages),
Phytophagineae (plant viruses), and Zoophagineae (animal viruses),
further subdivided into families, genera, and species. The properties
used in grouping and separating viruses into groups are mainly symp-
toms produced and mode of transmission. A major weakness of the
Holmes system is the utter disregard for the morphological properties
of virus particles as a criterion of classification. Thus, viruses such as
the foot-and-mouth agent with its tiny particles, and the large-particled,
well-characterized viruses of the vaccinia group are placed together in
one genus because they attack mucous membranes.

In the mjnds of many virologists, attempts to set up a complete or
even a detailed system of classification are not only premature but also
misleading. The adoption of Latin binomials suggests, by analogy
with plant and animal taxonomy, a similarity of evolutionary pattern
and of taxonomic hierarchy between viruses and higher organisms,
which is wholly unestablished. The attempt to classify viruses about
which little is known, except a description of the disease produced in
one host, leads to an unjustified feeling of knowledge and full under-
standing. It would seem better to admit 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 in
terms of their own properties, compare them among themselves, and
organize a few main groups having as prototypes those well-known
viruses that are clearly distinct from one another. One aid in this
process would be the knowledge that virus variation 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 affinity,
would be taxonomically less valuable than those found to be more
stable, such as morphology or serological specificity.

Some plant virologists (43) and some bacteriophage workers (9)
have reached similar conclusions on taxonomic questions. These in-
vestigators consider as the primary criteria of natural relationship the
similarity of particle size and shape and the possession of common
antigens revealed by serological cross-reactions. For example, two
viruses such as the tobacco mosaic agent, with rod-shaped particles of
characteristic size and composition, 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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from the prototype by one or 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 spherical, regularly crystallizing plant viruses.

Similarly, coli-phages T2, T4, T6, and C16, which are indistinguish-
able in morphology, give serological cross-reactions and are capable of
genetic recombination in mixed-infected hosts (see chapter 8), form a
natural group, probably equivalent to a species. The various types
may be considered as varieties or incipient species (9). As for defining
larger groups, there seems to be little basis on which to proceed.
Although phages with very different bacterial hosts (for example,
micrococci or coli-dysentery organisms) do not seem to adapt from
one such host to the other, they are often morphologically more similar
(although serologically unrelated) 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 serological ones and permit additional groupings.

Criteria analogous to those useful in grouping plant viruses and
phages can sometimes be applied to animal viruses. For example, the
viruses of the smallpox-vaccinia-ectromelia group are a morphologically
homogeneous group with antigenic components and other properties
in 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)y all the members possessing fairly large particles
and giving typical intracytoplasmic inclusions.

Another homogeneous group is the so-called psittacosis-lympho-
granuloma-pneumonitis group, consisting of several viruses with large
particles, which give serological cross-reactions and undergo similar
developmental transformations inside their host cells. The infections
produced by these viruses are susceptible to therapy by antibiotics.
These viruses have been named “Chlamydozoaceae” and have re-
ceived rating as a family of the order Rickettsiales in the 1948 edition
of Bergey's Manual of Determinative Bacteriology (Baltimore, Wil-
liams & Wilkins). ‘

Another natural group may be that of the influenza-mumps-New-
castle disease viruses, which have similar particles and common
enzymatic activity on some surface component of red blood cells and
on other substrates. Serological cross-reactions are not present among
all members of this group, however. Other groups with reasonably
good taxonomic standing may, for example, be the rod-shaped insect
viruses producing crystalline intranuclear inclusions containing the
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virus, and the equally rod-shaped viruses of insects whose particles are
enclosed in characteristic ellipsoidal capsules (68a). A

In summary, a wisely conservative position appears to be that the
more properties of viruses we learn to analyze, the more meaningful
will be the relations we are able to establish. With bacteriophages,
where genetic studies have progressed quite far, we may be approach-
ing a point where genetic facts will be used to provide a rationale for
taxonomic principles (9). For example, we are sometimes able to
invoke as a criterion of classification not only the possession of a com-
mon character but also the possession of common mutability, which
strongly suggests the possession of similar genetic determinants. This
is true of the coli-phages T2, T4, T6, and C16, which undergo similar
mutations. Here, the possession of common genetic determinants has
been shown by tests of genetic recombination. In viruses of the
tobacco mosaic group parallel mutability has also been described.



CHAPTER

2

Detection and Identification

of Viruses

In studying viruses, we must first consider ways of recognizing that
they are present. The essential thing to look for is some abnormal host
manifestation, generally macroscopic. In their extracellular, free state
viruses are inert and do not act on their environment. Because of
their small size they cannot easily be recognized. Although in prin-
ciple it should be possible to detect and recognize a virus from its
morphology, particularly when an electron microscope is used, the
practical value of such a method is small. Only when the presence
of a virus is suspected because of some abnormal host manifestation
does the investigator have recourse to attempts to locate a virus by
microscopy. -

'Host reaction to a virus is recognized by comparing infected and
normal host. No general rule can be given. Such recognition depends
on our familiarity with the symptoms of the various virus diseases.
This is what we might call the “art” of virology. At the basis of any
scientific construction is a whole body of information, which the in-
dividual worker can learn only by experience and by accumulation of
information. This we call the “art” of the scientist. For example, the
background of all chemical generalizations is the acquaintance of the
investigator with large numbers of chemical facts. These permit him
to devise chemical tests and provide a basis for him to interpret the
properties of chemical compounds.

