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Radiation
studies of vaccinia virus were carried out using two types of radiation,
Coao gamma rays and ultraviolet
light (UVL).
When virus particles were irradiated
with gamma rays a two-component
survival
curve was obtained. The capacity of Earle’s L cells to support the growth of vaccinia
virus was relatively
sensitive to gamma rays. Infectious
centres formed by infecting
L cells with vaccinia virus were irradiated
at various times during the eclipse period
of virus growth (the Luria-Latarjet
experiment).
When irradiated
with gamma rays,
infectious centres exhibited an initial sensitization
to inactivation
which persisted for
at least 3 hours. At times later than 3 hours after infection the infectious centres became progressively
more resistant to inactivation
by gamma rays (“stabilization”)
;
the survival curves remained almost single-hit throughout
the eclipse period. Studies
with FUdR, an inhibitor
of DNA synthesis, showed little stabilization
in the absence
of viral DNA synthesis.
Free particles of vaccinia virus were inactivated
according to single-hit
kinetics
by UVL. The capacity of L cells to form virus was relatively
resistant to UVL. In the
Luria-Latarjet
experiment
using UVL, the survival curves of the infectious
centres
remained single-hit for the first 3 hours of the eclipse period, with slopes about half
that of the survival curve for the free virus. Starting between 3 and 4 hours after infection, the survival curves became multihit, but their slopes remained parallel to the
slopes of the survival curves of the early infectious centres.
Possible interpretations
of these results are discussed.
INTRODUCTION

during growth of the virus. A series of
elegant studies of this nature have been performed with a number of bacterial viruses
(Stent, 1958; Stahl, 1959), using various
types of radiation, and these studies have
been useful in developing our knowledge of
the various steps in phage multiplication.
Recently,
the Luria-Latarjet
experimental method has been applied to the
study of the replication of a few animal
viruses (Dulbecco and Vogt, 1955 ; Franklin, 1958; Powell, 1959; Kaplan, 1962)) but,
owing partly to a less complete knowledge
of animal virus development, the significance of these studies is not as clear as for
the bacterial viruses.
In this paper, experiments are described
in which vaccinia virus development has

A number of years ago Luria and Latarjet
(1947) developed a radiobiological
technique in an attempt to analyze the events
occurring during the eclipse phase of virus
multiplication.
In this type of experiment,
which has come to be known as the LuriaLatarjet, or LL, experiment, the radiosensitivity of the ability of infected cells to
produce virus is determined at various times
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been examined by means of the LurinLatarj et, method, using Co”” gamma rays
and ultraviolet light (UVL)
MBTERIALS

