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ABSTRACT

Gavrasso, G. J. (University of North Carolina
School of Medicine, Chapel Hill), ano D. G.
SHARP. Relative plaque-forming, cell-infecting,
and interfering qualities of vaccinia virus. J.
Bacteriol. 88:433-439. 1964.—The growth of vac-
cinia virus in slant cultures of L cells inoculated
with different multiplicities of counted particles
suggests a higher incidence of cell infection than
can be accounted for by the number of plaque-
forming units. From cultures containing antiserum
or heated virus to limit the passage of progeny to
uninfected cells, the data clearly indicate the
ability of all the particles to infect cells even
though the plaque titer is only one-tenth of this
number. Analogous experiments show that an
average of two heat-inactivated (56 C, 45 min)
particles induce interference in L cells. There
is nothing yet to show whether the few plaque-
forming particles are different from the majority
or whether they are just statistically fortunate in
the complex process of plaque formation.

———— e

There is abundant evidence, from experiments
in which animal virus particles have been counted
by electron microscopy and titrated by the plaque
method of Dulbecco and Vogt (1954), that the
number of particles is substantially greater than
the number of plaques (Isaacs, 1957; Sharp, 1963,
Lab. Invest. in press). Among the many viruses
tested in this manner, vaccinia is no exception,
although it is one of those showing the highest
ratios of plaques to particles, about 1:10 for
well-adapted virus in L cells (Galasso and Sharp,
1963a). Some investigators regard this ratio as
evidence that there is only one plaque-forming
particle (PFP) in ten. Others think it denotes
no such sharp difference among the particles
but rather the probability that any one particle
will make a plaque.

Through the use of sedimentation inoculation
of cells, measurement of adsorption by particle
counting, and determination of the degree of

particle aggregation by electron microscopy, it is
now possible to make more accurate estimates of
the average number of virus particles which at-
tach to the cells. Growth curves of virus produced
in cultures of cells inoculated at multiplicites de-
termined in this manner can be interpreted in
terms of the multiplicity of infection of the cells.
It is proposed that they can be used to determine
the critical input multiplicity which is just suffi-
cient to infect all the cells. Essentially the same
techniques can be used to determine the minimal
number of heated virus particles necessary to
cause homologous interference. The following is
an account of experiments which support this
proposition and provide evidence that essentially
all the vaccinia virus particles infect L cells and
about one-half, when properly “inactivated” by
heating, retain interfering power.

MATERIALS AND METHODS

Vaccinia virus. The vaccinia virus used in this
work was the WR (mouse neurotropic) strain,
obtained from the American Type Culture Collec-
tion and adapted to growth in Earle’s L cells. It
regularly yielded over 7,000 virus particles per
cell in stationary cultures of 10° cells inoculated
with 10° to 107 virus particles. The quality of this
virus, when incubated to maturity in the cells,
has been about 100 plaques per 1,000 particles, on
monolayers of L cells (Galasso and Sharp, 1963a).

L cells. L cells were obtained from Wilton Earle.
The media and techniques employed for growth
experiments as well as for plaque titrations were
described previously (Galasso and Sharp, 1962).

Counting of virus particles. Counting of virus
particles and measurements of the degree of ag-
gregation in preparations used for inoculation
were done by electron microscopy as described by
Galasso and Sharp (1962). All preparations were
treated with 9-kc sonic waves prior to these ex-
periments.

Antiserum. The antiserum used in experiment
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D was prepared in rabbits. It is the same serum
that was used in the work of Smith, Galasso, and
Sharp (1961).

Inoculation of cells. Inoculation of cells used in
all experiments involving virus growth curves was
done by the sedimentation method of Sharp and
Smith (1960) with the use of known numbers of
cells and virus particles and sedimentation times
of not more than 7 min.

Unadsorbed virus. After sedimentation inocula-
tion, the cells were immediately resuspended in
the same fluid and sedimented again at low speed
(200 X g). Particles found and counted in this
supernatant fluid are what we have called unad-
sorbed virus.

Multiplicity. Multiplicity is discussed at
length, and the following abbreviations are used.
M, is the ratio of virus particles to cells when the
inoculum is a preparation of fresh (fully active)
virus. M; denotes the same for heat-inactivated
(56 C for 45 min) virus.

These symbols refer to numbers of virus parti-
cles and cells brought together in inoculation.
They are the input multiplicities.