{For the practical purpose of interpreting the virologist's detection
methods we may subdivide virus manifestations into two main cate-
gories: local reactions, and generalized or systemic reactions/.’:

-

20
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LOCAL REACTIONS

CThese are manifestations that involve only a limited number of host
cells localized in one area. The limitation in size of the affected area
is 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 circumscribed in a local area because of its limited
ability to spread, because of a limited number of susceptible host cells,
or because of a balance between host defenses and virus invasiveness]

/ Bacteriophage. The local lesion of bacteriophage is talled a plaque
and is an area of lysis or dissolution in a bacterial layer growing on a
solid medium. The plaques are often quite sharp and round, and may
be surrounded by haloes of incomplete lysis. Formation of discrete
plaques is due to the fact that bacteriophage reproduction can only
occur in growing bacterial cells. On a nutrient medium there is a race
between two processes: bacterial growth and bacteriophage growth.
When bacterial growth stops, lysis by bacteriophage also stops or at
least proceeds at a very slow pace, so that the area of lysis remains
localized. At the same time, the bacteriophage particles also diffuse
through the agar and in the liquid film at its surface. Before growth
stops, they may have reached bacteria at a certain distance from the
original phage localization. As a consequence, smaller phages, which
diffuse more rapidly, give relatively larger plaques on a given bac-
terjum than larger phages do.

The appearance of the plaque is characteristic for each phage-host
system (figure 1), and reflects the kinetics of bacteriophage growth
and of bacterial growth, and the size of the bacteriophage. Size and
morphology of bacteriophage plaques also depend on the composition
and consistency of the nutrient medium, which affects host growth,
phage growth, or both,

Plant viruses. Local lesions are generally detectable on the surfaces
of leaves. ' The most interesting type is the necrotic lesion, a black or
brown spot that may vary, when fully developed, from 1 to 10 mm in
diameter, and which appears at the point of entry of some viruses,
for example, of tobacco mosaic virus in Nicotiana glutinosa and in
other plants. The virus enters a cell at a point where some mechanical
damage has been produced on the leaf, and then spreads from cell to
cell. A necrotic lesion results from rapid death of a group of infected
cells, with consequent localization of the virus in a small area. The
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IWWWmtwny, the cells die
so fast that virus spread is limited. It actually represents a defense
‘echanism bothrfor the individual plant, which can localize the infec-
tion and survive, and for the crop, since virus localized in necrotic

lesion has fewer chances of spreading from plant to plant than a virus
that gives a generalized infection.

T5 Y d

Figure 1. Plaques produced by difterent coli-phages on bacterial layers of a
common host, Escherichia coli, strain B, growing on agar. Reduced to about 3
size. From: Demerec and Fano (177). Courtesy Dr. M. Demerec, Carnegie
Institution, Cold Spring Harbor, New York.

Necrotic' lesions have shapes and sizes characteristic for a given
virus-host system (see figure 2). Necrotic lesions are particularly im-
portant (333) because they provide the best method for titration of
those plant viruses that produce them (see chapter 3).

The presence or absence of necrotic lesions at the point of entry of
the virus has been traced to specific genes of the host. The necrotic
reaction to tobacco mosaic virus in species of the genus Nicotiana
(837) is due to a dominant gene which determines lw_r_s_epsmvny,
whereas the recessive allele causes a systemic mosaic response.

A well-analyzed example is that of tobacco mosaic virus in the pepper
(339). The type of response depends on three allelic forms of the same
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Figure 2. Local necrotic lesions produced by plant viruses on plant leaves.
(a) Tobacco mosaic virus on Nicotiana glutinosa; (b) tomato mosaic virus on
N. glutinosa; (c) tomato bushy stunt virus on N. glutinosa; (d) tobacco ringspot
virus on N. tabacum. Courtesy Dr. K. M. Smith, Molteno Institute, University of

Cambridge.

23
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gene: one allele, L, determines a localized necrotic response; another,
I, produces, when homozygous, a delayed necrotic response followed
by abscission of the leaf and recovery of most plants; the third one, [,
causes generalized chlorosis.

' Sometimes, although the response at the point of entry is necrotic,
localization does not result and the virus continues to spread. This
is true, for example, of some potato viruses. Potato virus X in some
varieties of potato elicits a necrotic response; in other varieties it gives
generalized mottling or even symptomless infections. Even with local
necrotic response, the necrotic reaction may become generalized; the
localized infection, when present, may be due to virus inactivation in
the plant rather than to hypersensitivity. The genetic basis of the
responses of potato varieties to virus X has been partially clarified
(356a; 629).

Another type of localized response is the so-called starch-iodine
lesion, which consists of local areas of altered starch metabolism around
the points of entry of the virus (335). To demonstrate this type of
lesion, an infected leaf is treated with alcohol to remove chlorophyll
and then with iodine to stain starch. The lesions appear as arcas
lighter than the rest of the leaf, if the leaf had recently been exposed
to light, because of reduced synthesis of starch in the infected areas.
Or, they may appear as darker areas, if after exposure to light the leaf
had been allowed to spend several hours in darkness, presumably be-
cause the starch moves away less freely from the damaged arcas, duc
to hindrance to food iransport.

Animal viruses. Recognizable local lesions are formed either at the
primary point of entry or by secondary localization of a circulating
virus. They generally consist of cell destruction and cell proliferation,
with the complication that.inflammatory reactions are always present
in animal tissues. An example of a primary localization of infection is
that of infectious warts in man. A variety of warts or papillomas, flat
or pointed, may result from the entry of the virus, depending on the
point of entry and possibly on the virus strain. As examples of sec-
ondary localization of viruses producing recognizable local lesions we
may mention the exanthemata that are the major symptoms of smallpox,
measles, and chicken pox. These typical rashes are caused by the
localization of the virus in the skin chorion, after which the cells of the
basal layer of the epithelium are invaded and damaged and blisters
are formed in the thickness of the epidermis. In some cases, for
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example, in the Koplik spots that appear on the oral mucosa in the
early stages of measles, the localization of the virus is in the sub-
mucosal glands.

