IV.

Morphology of Viruses

The chemical constituents described in the previous chapter are found
in particles of diverse size and shape in the various viruses isolable from
animals, bacteria, plants, and fungi. Despite the diversity of size and shape
of different viruses, the size and shape of any one virus tend to be much
more uniform than do the cells of a bacterium. This uniformity is reflected
in the fact that many viruses can be crystallized whereas bacteria cannot.
Some examples of virus crystals are shown in Figure 30. Note that a single
virus crystal contains millions of virus particles as is nicely illustrated in
the electron micrograph obtained by Steere and Williams (1953) of a par-
tially dissolved crystal of tobacco mosaic virus. Thus, although a simple
virus particle may consist of hundreds of molecules of protein and one or
more molecules of nucleic acid, large populations of these particles often
behave as though they were just molecules, crystallization of particles
being one manifestation of this characteristic (behavior of virus particles in
hydrodynamic tests such as electrophoresis or sedimentation is also molec-
ular in character).

Each virus has a characteristic size and shape. The range in size for
viruses as a group is from about 20 nm in diameter for minute virus of mice
to about 300 nm for a poxvirus (some elongated plant and bacterial viruses
exceed this upper limit in one dimension; for example, beet yellows virus
is about 10 x 1,250 nm).

Few distinctive shapes have been observed among viruses, and most
viruses fall into one or another of three general groups characterized by
(1) spheroidal particles (also called spherical or isometric particles);
(2) elongated particles; and (3) combination particles, such as a tailed bac-
teriophage that may have a spheroidal head and an elongated tail. The sizes
and shapes of viral particles in some distinctive groups of algal, animal,
bacterial, insect, and plant viruses are given in Tables 30 to 34.

Although some attempt was made in these tables to group viruses
according to recommendations of international committees concerned with
virus classification and nomenclature, the purpose of the tables is not to
deal with virus classification, but rather to illustrate the distribution of sizes
and shapes among distinguishable classes of viruses. In order to treat
viruses in groups, the dimensions assigned must necessarily encompass the
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(d) (e) (f

Fig. 30. Crystals of some viruses. a. Tomato bushy stunt virus; b. tobacco
mosaic virus; ¢. Southern bean mosaic virus; d. poliovirus; e. polyoma virus;
f- electron micrograph of a portion of a crystal of tobacco necrosis virus showing
orderly array of virus particles. (@ and b, courtesy W. M. Stanley; d, courtesy F. L.
Schaffer; e, courtesy W. T. Murakami; and f, courtesy R. W. G. Wyckoff.)

range found in the group and thus suffer in precision for individual viruses.
However, when precision in dimensions is required, it can be obtained
from the references accompanying each table. Another caveat about virus
dimensions is that some viruses are more plastic than others; enveloped
viruses are most apt to be pleomorphic and to exhibit a range of sizes and
shapes. Some of these points will be illustrated in electron micrographs of
different viruses where it will also be evident that viruses occur in many
sizes but in relatively few shapes.

Evidence concerning the size and shape of virus particles was obtained
by indirect methods for some years prior to the common availability of the
electron microscope. Some of these methods are still very useful. Thus,
estimates of size can be obtained by ultrafiltration, diffusion measurements,
gel chromatography, and light scattering, while indications of shape are
readily obtained by flow birefringence or viscosity measurements; density
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Table 30. Sizes and Shapes of Some Blue-Green Algal Viruses.?

Diameter
or
Dimensions
Virus (nm) Shape
Anacystis, Synechococcus® (AS) Head 90 Spheroidal head and
AS-1 Tail 23 x 244  elongated tail
Lyngbya, Plectonema, Phormidium Head 59 Spheroidal head and
(LPP) LPP-1, LPP-2 Tail 15 x 20 short tail
Nostoc (N) Head 55 Spheroidal head and
N-1 Tail 16 x 110  elongated tail
Synechococcus, Microcystis (SM) 88 Spheroidal with collar
SM-1 and possibly a very short

tail

3Compiled from Brown 1972.

"These viruses are named according to the algal genera the viruses infect; hence, the
names in the table are generic names of some susceptible blue-green algae. The algal viruses
contain linear, double-stranded DNA. (See also Padan and Shilo 1973.)

alone, or a composite indication of size, shape , and density can be deter-
mined by various centrifugation techniques. Applications of some of these
methods were described in the section on Purification of Viruses.!