REesurts

Adsorption of virus to L cells by the sedimenta-
tion process has been high and quite uniform.
Data from seven different experiments (Table 1)
indicate the degree of variation experienced as

TABLE 1. Adsorption of vaccinia virus to L cells in
sedimentation tnoculation experiments with
different tnput multiplicities*

Multiplicit; Pg,rti%leg
Expt no. (parti‘élelsppl:ll' zell) (gzésggn: b)y
iierence
1 8 77
2 17 76
3 20 98
4 83 74
5 85 68
6 100 92
7 100 88
Avg 81.9

* Values were obtained by counting the parti-
cles in the supernatant fluid after suspending and
resedimenting the cells. Plaque titrations have
shown no difference in the quality of unadsorbed
virus and inoculum; no selective action has been
detected. sp, ¢ = 10.9.
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TABLE 2. Degree of aggregation observed in 11 differ-
ent sonically treated suspemsions of vaccinia
virus particles just prior to inoculation

of cells
Prepn N&":tfi c\{irsus No. of AU* Per\%e nt
1 101 96 95
2 165 137 83
3 128 118 92
4 74 68 92
5 140 112 80
6 164 116 71
7 114 97 85
8 59 56 95
9 198 137 69
10 180 125 75
11 169 153 91
Avg 84

* The active unit (AU) may be either a single
particle or an aggregate. The sum of these is the
number of AU. Results are the average from five
pictures.

well as the average of 829, which was reached.
There is no trend or systematic variation with
multiplicity. Plaque titrations of the supernatant
virus, which was counted to get the percentages,
show it to be of the same quality as the input
inoculum. There is no detectable selective action
in this adsorption process.

Inasmuch as an accurate estimate of the num-
ber of cells receiving one or more virus particles
at a given multiplicity is dependent on the state
of dispersion of the particles, this was measured
in several typical preparations. These were di-
luted sufficiently so that when they were sedi-
mented on agar for particle count and aggregation
analysis the average distance between particles
would be at least 12 diameters. Under these con-
ditions, the error from chance superposition of
previously separated particles is very low (Sharp
and Buckingham, 1956). Table 2 shows the total
counts and the active unit (AU) or group counts
for five pictures each of several preparations of
virus just before they were mixed with cells in the
following experiments. The AU count is the total
of all free particles, pairs, triplets, etc. It is the
number of units of virus that are free to act inde-
pendently during the process of approach and
contact with the cells during adsorption, and it is
this number, rather than the total number of
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particles, that determines the plaque titer of an
aggregated preparation of this virus (Galasso and
Sharp, 1962; Galasso, Sharp, and Sharp, J.
Immunol. ¢n press). These preparations were all
sonically treated and the table shows them to be
well dispersed, as indicated by an average of
849, AU.

Cultures inoculated with fresh virus at a multi-
plicity of M, = 0.1 were tested at various times
to determine the total number of virus particles
produced. For this purpose, infected cells were
broken and the virus particles were dispersed for
count, by the use of 9-kc sonic waves. A plot of
these counts on a scale of incubation time consti-
tutes the growth curve. Data from seven such
experiments, done on different days, were av-
eraged to give the curve on Fig. 1. Plotted with
it is a similar composite curve from 16 experi-
ments done at M, = 10, from previously pub-
lished work (Galasso and Sharp, 1963b). The
purpose here was to provide a comparison be-
tween the shapes of these two curves, so that in-
dividual differences in maximal yield, of the
two sets, have been eliminated by making the
ordinate the fraction of maximum rather than
the actual yield. Whereas the curve of cultures
inoculated at M, = 10 denotes a maximal rate of
virus production beginning immediately after
eclipse, the curve for the cells which received only
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FIG. 1. Increase of vaccinia virus particles as a
Sfunction of time. L cells were inoculated by sedi-
mentation at time 0 with an tnput multiplicity of
0.1. Each point is the average value from seven
separate growth erperiments. The curve without
points is from cells inoculated at M, = 10, a com-
posite of 16 experiments (Galasso and Sharp, 1963).
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FIG. 2. Increase of vaccinia virus particles in L
cells incubated with antiserum. Cells were inocu-
lated with input multiplicities of 10 (O), 3 (@),
and 1 (A). Many cells do not receive virus at input

multiplicity 1 until multiplication occurs in those
that do.