In special instances we may observe local lesions on layers of cells
that are more or less uniformly susceptible. An example is the infec-
tion of the chorioallantoic membrane of the chick embryo (figure 3;
see chapter 12). A virus suspension is deposited on the surface of the

(a) (b)

Figure 3. Chorioallantoic membrane lesions. (a) Myxoma virus; (b) Murray
Valley encephalitis virus. Courtesy Dr. F. M. Burnet, Walter and Eliza Hall
Institute, Melbourne.

membrane and spreads over it. Here and there, the virus gains access
to a cell; this leads to the formation of a lesion. At first the lesions
are discrete, but later become confluent if the infection proceeds long
enough. The conditions are somewhat similar to those of a bacterial
layer seeded with bacteriophage, although less well understood. Local-
ized lesions can also be observed in layers of cells cultivated in vitro
(figure 4; see chapter 11).

Sometimes, localized lesions even in deep tissues may be utilized in
the diagnosis of a virus, because of either their localization or their
appearance. Poliomyelitis virus produces areas of cell destruction in
the anterior horns of the spinal cord, where motor cells are localized,
with a resulting muscular paralysis. Rabies virus causes typical altera-
tions in the cells of the Ammon’s horn in the brain. These cells con-
tain the characteristic intracellular inclusions of rabies (Negri bodies).
Many similar examples could be cited from the pathology of animal
virus diseases.
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GENERALIZED REACTIONS

There is no clear-cut distinction between generalized and local
reactions, since all host manifestations in a virus infection depend
ultimately on the invasion of sensitive cells by virus. Nevertheless, the

Figure 4. Plaques produced by Western equine encephalomyelitis virus on a
layer of chick embryo fibroblasts in tissue culture. Courtesy Dr. R. Dulbecco,
California Institute of Technology, Pasadena.

recognizable symptoms of infection are often more diffuse than the
appearance of localized areas of damage. For example, we may con-
sider the mass lysis of a bacterial culture by bacteriophage as a gen-
eralized infection, as opposed to the localized formation of plaques on
a layer of bacteria. In both cases we observe lysis of large numbers of
cells, but in the first there is no spatial limitation to the spread of the
virus, such as is caused on a plate by the immobilization of the bacterial
cells and by the limited means of dispersion of the virus.

Plant viruses. Generalized or systemic infections produce symptoms
that go under a variety of names: chlorosis, mosaic, streak, yellows,
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Figure 5. Aster plants. The plant on the right is normal. The plant on the
left is infected with aster yellows virus. Courtesy Dr. K. Maramorosch, Rocke-
feller Institute, New York.

'

Figure 6. Leaves of Nicotiana tabacum. Left: normal. Center: infected with
tobacco mosaic virus. Right: infected with the same virus, with a bright spot of
yellow mosaic mutant. Courtesy Dr. L. O. Kunkel, Rockefeller Institute, New
York.
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ringspot, leaf roll, describing the type of deformation or discoloration
that appears on the leaves of the infected plants (figures 5 and 6).
Discoloration of leaves may be localized in ringlike areas (ringspot),
in streaks, in irregular patches (mosaic), or it may appear as a uni-
form chlorosis or as a yellowing, often more pronounced along the
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Figure 7. Tumors produced by wound tumor virus on the roots of sweet clover.
Courtesy Dr. L. M. Black, University of Illinois, Urbana.

veins. Most of these changes reflect disturbances in the photosyntnetre
function or in the transport of food, as we have already mentioned for
the starch-iodine lesions. To describe the specific alteration of the
morphology or habit of a plant affected by a virus, plant pathologists
have traditionally employed picturesque terms such as sugar beet curly
top or potato witches” broom.

Some symptoms result from cell proliferation in virus-infected tissues,
which lead to production of “enations,” frilly or compact growths de-
rived from the vein areas of the leaves. Lateral buds may proliferate
to produce the symptoms of witches’ broom. One virus produces
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{nultiple tumors throughout the infected plants; the tumors arise mainly
in areas where the plants are wounded (83; figure 7).

Flowers may show symptoms of virus infection in the form of varie-
gated colors or “breaking.” Tulip break, a condition which has been
known for several hundred years and which produces a highly appre-
ciated flower appearance, is due to virus.

The symptoms of a generalized plant disease are usually visible on
the new leaves formed after the infection has become systemic; old,
nongrowing leaves show symptoms only if infected directly. Generally
the newly growing parts of the plant show the greatest damage. On
the other hand, apparent recovery occasionally occurs and the new
growth is either free or almost free of symptoms, although it generally
still contains virus. The type of manifestation, moreover, depends
on the host. A virus may be very destructive for one host and cause a
mild or latent disease in another. Different varieties of potato, for
example, differ widely in their responses to potato viruses.

Animal viruses. Detection of animal viruses is even more complex
than detection of plant viruses. This is due to the greater differen-
tiation of tissues and organs, to the presence of several mechanisms of
virus transport, to serological phenomena of immunity, and to sec-
ondary inflammatory processes. We may mention, as examples, the
symptoms of mumps, in which the virus localizes mainly in the parotid
gland, but occasionally produces an inflammation of the genital organs;
and those of yellow fever, in which the virus may be widespread in
many different organs and tissues. The general symptoms can always
be traced to damaged and altered cell function. For example, the
jaundice that accompanies yellow fever is due to the damage to the
liver cells. Detailed descriptions of the manifestations of virus dis-
eases of man and animals are found in special treatises (414; 655).