The most versatile and direct method for determining the size and
structure of virus particles is by electron microscopy. Many techniques are
available that enhance the usefulness of the electron microscope beyond its
ability to resolve objects down to about the 1 nm level in contrast to the
approximately 200 nm resolving power of the light microscope. Some of
these techniques increase contrast between virus particles and the plastic
film of the microscope mount, some minimize the tendency of particles to
collapse when exposed to osmotic and surface tension forces, and others
limit the destructive effects of beams of electrons used to illuminate the
field under examination. For descriptions of these methods and their appli-
cations, see Kay (1961), Huxley and Klug (1971), Dalton and Haguenau
(1973), Williams and Fisher (1974); for reviews, see Horne (1967) and
Milne (1972).

The development of electron microscopy, coupled with chemical and
physical analyses, revealed various features of virus particles that might be
called ultrastructural details. Many such structural components have been
given names (Caspar et al. 1962; Lwoff and Tournier 1966); the commoner
terms and their synonyms will be briefly presented here.

1Detailed descriptions can be obtained in such works as Methods in Virology, Vol. 2, K.
Maramorosch and H. Koprowski, editors, New York: Academic Press (1967).
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164 C. A. Knight

The mature (structurally complete), potentially infectious virus particle
is called a virion. Virus, or virus particle, are synonyms, although in one
usage the term “virus” embraces all phases of the viral life cycle rather than
just the mature virus particle. Capsid is a term given to the protein built
around and closely associated with the viral nucleic acid, the combination
of the two being called nucleocapsid, nucleoprotein (NP), or core. Syno-
nyms for capsid are protein coat and protein shell. Structure units are the
identical protein molecules that make up the capsid; they are also known as
protein subunits. Capsomers are the capsid substructures distinguishable
in the electron microscope. They may be individual protein subunits or
more often represent small clusters (for example, two, five, or six) of sub-
units; capsomers are also called morphologic units. Viruses that mature at
cell membranes may acquire a structure consisting of lipid, protein, and
carbohydrate that surrounds and encloses the nucleocapsid, and hence is
called envelope (peplos has also been suggested for this structure but has
not been widely adopted). Projections from the surface of a virus particle,
especially from the surface of enveloped viruses, are called spikes and
occasionally peplomers. A schematic diagram of three types of virus parti-
cles showing some of these structural features is given in Figure 31.

A basic feature of virus morphology is that a virus particle is in many
instances composed of numerous identical protein subunits and one or a
few molecules of nucleic acid. Also, the shape of a virus particle is usually
determined by the virus protein since this comprises most of the mass of
the particle, and the configuration and interactions of protein subunits are
essentially fixed by the amino acid sequences they possess. A combination
of the data issuing from chemical, x-ray, and electron microscopic analyses
with principles of symmetry from solid geometry and model building has
led to the conclusion that there are two basic designs generally used in
nature in the fabrication of virus particles from protein subunits: helical
tubes and icosahedral shells (see Horne and Wildy 1961; Caspar and Klug
1962).

In a particle showing helical symmetry, the protein subunits are ar-
ranged in a regular helical array perpendicular to the long axis of a particle.
This arrangement may result in a tubular structure such as in the tobacco
mosaic virus particle (see model, Figure 18 and 7) or a flexuous strand as in
the shell of elongated plant and bacterial viruses (for example, potato virus
X and coliphage fd, Figure 35) or in the elongated but folded nucleoprotein
components of animal viruses such as influenza, vesicular stomatitis, and
Sendai viruses (Figure 34A). (Note that the helical nucleoprotein of
influenza virus is enclosed in a spheroidal envelope which, though made of
repeating units, cannot be readily classified in terms of symmetry.)

Icosahedral symmetry (a form of cubic symmetry) exhibited by many
spheroidal virus particles requires that there be specific axes of symmetry
(five-, three-, and twofold) about which the particles can be rotated to give a
series of identical appearances.
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Fig. 31. Schematic diagram of three types of virions. a. Enveloped virion with
helical nucleocapsid. b. Spheroidal virion. ¢. Elongated virion.