M, = 0.1 shows a distinct lag, presumably owing
to the waiting period before the majority of the
cells could become infected with the progeny of
the first few. If this is indeed the reason for the
lag, then it should be possible to accentuate this
lag in the curve of any culture inoculated with
insufficient virus to reach all cells initially, by
increasing the difficulty of passage of progeny
virus to uninfected cells.

Cells were inoculated at M, = 10, 3, and 1, and
antiserum (1:50) was added to the cultures. This
antiserum, at a dilution of 1:1,000, was sufficient
to reduce the plaque titer of the virus by a factor
of 2 (Smith et al., 1961). Virus particle growth
curves are shown in Fig. 2. The growth of virus
in cells inoculated at M, = 1.0 shows the charac-
teristic lag. At 34 hr, these cultures had produced
only about one-fourth as much virus as those at
M = 3. (It will be shown later that, through the
influences of incomplete adsorption, particle
aggregation, and statistical fluctuation, there will
be a large fraction of initially uninfected cells even
at an input multiplicity of M, = 1.) At M, = 10,
the curve is convex as it was in Fig. 1, without
serum. At M, = 3, the curve seems to be at the
point of transition between the convex and lag
shapes. Probably the serum has not slowed the
growth of virus in these cultures, because it was
not dependent on transfer of infectious virus from
one cell to the next.
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FIG. 3. Increase of vaccinia virus in L cells
inoculated with a mizture of heat-inactivated and
fresh (fully active) virus. The multiplicity of in-
activated particles was M; = 20 for all. Active
virus was M, = 100 (O), 10 (A), 3 (@), and 1
(w).

Another means of learning, from kinetic stud-
ies, whether or not a given M, is sufficient to
infect all the cells of a culture was suggested by
the work of von Magnus (1946). It consisted of
inducing interference in all the cells that do not
receive fresh virus immediately. We have already
shown that this vaccinia virus, when heated at
56 C for 45 min, is reduced over 6 log units in
plaque titer and that the virus so treated pro-
duces interference in L cells (Galasso and Sharp,
1963a). In Fig. 3 are growth curves of virus in
cell cultures inoculated with mixtures of heated
and fresh virus. All the cultures received heated
virus at M; = 20 mixed with fully active virus.
Four sets of cultures were tested in which the
active component, M,, was 100, 10, 3, and 1.
All were suppressed in yield. Without interfer-
ence, they should have reached 7,000 particles
per cell. Although these data confirm the earlier
findings that strong interference is present, they
show that a sufficiently high M, (100) will pro-
duce an almost normal yield of virus. They in-
cate further that the dose of interfering virus
(M; = 20) was chosen too high for sensitive
detection of the critical M, just necessary to
infect all the cells initially.

Mixed inocula containing M; = 10 and various
values of M, revealed a sensitive dependence of
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maximal new virus yield on input multiplicity.
A graphical resume of several such growth ex-
periments appears in Fig. 4. Each point on the
graph shows the ratio of the maximal yields of
two cultures inoculated with the indicated M, ,
one of which received an additional M; = 10 at
the same time. The data are consistent with the
concept that a competition for the cells exists
between fresh and heated virus. Those that
receive fresh virus at the outset seem capable of
full virus production, but those that do not
receive fresh virus have sufficient time to de-
velop interference before the progeny of the
first are ready to infect them. The probable
multiplicity of adsorption has been calculated
(see Discussion), and the fraction of cells ad-
sorbing one or more virus particles, as predicted
by the theory of Poisson, has been plotted as a
curve (VP) which falls reasonably well through
the experimental points. The corresponding
curve for PFP does not. The substantial varia-
tion among the data is probably due to the eriti-
cal balance established between interference and
infection, which is of a highly dynamic nature.
The minimal input multiplicity capable of
producing full yield in the presence of M; = 10
is about 5. This agrees quite well with the re-
sults of the less sensitive experiments of Fig. 1
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FIG. 4. Summary of ten growth experiments in-
volving mixed inocula containing a constant amount
of heat-inactivated virus (M; = 10) and varying
amounts of fully active virus (M,). The curve
(VP) is the fraction of cells that would be expected
to have adsorbed one or more virus particles. PFP
18 the corresponding curve for plaque-forming par-
ticles.
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and 2, and together these data provide strong
evidence that essentially all the virus particles
do infect these L cells.