An interesting aspect of the general manifestation of animal virus

seases is the rather precise incubation period between infection and
appearance of symptoms. For example, the incubation for measles is
generally 10-12 days, for mumps 18-21 days, for smallpox around 12
days. This suggests that a fairly definite sequence of events must take
place before the appearance of symptoms. The incubation period may
include the time needed for the virus to penetrate (and possibly to
reproduce at the point of entry), to circulate, to localize itself in sus-
ceptible cells, and to reproduce to the extent needed for the mani-
festations to appear.

We often encounter silent infections with animal viruses. The virus
reproduces without giving visible symptoms. In many cases, however,
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the presence of the virus can be traced by the presence of circulating
antibodies in the blood. This sign of infection is useful in evaluating
the degree of immunity and in following the spread of a virus through
a host population. The serological detection of virus infection forms
an important phase of the epidemiology of virus diseases. The pres-
ence of antibody is not proof of the actual presence of the virus in the
organism, because a virus disease may give rise to a lasting immunity
and continuous production of antibody even after the virus has ap-
parently disappeared from the organism. This phenomenon is relevant
for the general problem of the mechanism of antibody production. It
may be that the virus does not disappear completely, but only vanishes
as an infectious material and remains present in some nonrecoverable
form in the cells that produce antibodies.

INFLUENCE OF HOST AND ENVIRONMENT ON HOST REACTIONS

In all cases where viruses are identified from the symptoms they
produce, it is important to define the situation in which we observe
such symptoms. We have already mentioned several examples of the
influence of the host species on the type of manifestation of a virus.
A bacteriophage may completely dissolve the cells of a certain bac-
terium and may be carried without obvious manifestations within the
cells of another baeterium (“lysogenic strain”) (I20a; 453). The
pseudorabies virus causes a fatal disease in cattle but a mild, almost
nonsymptomatic, although very contagious, infection in swine (602).
As we shall discuss in greater detail in chapter 16, whenever a virus
is very destructive for a certain host we have reason to suspect that it
has some other host in which it produces a mild disease, because only
such a host-virus compromise can provide a virus with opportunity for
successful survival in nature. Too complete a destruction of the
host cuts the ground from under the virus and tends to lead to its
elimination.

The genetic basis of virus susceptibility in different hosts is em-
phasized in clear-cut fashion by such observations as that on a strain
of mice that owes its 100% resistance to strain 17D of yellow fever
to a single dominant gene. In the brain of the resistant mice the virus
fails to multiply (572).

Another important factor is the age of the host. Young plants are
generally more susceptible to plant viruses. In animals, the symptoms
produced by a given virus in the same host often differ with the
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host’s age. The tumor virus that produces the Rous sarcoma in adult
chickens causes an inflammatory, nonproliferating disease in the newly
hatched chick (198). Such differences in host reaction reflect the
changes in the physiology of the host cell that take place during
development and differentiation of various tissues, and also depend
on the appearance or disappearance of certain specific defense mech-
anisms in 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,
influenza virus entering a mouse by the usual route, through the
mucosa of the upper respiratory tract, causes typical pneumonia; if
injected in the brain, it may give a toxic syndrome (298). The toxic
manifestations are apparently caused by an abortive reproduction of
the virus in the cells of the central nervous system (582).

Other factors that influence symptomatology are the environmental
conditions prevailing during the infection period. We have already
mentioned the influence of light on the appearance of starch-iodine
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 animal
viruses and also on the susceptibility to animal viruses have been
noticed; greater resistance seems sometimes to be associated with
some nutritional deficiencies (134). This suggests either that the
shortage of an essential growth factor limits virus growth, if the
requirements of virus-infected cells are greater than those of un-
infected cells; or that the cells of growth-factor-deficient animals are
so altered physiologically as to support less virus growth or to resist
invasion.

Temperature effects on virus disease have often been observed,
especially in plants. Some viruses are unable to grow at temperatures
above a certain level. An infected plant may become completely
sterilized by a few hours or days of immersion in a water bath at a
temperature as low as 35° C. This is so for several diseases of the
peach tree (388). Temperature may be the reason why such diseases
are infrequent or absent in the southern part of the United States,
where the summer temperature is often higher than the virus can
stand. The symptoms themselves may be modified by temperature.
Tobacco mosaic virus at temperatures around 35° C causes the ap-
pearance of milder symptoms, due to the selective proliferation at this
higher temperature of a less virulent variant of the virus (338).
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ARTIFICIAL TRANSMISSION OF VIRUSES

In studying a new virus disease and in attempting to identify its
causative agent, we must meet requirements comparable to Koch’s
postulates for bacterial infections (555). We must prove that an
agent is regularly isolated from cases of the disease, that it can be
propagated in a suitable host, that it is filtrable (submicroscopic),
that it reproduces only in living cells, and that, reintroduced into the
original host or into a sufficiently similar one, it gives rise to the orig-
inal syndrome.