It would be an oversimplification to state that the structures of virus
particles exhibit either helical symmetry or icosahedral symmetry, for some
virus particles have very complex structures. Nevertheless, it is remarkable
that the particle structures of many viruses can be interpreted in terms of
helical and icosahedral symmetries. Some viruses exhibit both, as for ex-
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ample, a tailed bacteriophage whose head may show icosahedral symmetry
and the tail, helical symmetry. In terms of icosahedral symmetry it can be
predicted that spheroidal viruses will have specific numbers of mor-
phologic units. Some examples of the classes according to number of
morphologic units, and some viruses possibly illustrating the classes, are
given in Table 35. The numbers of protein subunits are also given in the
table as a reminder that the units visualized in the electron microscope
(morphologic units) usually consist of more than one protein subunit. In the
Caspar and Klug concept of icosahedral viruses, the protein subunits may
be thought to occur in groups of five (pentamers) and six (hexamers), as the

Table 35. Possible Numbers of Morphologic Units and Subunits
in Virus Particles Having Icosahedral Symmetry.2?

No. of Grouping of
Morphologic No. of Subunits in Forming
Units Subunits Morphologic Units® Virus Example
12 60 12 pentamers Coliphage @X174
32 180 12 pentamers Broad bean mottle,

20 hexamers cowpea chlorotic
mottle, cucumber
mosaic, turnip yellow
mosaic

42 240 12 pentamers Arabis mosaic, tobacco

30 hexamers ringspot

72 420 12 pentamers Human wart, polyoma,
60 hexamers simian virus 40, Shope
papilloma
90 180 90 dimers Tomato bushy stunt,
turnip crinkle
92 540 12 pentamers Reovirus, wound tumor
80 hexamers
162 960 12 pentamers Herpes simplex,
150 hexamers varicella
252 1,500 12 pentamers Adenovirus, infectious
240 hexamers canine hepatitis

aFrom Knight 1974.

"There are classes of icosahedral particles other than those listed here, but they were
omitted for lack of virus examples to illustrate them. See Caspar and Klug (1972) for a detailed
discussion.

¢These groupings of subunits are conceptual and may or may not coincide with the actual
situation. For example, coliphage @X174 seems to have four different protein components
rather than 60 copies of one, and the precise numbers and morphologic arrangement of the
four proteins remain to be worked out. Similarly, adenovirus has several different protein
components, of which the major coat constituent, the hexon, probably consists of three
polypeptides, which, moreover, are not identical.
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examples in Table 35 indicate. The number of subunits per particle is 60
or some multiple of 60.

Finally, it should be noted that while the concepts of symmetry can be
very important in studies of virus fine structure, molecular structures, as
Caspar and Klug indicated, are not built to conform to exact mathematical
concepts, but rather to satisfy the condition that the system be in a min-
imum energy configuration. Moreover, with modern techniques of electron
microscopy, one can obtain considerable information about virus structures
without any knowledge of symmetry in the mathematical sense.

In electron microscopy of viruses, contrast between particle and mount
was greatly enhanced by introduction of a shadowing technique (Williams
and Wyckoff 1945) in which the particles are coated obliquely with metal
vapors in vacuo. This technique is tremendously useful in enhancing the
contrast between virus particles and the medium on which the particles are
supported, but the metal coating often obscures surface details. An excep-
tion is the Shope papilloma virus, shadowed particles of which were ob-
served to show regular arrays of knobs (Figure 32) (Williams 1953b). This
appears to represent the first direct observation of morphologic units, each
of which is now thought to be composed of five or six protein subunits (see

Table 35).

Fig. 32. Micrograph of a cluster of air-dried, uranium-shadowed particles of
Shope papilloma virus showing regularly arranged surface knobs. (From Williams
1953b.)
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A major advance in visualizing morphologic units as well as other
structural features of virus particles occurred with Huxley’s (1957) dem-
onstration of the central hole in the TMV particle with a “negative stain-
ing” technique. This method, elaborated by Brenner and Horne (1959),
was subsequently used extensively by Horne and associates (see Horne
1962) and is now universally employed. It may be briefly described as
follows:

A 2 percent solution of phosphotungstic acid (PTA) is brought to neu-
trality or slightly above by the addition of N KOH. Equal volumes of virus
(usually about 10-100 pwg/ml in water or ammonium acetate) and PTA are
mixed and transferred to a carbonized electron microscope grid from which
much of the applied drop is removed with a small strip of filter paper. The
grid is allowed to dry and then is examined in the electron microscope.
Another method for applying the virus-phosphotungstate mixture is by
spraying from an atomizer, giving a very fine mist. The advantage of this
technique is that one can getisolated fields (spray droplets), the particles of
which are more or less representative of the whole population and are
contained within a single field. There are other variations of the technique,
including washing of the mounts after application of the virus or virus-
phosphotungstate mixture in order to remove excessive salts or small
molecules, the virus generally adhering more firmly to the mount than the
smaller molecules. Also, uranyl acetate or uranyl formate is sometimes
substituted for phosphotungstate, especially if there is any evidence that
the virus is unstable in phosphotungstate as is, for example, alfalfa mosaic
virus (Gibbs et al. 1963).