Inasmuch as the previous experiment indicated
a minimal input M, necessary to provide full
yield in the presence of interfering virus, it
seemed that we might determine the minimal
M; necessary to cause interference in all the cells.
Again, cells were inoculated with mixtures but
now the M, was kept low (0.1) and different
values of M; were used. A typical series of growth
curves is shown in Fig. 5 in which maximal
yields are clearly dependent, in an inverse man-
ner, upon the level of M; in the inoculum. The
data from a series of such experiments are
gathered for comparison in Fig. 6. The ordinate
is the percentage of control maximal yield
plotted against the logarithm of the input multi-
plicity of heated virus (log;o M;). This curve does
not end at zero because even at M; = 30 there
is virus production in the cells which receive
active virus immediately. Drawn on the chart
are curves calculated from input multiplicity,
with proper allowances for incomplete adsorption
and residual particle aggregation, predicting the
fraction of cells that received one or more, two
or more, and four or more heated virus particles.
These were calculated from the Poisson function.
They show the experimental points lying nearest
the two-particle curve through most of its course.
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FIG. 5. Increase of wvaccinia virus itn L cells
recetving a limited inoculation of fully active virus
(M, = 0.1) mixed with varying amounts of heat-
inactivated virus (M;). M; = 0 (O), 0.03 (@),
0.3 (V¥),3(A), and 30 (.-
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FIG. 6. Summary of ten growth experiments
involving mixed inocula containing a constant
limited amount of active virus (M, = 0.1) and vary-
ing amounts of heat-tnactivated virus (M;). The
numbered curves represent the fraction of cells that
would be expected to adsorb 1 or more, 2 or more,
and 4 or more heated particles, respectively.

Quite clearly, every heated virus particle does
not cause complete interference in these L cells,
but the indication is that two are enough, either
because only one in two is capable or possibly
because two per cell are required.

The fresh, fully active virus used in these ex-
periments was titrated frequently during the time
of the experiments. An average of 22 such titra-
tions made over a period of 6 months was 94
plaques per 1,000 virus particles. This is an aver-
age of one plaque for 10.6 particles; this is close
to the value published for an earlier set of titra-
tions with this virus which gave 92 plaque-form-
ing units per 1,000 (Galasso and Sharp 1963a, b),
and it provides evidence for the stability of the
virus.

DiscussioN

Certain bacterial viruses have been found to
be so uniformly infectious that essentially all the
particles produce plaques (Luria, Williams, and
Backus, 1951; Kellenberger and Arbor, 1957).
The failure of animal viruses in general to pro-
duce one plaque per particle has usually been
attributed to failure of the particles to infect the
cells that start the growth of a plaque. Our ex-
periments indicate a different explanation of this
phenomenon with vaccinia virus in L cells. It
appears that essentially all of the particles in a
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FIG. 7. Frequencies predicted, by the theory of
Poisson, for the fraction of cells in a perfectly dis-
persed mixture of virus particles and cells, that
recetve 1 or more, 2 or more, elc., virus particles.
In practice, these values are reduced by incomplete
adsorption and by particle aggregation.

fresh lysate of a 48- to 72-hr culture of cells in-
fected with this virus are capable of infecting
cells, even though only about one-tenth of this
number of plaques are producers on monolayer
cultures.

It is possible to calculate, from the Poisson
distribution of small numbers, the fraction of
cells in a mixture of cells and virus particles that
should receive one or more, two or more, ete.,
virus particles when the average number, N, is
known. This should apply as well to cells that
receive virus by sedimentation in a centrifuge as
to those in suspension or in monolayer cultures
where they receive it by random kinetic collision.
These ideal frequency curves are shown in Fig. 7
for the range of multiplicities 0.1 < M < 10,
where M is the ratio of the numbers of virus
particles to cells and perfect dispersion is as-
sumed for both. With data on the fraction actu-
ally adsorbed and the actual degree of aggrega-
tion, one can calculate what actual fraction of
the cells, at a given multiplicity that would
adsorb zero, one or more, two or more, etc., ac-
tive units of virus. These data indicate that the
mean multiplicity of adsorption in these experi-
ments was MA = 0.82 X 0.84 M = 0.69 M.