The techniques for successful artificial transmission of a virus to a
host are part of the art of virology. Success in a specific case depends
mainly on the investigator’s knowledge of the properties of the virus
he is dealing with. The main problems are: the choice of the proper
host and of the proper route of inoculation; a sufficient amount of
virus in the inoculum; and the control of the environmental conditions.
The essential requirement is to bring the virus, or to cause it to be
transported, to susceptible cells where it can reproduce. In general;
the outer surface of most higher plants and animals consists of virus-
proof barriers, so that the virus must be introduced either through this
barrier or into some openings through which it can come directly in
contact with susceptible cells.

The simplest case is again that of bacteriophage. In a suitable
medium, containing the necessary activating factors and ionic concen-
trations (see chapter 8) a phage particle infects a bacterium by simple
collision, with a collision efficiency close to 100%4. The presence of
bacterial secretions such as capsules or slime may sometimes hinder
successful contact.

Plant viruses. Several means of transmission of plant viruses may
be listed. Some means apply to most viruses, others only to a few.
The simplest is mechanical transmission, practiced by rubbing the
surfaces of leaves with an applicator (a finger, or a piece of cotton or
cheesecloth) soaked in the virus suspension. Rubbing causes local
abrasions, through which the virus can penetrate. Some viruses have
been transmitted only by such mechanical methods or by grafting.
A typical example is potato virus X, for which no insect vector is
known. Many plant viruses cannot be transmitted mechanically.

The number of points of virus entry produced by rubbing a leaf may
vary greatly, depending on several factors difficult to control (pressure,
abrasive power of the applicator). By careful standardization of tech-
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nique, however, astonishingly reproducible results can be obtained.
The points of entry may be broken hair cells or wounded epidermal
cells.

Mechanical transmission, when it is the only method of natural
transmission of a virus, requires that the virus be widespread in a
plant population, so that there are frequent chances for virus to be
carried mechanically from one plant to another. For example, tobacco
mosaic virus is highly contagious and can be introduced into a field by
a person whose hands are contaminated with virus, for example, from
a cigarette containing infected tobacco leaf. Potato virus X can be
transmitted from plant to plant by the rubbing of leaves blown together
by wind.

Insect transmission is the natural method of transmission for a great
many plant viruses. Artificially, it is utilized by causing insects to
feed on infected plants within cages, then transferring them to cages
with uninfected plants. In some instances the insects have been caused
to feed on cell-free extracts containing virus. An ingenious method
(59), suitable for the study of the leafhopper vector of curly top virus,
Circulifer tenellus, consists of introducing the leafhoppers into a small
cage consisting of a glass cylinder over one end of which a thin mem-
brane is stretched. Droplets of the virus-containing extracts are placed
on the outer side of the membrane. The insect feeds upon them by
inserting its stylets through the membrane, and can be induced to feed
for definite lengths of time by carefully regulating the illumination
and other conditions. Thus, the leafhoppers are fed various amounts
or concentrations of virus suspension, after which their ability to trans-
mit the virus is investigated by placing them on healthy plants. It is
also possible to inoculate viruses directly into the insect body (632).
Many viruses that in nature are transmitted only by insects can be
studied in cell-free extracts by injecting the extracts into insects, which
thereby become sources of infection.

A method of transmission widely applicable to plant viruses is the
graft method. Grafting of shoots or buds from an infected onto a
healthy plant causes the passage of virus from the scion into the healthy
plant, and is followed by the manifestations of systemic infection. The
great majority of plant viruses can be transmitted by this method. The
method has not been useful for viruses restricted to plants like corn
that are difficult or impossible to graft or for viruses that produce only
local lesions in most hosts, like tobacco necrosis virus. By grafting,
viruses can also be transmitted to new hosts, provided of course that
successful intergrafting is 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 penetrate the infected cells, and the virus
spreads to the dodder. Infected dodder stems, when later allowed
to parasitize healthy plants, will often transmit the virus (61; 363). By
this method it is possible to transmit several viruses from species to
species, even when these are not intergraftable (391).

Some theoretical problems arise with viruses-that have been trans-
mitted only by grafting. For example, a condition known as variega-
tion in Abutilon, an ornamental plant, was for a long time transmitted
by graft only (although transmission by an insect vector has now been
obtained; 505). According to our definition of virus, such a condition
could be considered a virus disease only because of the similarity of
its symptoms with those of other virus diseases. An interesting case is
that of the King Edward potato, which carries the paracrinkle virus
in a completely nonsymptomatic state (574). Grafting of the King
Edward potato onto potato plants of other varieties causes them to
show a typical disease, transmissible from plant to plant by graft. The
paracrinkle virus has recently been isolated and inoculated mechani-
cally; its properties resemble those of several other potato viruses (52).
Interesting questions have been raised, however, as to the origin of
such a virus. Does it arise de novo in the King Edward potato by a
change in some normal cell protein? Or does it enter this plant
variety and remain latent, reproducing for innumerable generations
without causing symptoms? Seed transmission of such a virus is not
necessary, because potatoes are propagated from tubers. These prob-
lems will be discussed in detail in chapter 18.

Animal viruses. The simplest method of inoculation, when feasible,
is the instillation of virus-containing material into cavities lined with
susceptible cells, for example, in the extraembryonal membranes of the
chick embryo or on cells growing in tissue cultures. Instillation in the
respiratory tract is often successful for viruses that proliferate on the
epithelium of the lung. It imitates the probable route of natural in-
fection with viruses that are supposedly transmitted by droplet infec-
tion, such as the viruses of common cold, influenza, and probably
measles and mumps. It may be possible to infect animals by feeding
such viruses as that of infantile paralysis, which are supposed to pro-
liferate in the intestine. The dropping of virus suspension on scarified
skin as a method of inoculation is commonly practiced with vaccinia
virus in vaccination against smallpox. A similar method is the inocu-
lation of viruses onto the scarified cornea of rabbits and other animals.
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Injection into the host’s tissues is the most general method of inocu-
lation; the virus may be injected either directly into the susceptible
tissue or into a region from which it will spread to susceptible cells.
Some viruses spread through the circulatory system, others along the
nerve fibers. Many viruses may reach susceptible tissues if introduced
intraperitoneally.