With negative staining, the PTA, under the usual conditions, does not
adhere specifically to the virus particles as it would in positive staining
(which can be done under appropriate conditions). Rather, as the mount
dries, the PTA drains down the virus particles and deposits on the particles
and on the supporting mount in such a way as to reflect the topography and
internal hollow regions of the particles. The micrographs presented here to
illustrate the structure of different viruses were made by the negative
staining technique.

A. Nonenveloped Spheroidal Viruses

Some spheroidal plant, bacterial, and animal viruses of various sizes are
illustrated in Figure 33. Morphologic units are discernible in most of the
particles, in some more clearly than in others. The supposed numbers of
such units are indicated in Table 35. The viruses illustrated in Figure 33, as
is also the case with those shown in Figures 34 to 37, are representative of
dozens of other viruses (see Tables 30 to 34 for a partial listing).

Comparison of the particles shown for coliphages X174 and Qg illus-
trates an interesting difference between these viruses. Both have spheroi-
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Fig. 33. Some nonenveloped spheroidal viruses. a. brome mosaic virus;
b. turnip yellow mosaic virus; c¢. poliovirus; d. QB coliphage; e. @X174 coliphage;
f. cauliflower mosaic virus; g. Shope rabbit papilloma virus; h. adenovirus-5; i.
wound tumor virus of sweet clover; j. cytoplasmic polyhedrosis virus of the silk-
worm, k. reovirus; [. Tipula iridescent virus. The virions in the top row are about 30
nm in diameter except for that of cauliflower mosaic, which is about 50 nm; the
virions shown on the bottom row range about 50-130 nm in diameter. All mounts
were prepared by the negative staining technique (see text). Note the morphologic
units exhibited by some virions and especially the apical knobs on the @X174
particles. (Courtesy R. C. Williams and H. W. Fisher.)

dal particles, but apical knobs are discerible on the @X174 particles and
not in those of QB. One or more of the knobs on the @X174 particles may
serve in the specific attachment of this and similar viruses to bacterial
cells susceptible to infection by these phages.

Adenoviruses are among the larger viruses (about 80 nm in diameter)
and consequently the faces of its icosahedral particles are more clearly
evident than in smaller viruses of this shape. The particles have been
studied extensively, and it is known that there are 252 morphologic units in
the coat protein; these fall into two structural groups termed hexons and
pentons. There are 240 hexons (each hexon consists of six protein subunits
in a regular cluster) comprising most of the protein coat (capsid) of the
virion. The hexons are polygonal discs about 7-8 nm in diameter with a
central hole about 2.5 nm across (See Figure 33A) and each hexon is
bounded by six other morphologic units. The 12 pentons are situated at the
12 vertices of the icosahedron and each is bounded by five morphologic
units. The pentons serve as base structures to which fibers, called penton
fibers, are attached. Each penton fiber is about 2 x 20 nm and terminates in
a spherical knob about 4 nm in diameter. These structures are often invisi-
ble in the electron dense PTA medium employed in negative staining, but
in areas where the PTA matrix is less dense they can be discerned as shown
with one particle in Figure 33A. The penton fibers are important in the
serologic and hemagglutinating activities of adenoviruses and may also
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Fig. 33A. An adenovirus virion showing some hexon
and penton units (Courtesy R. C. Williams and H. W.
Fisher.)

serve as attachment organs in initiating the process of infection (Horne
1973).

It is not uncommon to find particles in preparations of various viruses
that, although otherwise closely resembling intact particles in size and
shape, are lacking in nucleic acid. Such empty particles exhibit dark cen-
ters on electron micrographs, presumably reflecting the ability of PTA to
flow readily through empty viral shells and puddle beneath the particles in
larger amounts than under complete particles. This is illustrated in the
micrograph of Shope papilloma virus in Figure 33. It should be noted in
this connection that phosphotungstate may cause a proportion of initially
full particles to leak out their nucleic acid (Milne 1972), since a much
smaller percentage of empty particles is observed with sensitive viruses
when uranyl acetate is employed as the negative stain.