.4r\JD METHODS

Culture media. The growth medium used
throughout was CMRL 1066 (referred to as
1066j, prepared in our laboratory. It contained per litre 100 mg strept’omycin and
170,000 units penicillin
and was supplemented as necessary with horse serum or
calf serum.
5-Fluorodeoxyuridine
(FUdR) was obtained from the Hoffmann-LaRoche
Company (Montreal).
A stock solution was
made up at a concentration of lop3 M in
distilled water, autoclaved (15 pounds, 15
minutes), and stored at 4°C.
Virus. The IHD strain of vaccinia virus,
adapted to growth in L cells, was obtained
from Hanafusa (1960). Preparation
and
partial purificat’ion of virus lysates, as well
as the plaque assay method employed to
measure virus infectivity, were as described
by Dales and Siminovitch (1961).
Briefly, the plaque assay was done as
follows : logarit~hmically
growing L cells
were centrifuged and resuspended in fresh
1066 containing 2% calf serum. The cells
were distributed into 15 X 60 mm plastic
petri dishes (Falcon Plastics, Los Angeles,
California)
at concent,rations such that
monolayers were formed e&her 1 hour or
24 hours later (4 x 10G cells per dish or
2 x 10F cells per dish, respectively). After
formation of the monolayers, the growth
medium was removed and O.l-ml aliquots of
suitable dilutions of the virus were allowed
to adsorb to the monolayers for I hour at
37”. Following adsorption, an overlay consisting of 2 ml of a 1: 1 mixture of 2%
Noble Agar (Difco) and 2 x 1066 plus 4%
calf serum was added, and then, aft’er the
overlay had set, an additional 2 ml of
1066 plus 2% calf serum was added on top
of the agar. Three replicate petri dishes
were used for each assay, and the plaques
were scored after 3 days of incubation at
37”. At 3 days, 2 ml of a fixative consisting
of 95% methanol, 4% acetic acid, and lrO
formaldehyde was added to each dish. Fixation in this manner allowed long-term
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storage of the assay plates without disturbing either the plaque number or plaque
morphology (Kajioka, personal communication). Neut.ral red was dissolved in the
fixative. After 4-24 hours the fixative and
agar were washed from the dishes under
running water and the plaques could then
bc counted.
Cells. A clonally isolated line of Earle’s
L cells termed strain L60 (Whitmore et al.,
1961) was used in the preparation of infectious centres of vaccinia virus and for the
formation of monolayers for the plaque
assay. Stock cultures of the cells were grown
as suspension cultures in 1066 supplemented
with 10% by volume of selected horse
serum, in 50-ml glass roller tubes. The
tubes were placed at 37” in a drum revolving at 50 rpm (Graham and Siminovitch,
1955). When large quantities of cells were
required, cells from roller tubes were
transferred to lOOO-ml spinner flasks which
were then placed in a 37” water bath.
Colony counts were determined by the technique of Gwatkin et al. (1957).
Antiserum.
Pooled rabbit antivaccinia
serum was prepared by injecting 2 X 1Oi
PFU of vaccinia virus into rabbits intravenously 6 times at, 2-day intervals. Three to
four weeks later the rabbits were given 3
additional intravenous injections of 2 X lo7
PFU each at, 2-day intervals. The animals
were bled 11 days later; their sera were
pooled and heat inactivated at 56” for 30
minutes. This antiserum was used routinely
at a 1:lO dilution. At this concentration
the antiserum neutralized
approximately
95% of the infectivity
of vaccinia virus in
15 minutes at 37”.
Preparation
and assay of infectious
centres.
As a result of experiments performed to determine suitable conditions for
the preparation of infectious centres, the
following procedure was adopt,ed: Logarithmically-growing
L cells were sedimented
at 600 g and resuspended at a concentration of 5 X lo6 cells per millilitre
in 1066
plus 10% horse serum. The culture was then
infected with a suitable (low) multiplicity
of virus and incubated with constant shaking at 37” for 25 minutes (permitting approximately
25% of the input virus to
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adsorb to the cells). The culture was then
centrifuged for 6 minutes at 600 g and the
cells were suspended in warm 1066 containing lo-fold diluted antivaccinia serum and
incubated at 37” for 15 minutes; after this
the cells were again sedimented, resuspended in 1066, and diluted by the appropriate amount for assay of infectious
centres.
The plaque assay for infectious centres
was exactly the same as for the free virus ;
incubation
for 1 hour ensured maximal
adherence of the infectious centres to the
cells of the monolayer. An estimate of the
plating efficiency of infectious centres was
obtained from a comparison of the total
cell count and the infectious centre count
in a suspension culture of L cells infected
with a multiplicity
of virus that was great
enough to ensure that essentially all cells
were infected. The efficiency of plating was
found to be approximately 75%.
UVL irradiation.
The UVL source consisted of three General Electric G4T4 low
pressure mercury vapor lamps mounted side
by side and backed by an aluminum reflector. A determination of the spectral distribution of the output of these lamps showed
that over 99% of the intensity was contained
in the peak arising from the 2537 A resonance line. The intensity of radiation at
50 cm from the source was of the order of
5 ergs/mm2/second, as measured by malachite green leucocyanide actinometry (Calvert and Rechen, 1952). Samples of virus or
cells for irradiation
were placed in open
plastic petri dishes on a reciprocal horizontal shaker, cooled with circulating
tap
_ water, at a distance of approximately
50
cm from the source. A solenoid-activated
shutter, controlled by an electric timer,
allowed the time of exposure of the samples
to UVL irradiation to be accurately regulated.
To achieve a uniform dose to an entire
irradiated sample, two conditions should be
fulfilled: First the sample should be optically thin; that is, possess a high per cent
transmission in the region of 2650 A, and
the sample should be well stirred. To ensure
optical thinness, all UVL irradiations were
done with the samples suspended in 3.5
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ml of phosphate-buffered
saline (PBS)
(Dulbecco and Vogt, 1954), in a 60-mm
diameter petri dish. The layer of liquid in
the petri dish was thus about 1.1 mm thick.
The transmission at 2650 A of the samples
used in irradiation
experiments, as measured in a Beckman model DU spectrophotometer (optical path length 1 cm),
varied from 78% for a typical free virus
suspension to 13% for a suspension of
1 x IO6 cells per milliliter in PBS. Calculations (based on those of Morowitz, 1950)
showed that owing to the extremely thin
layer of liquid in the irradiation dish, the
average photon flux received by the PBScell suspension differed from that received
by the PBS-free virus suspension by not
more than 11%. This figure was checked
by determining the survival of bacteriophage T4 when mixed with a suspension of
vaccinia virus in PBS or with a suspension
of L cells at a concentration of 1 X 106/ml
in PBS. The slopes of the T4 survival curves
in these two circumstances differed by no
more than 15%.
Adequate stirring during irradiation was
provided
by the reciprocal
horizontal
shaker.
Co”O irradiations.
The radiation source
used was a 3000 Curie Co60 source in a
Picker therapy unit. To obtain a high dose
rate, the collimator of the unit was removed
and a special brass cylinder with a well
for holding samples was inserted in the unit
head so that the samples could be placed
approximately
2 cm from the source capsule. The absorbed dose rate, measured by
Fricke dosimetry (Report of the International Commission on Radiological Units
and Measurements, published 1961) was
found to be 34 kilorads per minute. Co”O
emits gamma rays in two peaks of 1.17
MeV and 1.33 MeV energy, and beta particles of maximum energy 300 KeV. A sheet
of Perspex 6 mm in thickness was placed
over the samples to provide a build-up
layer for the gamma rays and to attenuate
the beta particles.
The samples for irradiation were placed
in sterile 60-mm diameter plastic petri
dishes which were, in turn, placed in the
well of the brass sample holder. Tap water
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was run through the sample holder to cool
the samples during irradiation. Mixing was
achieved by manually shaking the irradiated samples immediately
before and
after each aliquot was withdrawn for assay.
All samples were irradiated in 1066 plus
10% horse serum to minimize the indirect
effect due to radiation products formed in
the medium (Watson, 1952). Experiments
with bacteriophage T4 indicated that 1066
plus 10% horse serum provides at least as
much protection from indirect effects as
does 0.8% broth, which has been reported
by Watson (1952) to afford almost maximal
protection from the indirect effect, for -T2
phage.
RESULTS
One-Step