Transmission by arthropod vectors has been used experimentally,
particularly in the study of the role of insects in the natural transmis-
sion of a disease. The experiments of Walter Reed and his col-
laborators in proving that yellow fever is transmitted by a mosquito
have become classic in the history of virology (548). Insect trans-
mission is seldom the only possible inoculation procedure, however,
since animal virus diseases transmitted by insects can also be trans-
mitted by direct inoculation of infectious material (for example, a
patient’s blood) into a susceptible animal, without need for a cycle
including 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 obtained in a
suitable host. Sometimes enrichment procedures are necessary as an
intermediate stage between isolation of a virus and its diagnosis. This
is the purpose of most “first-isolation” techniques that have been pro-
posed. For example, in attempting the isolation of viruses from cases
of influenza or other respiratory diseases in man it has been common
practice to inoculate throat washings (individual or pooled) into chick
embryos or into the lungs of mice. After suitable intervals of time
the inoculated tissues are extracted and tested for presence of virus,
either by successive reinoculations or by attempts to detect the virus
through some of its properties. Another example is that of herpes
virus, which produces typical intracellular inclusions in the cells of
the rabbit cornea. Material taken from a patient must often be passed
through the rabbit testis before sufficient amounts of virus are obtained
for testing by corneal inoculation (185).

NEW HOSTS FOR VIRUSES

The importance of the correct choice of host in virus transmission
has already been mentioned. It is often the key to successful work
with a virus. Because of the laboratory conditions, it is seldom pos-
sible to cultivate a virus in the host from which it has been isolated.
This is obvious where human diseases are concerned and is also true
in many other cases. The search for new hosts or, as it has been often
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called, the adaptation of a virus to new hosts, is an important phase
of virology.

With plant viruses, success is often obtained by grafting, by the use
of parasitic dodder, or by choosing -the proper insect vector. The
results are often quite interesting, 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 identical. In the absence of
intergrafting, dodder was used to transmit them to common hosts.
On these hosts it was possible to show that the viruses differed in
regard to their insect vectors and their host range (391).

Transmission of animal viruses to a new host can often be accom-
plished by successive transfers, often blind transfers, in the sense that
the host does not show signs of the presence of the virus or that at the
beginning the virus does not grow in sufficient amounts to be detected.
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 in some of the cavities of the chick embryo by suc-
cessive transfers.

Caution is necessary, however, since in the course of its adaptation
to new hosts some of the properties of a virus may be changed. It is
now generally accepted that viruses undergo mutations and that the
ability to attack a new host may be present only in a few mutant
individuals out of a large virus population (see chapter 15). In the
new host only the mutants will proliferate, and they will establish a
new virus line adapted to the new host. In the course of mutation,
however, some of the properties of the original virus may be changed,
even including pathogenicity for the original host. The virus worker,
therefore, must be careful in drawing conclusions, for example, as to
the nature of the properties of a human virus from the study of its
egg-adapted (or mouse-adapted or ferret-adapted) strains.

LATENT VIRUSES

Another important caution in the artificial transmission of viruses to
new hosts is the possibility of encountering latent viruses, that is,
viruses which are carried without symptoms, but which may give rise
to pathological manifestations after successive transfers. In attempting
to isolate a virus by successive transmissions of materials through
several animals or plants, virus workers have often encountered a
different and completely new virus, bearing no relation to the original
disease. Some examples will illustrate this point.
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The parasitic dodder used to transmit certain plant viruses may
itself carry the latent dodder mosaic virus, which is pathogenic for
other plants (62). Virus III was discovered in rabbits (558) in the
course of attempts to isolate the chicken pox virus by successive trans-
fers of extracts from the cutaneous vesicles of human patients into
rabbit testis. A virus was present in the testes of many rabbits of
the colony studied, and upon unnatural transfer it revealed itself by
giving typical symptoms. The virus could also be isolated from a
similar series of transfers initiated without the original injection of
material from chicken pox patients.

If lung extracts prepared from mice of various colonies are serially
inoculated from animal to animal, after a number of transfers (from
3 to 5 or 6) the animals often respond with a typical and fatal pneu-
monia; a virus (pneumonia virus of mice) can be isolated (348; 486).

Another important example is the so-called Theiler’s virus (mouse
encephalitis; 646). This latent virus was detected in course of trans-
fers for attempted isolation of poliomyelitis virus, and, interestingly
enough, it causes in mice a syndrome very similar to poliomyelitis in
man or in anthropoid apes. Theiler’s virus and other related viruses
are widespread in mice.