The particles of diplorna viruses such as reovirus are distinctive in
containing segmented, double-stranded RNA, as well as for having two
protein shells, an outer and an inner one. The morphologic units of both
shells are arranged according to icosahedral symmetry. The outer shell
appears as a ring in the micrograph of reovirus shown in Figure 33. The
outer shell can be digested away with chymotrypsin to leave the inner
nucleocapsid, or “core.” However, it is not yet clear whether other diplor-
naviruses have double capsids. The particles of wound tumor virus of
sweet clover (WTV) (Figure 33) and of silkworm cytoplasmic polyhedrosis
virus (CPV) approximate the size of reovirus cores rather than whole parti-
cles and are also similar to cores in possessing RNA transcriptase activity
(Lewandowski and Traynor 1972). Of course it is possible that the outer
capsids of WTV and of CPV are more readily lost in isolating these viruses
than is that of reovirus. This is especially a possibility with CPV, which is
usually extracted from polyhedral bodies at rather high pH.

The particles of the iridescent insect viruses (the term “iridescent”
comes from the fact that diseased tissues as well as gelatinous pellets of



Morphology of Viruses 171

purified virus obtained by centrifugation are iridescent when examined by
reflected white light) are the largest presently known nonenveloped vi-
ruses; they have a diameter of about 150 nm and are clearly icosahedrons
(Williams and Smith 1958). Negatively stained particles, such as those of
Tipula iridescent virus shown in Figure 33, exhibit a hexagonal outline on
micrographs and the protein coat appears as a membranous one- or two-
layer structure.

A general point can be made here conceming the relationship between
protein and nucleic acid in viruses. There is no evidence for covalent
linkage of these substances in any type of virus; nevertheless, the second-
ary attractions between protein and nucleic acid tend to result in specific
configurations. With respect to spheroidal viruses, the nucleic acid is not
just randomly packed in a protein shell. For example, x-ray analyses made
on turnip yellow mosaic virus (Klug et al. 1966) indicate a regular interlac-
ing of the nucleic acid with the protein subunits far enough below the
surface of the particle to protect the nucleic acid from outside degradative
agents. The crude sketch of Figure 31 is intended to suggest this relation-
ship as opposed to the simple bag-of-nucleic-acid concept. A similar struc-
ture has been deduced for broad bean mottle virus (Finch and Klug 1967).
However, specific details of protein-nucleic acid association for spheroidal
viruses, as well as for most viruses, are yet to be elucidated.

B. Large, Enveloped Spheroidal and
Elongated Viruses

Numerous, large (70 nm in diameter or greater) animal and plant viruses
share the feature of maturing at cell membranes (nuclear, vesicular, cyto-
plasmic) through which they bud, acquiring an envelope structure in the
process. The envelope is composed of both host and viral components, the
protein tending to be virus specific, while the lipid and perhaps carbohy-
drate may be characteristic of the host membrane. Quite often, discernible
protuberances called spikes (see Figure 31) are apparent in negatively
stained preparations of virions. In cases where they have been most
thoroughly studied (ortho- and paramyxoviruses), the spikes are rod-shaped
structures about 4-5 X 8-14 nm and appear to be glycoproteins (Compans
and Choppin 1973).

Two viruses whose morphologies exemplify numerous spheroidal en-
veloped viruses are illustrated in Figure 34. They are influenza (a myx-
ovirus) and Rous sarcoma virus (an oncornavirus); some other viruses be-
longing in these groups are listed in Table 31. Such enveloped viruses tend
to be plastic and thus exhibit pleomorphism, which is illustrated in Figure
34 with the influenza virions shown there. While a myxovirus tends to be
spheroidal in shape, its nucleoprotein constituent is usually an elongated
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Fig. 34. Three large enveloped viruses and a poxvirus. ¢. influenza virus;
b. Rous sarcoma virus. ¢. sowthistle yellow vein virus; d. vaccinia virus (a poxvirus).
Note the pleomorphism and peripheral spikes of the influenza virions. The vaccinia
virus particle has been partly stripped with detergent in order to reveal core and
lateral bodies. (@ and b, courtesy R. C. Williams and H. W. Fisher; ¢, courtesy D.
Peters and d, courtesy K. B. Easterbrook.)

structure with helical symmetry that exists in a folded or coiled state within
the envelope. A segment of nucleoprotein (nucleocapsid) released from the
paramyxovirus, Sendai virus, is illustrated in Figure 34A. This same sort of
structure has also been associated with the nucleocapsids of rhabdoviruses.