This factor was employed in calculation of the
predicted curves on Fig. 4 and 6. Although the
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data of Fig. 4 are somewhat scattered about the
curve for one or more virus particles, there is no
doubt that they are far separated from the cor-
responding curve for PFP that is drawn on the
same chart for comparison. The same argument
applies in the case of interference (Fig. 6). In
this case, the best fit is to the 2-particle curve
and clearly not to a 10.6 (or greater) particle
curve, as it would be if only particles that were
PFP before heating could induce interference.
The evidence is strong in both cases, that the
activities of cell infection and interference are
not restricted to that fraction of virus particles
that is capable of producing plaques.

It is very doubtful that the interference ob-
served here is the result of exclusion of active
virus from cells that have received heated virus.
The observations fit better the concept as stated
by Isaacs (1959) that the damaged virus particle
does enter the cell and there it sets up a reaction
that leads to a block at the site of virus synthesis.
The yield of new virus in our experiments with
mixed inocula seems to be determined by the
outcome of a competition between fresh and
interfering virus particles for these sites.

These data show this virus to be very efficient
in cell infection. The reasons for its relative in-
efficiency in plaque production may now be
sought, with more conviction, in other directions.
It seems likely that new virus production in in-
fected cells under agar overlay may be restricted.
Furthermore, the requirements for successful
plaque formation extend beyond the infection of
the first cell and include an invasive power sus-
tained through several generations. This involves
the repeated production and release of high-
quality virus from a succession of infected cells.
Thus, the quantity and quality of progeny virus
at each step, as well as the time of its release
from each cell, may strongly influence the prob-
ability of plaque formation.

ACKNOWLEDGMENTS

This investigation was supported by Public
Health Service grant RG 5177.

The authors wish to acknowledge the excellent
technical work of William Fyfe, who made the
electron micrographs and counted the many
thousands of virus particles.

LiTERATURE CITED

DuLBecco, R., aNp M. Vogr. 1954. One step
growth curve of Western equine encephalo-



Vou. 88, 1964

myelitis on chicken embryo cells grown in
vitro, and analysis of virus yields from single
cells. J. Exptl. Med. 99:183-199.

GaLasso, G. J., anp D. G. SHARP. 1962. Virus
particle aggregation and the plaque forming
unit. J. Immunol. 88:341-347.

GaLasso, G. J., AND D. G. SHARP. 1963a. Homolo-
gous inhibition with heated and ultraviolet-
treated vaccinia virus in cultures of L cells.
Virology 20:1-13.

Garasso, G. J., aND D. G. SHARP. 1963b. Quality
and yield of vaceinia virus from L cell cul-
tures. Proc. Soc. Exptl. Biol. Med. 113:43-47.

Isaacs, A. 1957. Particle counts and infectivity
titrations for animal viruses. Advan. Virus
Res. 4:111-158.

Isaacs, A. 1959. Virus growth and variation.
Symp. Soc. Gen. Microbiol. 9:105.

KELLENBERGER, E.; AND W. ARBER. 1957. Elec-
tron microscopical studies of phage multipli-
cation. 1. A method for quantitative analysis
of particle suspensions. Virology 3:245-255.

SPECIFIC QUALITIES OF VACCINIA VIRUS

439

Luria, 8. E,, R. C. WirLLiams, anp R. C. Backus.
1951. Electron micrographic counts of bae-
teriophage particles. J. Bacteriol. 61:179-188.

SHARP, D. G. 1963. Total multiplicity in the ani-
mal virus-cell reaction and its determination
by electron microscopy. Ergeb. Mikrobiol.
Immunitaetsforsch. Exptl. Therap. 36:214-
260.

SHArRP, D. G., aNp M. J. BuckiNGHAM. 1956.
Electron microscopic measure of virus parti-
cle dispersion in suspension. Biochim. Bio-
phys. Acta 19:13-21.

Suarp, D. G., anp K. O. SmitH. 1960. Rapid
adsorption of vaccinia virus on tissue culture
cells by centrifugal force. Proc. Soc. Exptl.
Biol. Med. 104:167-169.

Smith, K. O., G. J. GAaLasso, aND D. G. SHARP.
1961. Effect of antiserum on adsorption of
vacecinia virus to Earle’s L cells. Proc. Soc.
Exptl. Biol. Med. 106:669-671.

voN MagNuUs, P. 1946. Studies on interference in
experimental influenza. Arkiv Kemi 24B:1-12.