The reason for the sudden acquisition of virulence by a latent virus
upon artificial transfers from one animal to another animal of the same
species, even within the same colony, is obscure. It is possible that
if the virus enters an animal very early in the animal’s life it can estab-
lish some sort of equilibrium by which it causes only mild symptoms.
If large amounts of virus are injected into an adult, the large virus
inoculum, together with the damage caused by the injection, may
establish conditions favorable for a sudden increase in 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 origin of viruses from normal cell components, which become
viruses upon being inoculated into other cells. The question of virus
origin will be discussed more fully in chapter 18. We may mention
here that virus latency is not a special situation but only an extreme
one. Any virus or, more generally, any obligate parasite that is very
destructive to some host must have established in nature a better modus
vivendi with some other host, in order to insure its own survival.
Partial latency, then, is almost a necessity for every virus in some host.
The virus of herpes simplex, for example (114), is present in a very
large number of individuals, in whom it reveals itself only occasionally



38 Detection and Identification of Viruses

by producing “fever blisters” or “cold sores” as a result of some dis-
turbances of the epidermal cells, mainly around the oral cavity. This
had been considered an instance of endogenous origin of a virus, until
it was realized that the virus enters most individuals of a human com-
munity in early childhood, causing a mild oral inflammation called
aphthous stomatitis (180). After the child recovers, the virus ap-
parently remains localized in the neighborhood of the initial point of
entry and in a state of equilibrium with the host cells, an equilibrium
which may be broken by external influences.

A beautifully analyzed case (651), which shows various possible
degrees of latency, is that of the lymphocytic choriomeningitis virus.
This virus causes a sporadic form of meningitis in man and also pro-
duces a meningitic syndrome in apes. The virus was found present
in a colony of laboratory mice. Upon successive transfer within the
mouse colony the infection became widespread and nonsymptomatic.
After a longer period of permanence in the colony the virus infected
practically every animal, at first by entry in very early age, later even
by intrauterine transmission. The virus passes through the placenta
and may even be propagated through the egg. In these mouse
colonies, then, it is difficult to distinguish the virus from a normal
cell component, although we know when the virus first entered the
colony. We also know that the virus is present in endemic form in
the grey mouse, from which it is occasionally transmitted to the labora-
tory mouse (31).
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3

Titration of Viruses

VIRUS TITER AND INFECTIOUS UNITS

"Just as the presence of a virus is detected through the manifestations
it produces in a sensitive host, so also the amount of virus activity is
determined from the quantitative relations between the amount of the
virus-containing material and the degree or frequency of production
of specific responses in a host. The purposes of measurements of virus
activity are manifold. The need for determining the amount of virus
arises not only in comparing different virus suspensions but also in
the course of isolation, concentration, and purification of viruses and
in the study of treatments that may affect virus activity. Moreover,
methods for measuring virus activity are necessary in any study of virus
reproduction.!

The determination of virus activity presents a number of peculiarities
that distinguish it from other types of activity measurements, such as
measurements of chemicals by titration. In chemical titration, what is
determined is the amount of a given reagent with which an unknown
amount of a chemical can react. In virus titration the conditions are
somewhat different, because the virus reproduces in the sensitive host.
Reproduction results in an amplification of the effects of very small
amounts of virus, so that often the manifestations produced by small
or large amounts of virus are indistinguishable. We have, therefore,
an “all-or-none” effect. A comparison can be made with the growth
of a bacterial culture, where under favorable circumstances the final
result—visible growth—depends only on the presence or absence of
viable bacteria in the inoculum, and not on their number.

In virus titration we determine the smallest amount of a virus sus-
pension capable of producing a suitable manifestation in a susceptible
host. This manifestation may be a generalized disease or a localized
lesion, according to the virus investigated and to the purpose of the

39
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titration. The smallest amount of virus capable of producing a re-
action is called an infectious unit, and the titer of the original virus
suspension is given in terms of the number of infectious units per unit
volume. For example, if the smallest amount of a suspension of in-
fluenza virus that causes pneumonia in mice upon nasal instillation is
0.1 ml of a dilution 1/10° of an infected lung emulsion,! we calculate
an approximate titer for the emulsion as 107 infectious units per ml:
1/(0.1 X 10—¢) = 107.

In general, titration procedures depend on methods by which inocu-
lations can be scored as giving a positive or a negative result, as, for
example, the presence or absence of lysis in a bacterial culture inocu-
lated with bacteriophage, the presence or absence of an inflamma-
tory reaction at the site of intradermal inoculation of vaccinia virus
in rabbit, the presence or absence of paralytic symptoms in a mouse
injected intracerebrally with encephalitis virus. It is sometimes pos-
sible to score the presence or absence of virus reproduction inde-
pendently of the observation of host reactions. In the titration of
influenza virus by inoculation in the allantoic fluid of the chick em-
bryo, some fluid from each egg is extracted several hours or days after
inoculation and is tested for presence or absence of specific 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 appearing on a given
surface as a result of the inoculation of a given amount of virus, as in
the count of plaques for bacteriophage, in the same way as bacterial
titers are estimated by colony counts.

! The reader should be familiar with the use of decimal notation in dealing with very
large or very small numbers. ' For example, 1,000,000,000 = 10°; 1/10,000 = 10~%;
7,080,000 = 7.03 % 10%; 1/250,000 = 10/2,500,000 = 4/1,000,000 = 4 X 10~5. The ex-
ponent of 10 in the above expressions is the logip of the power of 10 next below. The
number 4 X 107° could also be expressed as 1098 =8 = 105398 Tp, 4 series of dilutions
by a factor 2, the decimal logarithms of the concentrations will differ by a constant amount
log 2, that is, about 0.8 (for example, 14 =~ 107%%; 14 ~ 107%6 ...). In some cases, the
reader will encounter the natural logarithmic notation (e*; ¢, etc.). The symbol e,
the base of natural logarithms, equals 2.71828 ---; log. = = 2.3 logyg z; logip z = 0.48
loge . The reader should be thoroughly conversant with the elementary theorems on
powers, roots, and logarithms (for example, 10% X 10° = 10°t?; 107¢ = 1/(10%); 10%/® =