In both ortho- and paramyxoviruses the nucleocapsid is composed of a
single polypeptide species associated with single-stranded RNA in an
elongated helical structure similar to that for Sendai nucleocapsid in Fig-
ure 34A. However, a basic difference is that the nucleocapsid of paramyx-
oviruses appears to exist in a single helical structure, whereas that of the
orthomyxoviruses may occur in or readily dissociate into several segments
(Compans and Choppin 1973). There are hints that such a segmented
nucleocapsid may also occur in oncornaviruses (Tooze 1973).

Among the enveloped viruses, herpesviruses are unique in having an
icosahedral rather than a helical nucleocapsid. This group of large spheroi-
dal, enveloped viruses has many members, including some with oncogenic
properties (see Table 31) (Roizman and Spear 1971).

Another type of large enveloped virus is represented by the group
called rhabdoviruses, which has representatives among both animal and
plant viruses. Vesicular stomatitis virus, which has bullet-shaped particles
(rod with one end rounded and the other planar), is representative of
numerous other animal viruses (Table 31) (Hummeler 1971). Such bullet-
shaped particles have been observed also with plant viruses, butabacilliform
shape (rod with both ends rounded) seems more characteristic of unde-
graded particles of these viruses as illustrated by the virion of sowthistle
yellow vein virus shown in Figure 34 (see also Knudson 1973). Some other
bacilliform viruses in the plant series are listed in Table 34 under potato
yellow dwarf, the morphological prototype of this group.



Morphology of Viruses 173

Fig. 34A. A segment of the helical nu-
cleocapsid of Sendai virus. Compare with Fig.
35¢ and 35d. (Courtesy R. C. Williams and H.
W. Fisher.)

C. Brick-Shaped Viruses

Poxviruses are the largest and most complex of the animal viruses; their
virions are usually described as brick- or loaf-shaped. Whether isolated
from insects, birds, or mammals (see Tables 31 and 33) (Dales 1973), a basic
structural pattern is observed in the virions; they have a highly convoluted,
tubular, lipoprotein outer membrane, an internal protein-nucleoprotein
core (sometimes called nucleoid), and proteinaceous lateral bodies. These
latter features are illustrated by the micrograph of vaccinia virus in Figure
34. In addition to the double-stranded DNA and associated protein, the
cores of vaccinia virus enclose four enzymes: a RNA polymerase (tran-
scriptase), a nucleotide phosphohydrolase, and two deoxyribonucleases
(DNases)—one an exonuclease and the other an endonuclease. While the
function of the lateral bodies is not definitely known, they may serve as
inhibitors of the viral DNases since both DNases show elevated activities if
the lateral bodies are removed from cores by treatment with a proteolytic
enzyme (Dales 1973). Thus the lateral bodies could restrain the activity of
the DNases in the vaccinia virions but upon removal during the course of
infection might release them to attack host cell DNA.

D. Elongated Viruses

The two basic elongated structures of virions observed thus far are
tubular and filamentous particles. They have been noted for several bacterial
and plant viruses (Table 32 and 34). Two examples of each type of structure
are shown in Figure 35.
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Tobacco mosaic virus is the best known and most thoroughly studied
rod-shaped virus. The structure of TMV virions was rather well understood
by the time negative staining was developed, so this technique only served
to confirm the morphology already established by chemical and x-ray
studies. Since the approach used for TMV is a classical one for deducing
structure of rodlike particles, it will be briefly sketched here.