\b/ F; log, b = log: b X log, ¢).
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TITRATION PROCEDURES

Bacteriophage titration. The simplest example is that of bacterio-
phages. These are generally titrated by preparing several dilutions
and plating one or more measured samples of each dilution on nutrient
medium plates with an excess of sensitive bacteria. Phage and bac-
teria may be introduced in a surface layer of nutrient agar (269; 316).
After incubation, the continuous bacterial layer is interrupted by the
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Figure 8. The proportionality between plaque count and concentration of bac-
teriophage. From: Ellis and Delbriick (205).

clear areas of lysis produced by phage. The plaque counts are analo-
gous to colony counts for bacteria, and their values are directly pro-
portional to the amount of phage plated (figure 8). The titer is
calculated from the plaque count, the volume of phage plated, and
the dilution. If 0.1 ml of a dilution 10~% gives on the average 230
plaques, the titer will be 230/(0.1 X 10-%) = 2.3 X 108 units per ml.
In general, if y plaques are produced by a volume v (in milliliters) of
a dilution x, the titer n of infectious units per ml is n = y/vx.

The precision of each determination on an individual plate can be
estimated by remembering that the standard deviation, due to sampling
errors, is equal to the square root of the average number of plaques
per plate. The precision, as measured from the ratio \/n/n between
standard deviation and count, will be greater the higher the average
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number n of plaques per plate. A limitation is imposed, of course, by
the fact that the plaques, if too numerous, become confluent and diffi-
cult to count.

In estimating the precision of a virus titration involving dilutions it
must be remembered that, apart from sampling errors resulting from
random distribution of particles, we have technical errors in the volume
of the samples transferred in the dilution procedure. If, for example,
a titration involves 5 dilution steps, each with a probable error of
9%, the probable error of the whole dilution series will be (9 X V/5 )%.

Several technical points must be observed in carrying cut any virus
titration by the dilution methods. In the first place, a different pipette
should be used for each successive dilution. This requirement is more
strict for virus titrations than for chemical or serological procedures,
because virus activity may be conditioned by the presence of single
particles, and a pipette that has contained millions of virus particles
cannot easily be freed of all of them by repeated rinsings. This pre-
caution seems obvious, but has so often been neglected by beginners
and others that its neglect has been christened (186) with the special
name of Pipettenfehler (pipetting mistake). Other important pre-
cautions involve the choice of a dilution fluid in which virus activity
does not rapidly deteriorate, and the control of temperature and other
factors that may affect virus activity.

Animal viruses. "Methods analogous to the plaque count for phage
have been used, particularly the counting of discrete lesions or “pocks”
produced by several viruses on the chorioallantoic membrane of the
chick embryo. The maximum number of pocks countable on one
membrane is about 20-100 for different viruses. Because of the rather
complex manipulations involved and of the limited applicability of
this technique, its use has been restricted to a few laboratories (77).
Even more limited in application is the count of pustules produced on
scarified areas of rabbit skin (281) or cornea (320), which have been
used mainly to estimate the potency of vaccines.

A method recently introduced (196) consists of counting discrete
lesions or plaques produced on monolayers of specially prepared tissue
cultures. The “plaque count,” exactly analogous to that used with
phage, is directly proportional to the amount of inoculum. This tech-
nique should provide an ideal method of titration when it becomes
applicable to a large variety of viruses.

The most common titration procedure, however, is the inoculation of
equal samples of successive dilutions of a virus suspension into sus-
ceptible animals, followed by the determination of the dilution end
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point by scoring each inoculation as positive or negative according to
the typical host responses. Titers, in infectious units per milliliter, are
obtained from the concentration and the volume of the sample inocu-
lated, assuming the last positive dilution to contain 1 unit. The factor
between dilutions is usually 14, or 4; the smaller the denominator,
the more precise is the titer obtained. In titrations of this type, there
is often an “uncertain zone,” in which a given dilution may give a
negative result, whereas the next higher dilution gives a positive one.
Such an “uncertain zone” is generally interpreted as due to the fact
that an infectious unit consists of one discrete material particle.

The results of a titration by dilution end point can he made more
accurate by testing several samples of each dilution. For one or more
dilutions there will be some positive and some negative inoculations,
and it will be possible to estimate by interpolation the dilution that
would give 50% positive and 50% negative results. The titers can then
be expressed in multiples of the “50% infectious dose.” This method
can be applied to a variety of virus titrations (influenza virus in the
allantoic cavity of chick embryo, neurotropic viruses in the brain of
mice, etc.), whenever the response can be scored as positive or nega-
tive. The method is illustrated in table 3.

A refinement was introduced by Reed and Muench (546). The per
cent of positive responses is calculated not from the actual frequencies
for any one dilution but from the “accumulated sums,” as illustrated
in table 4. This corresponds to assuming that, if a given individual
test (for example, a given egg) was positive for a certain dilution, it
would have been positive if used to test any of the lower dilutions,
and vice versa for a negative test. This method of calculation is only
justified, however, if one assumes that the negative responses obtained
at dilutions at which other inoculations are positive reflect variations
in host sensitivity. We shall see that there is good reason to believe
that the negative responses depend partly on the chance absence of
discrete material particles (one particle constituting an infectious unit)
and do not necessarily reflect variations in host sensitivity. The theo-
retical justification of the “accumulation method” in virus work appears
doubtful, although in practice its use has many advantages.

2 Let us suppose that a dilution 10—* contains 50 infectious units per ml. A
0.1-ml sample will contain on the average 5 units and very likely will give a posi-
tive response