There was evidence that TMV protein was a single species that oc-
curred in about 2,000 identical subunits (molecular weight about 18,000)
per virion of 40 x 108 daltons (Harris and Knight 1955). It was further
known that the RNA of TMV was a single-stranded molecule with a
molecular weight of about 2 x 10 and about 3,300 nm long, which ran the
length of the TMV rod (Hart 1958; Gierer 1957). Important information
missing at this time were the arrangement of the protein subunits and the
spatial relationship that protein and nucleic acid took with respect to one
another. This was supplied by study of the low-angle x-ray scattering
patterns yielded by concentrated gels of purified TMV (Watson 1954,
Franklin et al. 1957, 1959; Caspar 1956). The x-ray data indicated that the
protein subunits of the virus are arranged in a helical array about the long
axis of the virus rod; that there is a central hole about 4 nm in diameter so
that the rod is actually a tube; that there are regions of high and low density
in the particle at specific radii; and, by comparison of radial density dis-
tributions of complete and nucleic acid-free particles, that the nucleic acid
is not in the center of the tube but is intermeshed with the protein subunits
at a radius of about 4 nm. Some of these points are evident from the radial
density distribution diagrams shown in Figure 36. As indicated in the
figure, density distribution curves similar to that of TMV were also ob-
tained with three strains of this virus and for cucumber virus 4; it will be
noted that the curves all show maxima at the same radii and differ mainly in

(a) (b} (d)

Fig. 35. Some elongated viruses. a. coliphage fd; b. potato virus X; c. tobacco
mosaic virus; d. tobacco rattle virus. The particles of phage fd and of potato virus X
are too long to be shown in their entirety at the magnification used here. (Courtesy
R. C. Williams and H. W. Fisher.)
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Fig. 36. The cylindrically averaged, radial, electron density distributions of
tobacco mosaic virus, some of its strains, cucumber virus 4 (CV4) and TMV protein.
The curves show the difference between the electron density of the particles and
that of water plotted as a function of radial distance from the particle axis. TMV U1
is common TMYV (also called vulgare and wild type) and U2 is a mild strain of TMV
(Siegel and Wildman 1954). The strains represented in (d) and (e) originated in
Nigerian cowpea (Bawden 1958). (From Klug and Caspar 1960; see also Caspar
1956; Franklin et al. 1957.)
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quantitative respects, which probably represent slight differences in pack-
ing of material.

Putting all the evidence together, a model of the TMV particle can be
constructed illustrating the helical arrangement of protein subunits in the
TMYV shell and the manner in which the RNA strand intermeshes with the
protein subunits and assumes the helical configuration of the subunits
(Figures 7 and 18).

In Figure 35 the central hole is evident in the virions of TMV and of
tobacco rattle virus. Cross striations also delineate the helical array of
subunits in all of the elongated virions. It will be noted that the filamentous
viruses exhibit flexuous shapes rather than the straight form shown by the
elongated viruses with greater cross-sectional diameters.

As with other viruses, including the isometric ones, the protein subunits
of elongated viruses are associated with the nucleic acid by noncovalent
bonds. However, in some cases the stability of this structure is very great;
for example TMV has been reported to retain infectivity in extracts at room
temperature for 50 years (Silber and Burk 1965).

E. Tailed Viruses

Some bacterial viruses are characterized by spheroidal particles, some
by filamentous particles, and many are combinations in which head and tail
structures are evident. In the latter case, head capsid may exhibit icosahe-
dral symmetry and the tail helical symmetry. Among the tailless phages
there is at least one known, Pseudomonas PM2, which has a lipoprotein
envelope (Espejo and Canelo 1968; Silbert et al. 1969) that appears to fit
closely around an icosahedral capsid. This phage is unusual also in being
the only tailless phage possessing double-stranded DNA (which happens
to be circular).

The head sizes of different tailed phages vary considerably and the
shape ranges from almost spherical to oblong. The head houses the nucleic
acid (apparently always double-stranded DNA), while the tail serves as an
attachment organ in the initial step of infection and a tube through which
the DNA travels in a subsequent step (penetration). Some tails are short,
some long, some straight, and some curved; they vary tremendously in
complexity, especially with regard to possession or not of accessory struc-
tures such as collars, base plates, spikes, tail fibers, and so on. Many of
these features are illustrated in Figure 37 and characterize numerous
phages, some of which are listed in Table 32.

Tailed viruses have also been observed as infectious agents of blue-
green algae (Table 30); two of these are illustrated in Figure 37. The N-1
algal virus (Adolph and Haselkorn 1971), as can be seen in the figure,
resembles long-tailed bacteriophages, especially those with contractile
sheathed tails. The SM-1 algal virus (MacKenzie and Haselkorn 1972)
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(a) (b} (c)

{f)

(9

(h) ] (k)

Fig. 37. Some tailed bacteriophages and algal phages. a. coliphage lambda;
b. coliphage T4; c. coliphage P2; d. N-1 algal virus (from Nostoc muscorum);
e. staphylococcus phage 77; f. SM-1 algal virus; g. pseudomonas phage Pc; h.
typhoid phage Vi 1; i. staphylococcus phage 6;j. a brucella phage; k. coliphage T7.
Mounts were all prepared for electron microscopy by the negative staining tech-

nique. (a, b, ¢, and k, courtesy R. C. Williams and H. W. Fisher; d and f, courtesy R.
Haselkorn; and the rest, courtesy D. E. Bradley and D. Kay.)
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resembles the short-tailed phages; it has an icosahedral head capsid from
which there protrudes a collar and a short appendage that could be a tail.

F. Encapsulated Viruses

There are two morphologically different classes of insect viruses that
may be called occluded or nonoccluded, depending on whether they typi-
cally appear in their mature form in special inclusion bodies or not (Table
33). The nonoccluded virus of Tipula paludosa (the crane fly or daddy
longlegs), called Tipula iridescent virus, is illustrated in a micrograph in
Figure 33. However, most insect viruses appear to occur in their mature
form in characteristic inclusion bodies. These inclusion bodies are gener-
ally crystalline protein packages that contain one or more virus particles.
Some of these packages are called polyhedral bodies, and are found charac-
teristically in either nuclei or cytoplasm of infected cells; the diseases
associated with them are correspondingly termed nuclear polyhedroses
and cytoplasmic polyhedroses. The occluded virions of nuclear polyhe-
droses are generally rod-shaped, while those of the cytoplasmic polyhe-
droses are spheroidal and have icosahedral capsids. Hundreds of virus
particles are occluded in the crystalline protein matrix of each polyhedral
body whether nuclear or cytoplasmic; they can be released by treatment
with dilute alkali. For example, the cytoplasmic polyhedrosis virus of the
silkworm is released from polyhedra by holding the polyhedral bodies at
25°in 0.1 M NaCl and 0.05 M Na2COs at pH 10.6 for 1 hr (Lewandowski et
al. 1969).

In the insect diseases called granuloses, the inclusion bodies are called
granules or, more frequently, capsules. Some distinctions between cap-
sules and polyhedral bodies are

1. Shape of the inclusion bodies: polyhedral bodies occur in a variety
of shapes depending on the polyhedrosis involved and have been
described as dodecahedral, tetrahedral, rectangular, hexagonal, and
crescent-shaped; capsules are usually described as ovoid or egg-
shaped in outline although some cubic capsules have been re-
ported.

2. Size: the polyhedral bodies vary in size both in the same and in
different polyhedroses but in general they are much larger than
capsules and range from 500 to 15,000 nm in diameter, whereas the
range of sizes of capsules is more of the order 119 to 350 nm wide
and 300-511 nm long.

3. Number of virus particles occluded: hundreds or thousands of vi-
rions may be found in polyhedral bodies but on the average only
one virion occurs in a capsule.
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Thin sections can be made of polyhedral viruses and capsules which
upon electron microscopy reveal the dispersion of virus particles (Figure
38). Two concentric membranes can be observed surrounding each virus
particle in nuclear polyhedral bodies and capsules but not in cytoplasmic
polyhedral bodies. The membranes, when present, are termed inner or
intimate membrane (next to the virion) and outer membrane. Their precise
functional relationship to the virions is not yet clear. A cross section of a
nuclear polyhedral body showing the occluded cabbage looper virus parti-
cles and a similar section of a capsule showing a meal moth virus are shown
in Figure 38.

As indicated in Table 33 there are at least two other types of occluded
insect viruses. One of them occurs in inclusion bodies called spherules and
the occluded virus appears to be a poxvirus (Bergoin and Dales 1971); the
other is a beetle virus found in peculiar spindle-shaped or ovoid inclusions
(Vago and Bergoin 1968).
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Fig. 38. Two types of occluded insect viruses. a. Thin section of a polyhedral
body from the nuclear polyhedrosis of the cabbage looper (Trichoplusia ni). Bits of
the randomly oriented viral rods are apparent in the section with a complete rod
discernible in the center of the section. b. Thin section from a capsule of the
granulosis of the meal moth (Plodia interpunctella) showing the single virus parti-
cle embedded in a crystalline capsule. (a, courtesy M. D. Summers; b, courtesy H. J.
Arnott and K. M. Smith.)