Growth

Curve for Vaccinia Virus

in L Cells
In order to determine the kinetics of virus
multiplication
under the conditions used in
the Luria-Latarjet
experiments, a one-step
growth curve was obtained for vaccinia
virus under conditions where very few

IO7

IO6

Time after Infection ( Hours)

FIG. 1. Growth curve of vaccinia virus in L60
cells in suspensioncllll,ure.
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cells were infected by more than one virus
particlc (single infection). Infectious centres were prepared as described earlier with
the multiplicity
of infection adjusted t,o
0.1 plaque-forming units ( PFU) /cell. Following adsorption and incubat,ion with antivaccinia serum the cells were suspended at
a concentration of 5 X 10” cells per millilitre
in 1066 plus 10% horse serum. Growth was
allowed to proceed at 37” with constant
stirring. Samples of the culture were rcmoved from t’he growth tube at intervals
and treated as follows. One portion was
assayed directly for infectious centres. ,4
second portion was subjected to sonic
oscillation in a Raytheon 1Okc sonic oscillator at full power for 3 minutes, to release
cell-associated virus. The assay of this portion yielded the titer of total virus present
in the sample. A third portion of each
sample was centrifuged at 600 g for 6 minutes to sediment the cells. Assay of the
supernatant yielded the titer of virus which
had been released from the infected cells at
any point in the growth cycle. Nine hours
after infection,
before any appreciable
amount of virus had been released into the
medium from the cells, the infected cult,ure
was diluted lOOO-fold with warm 1066 plus
horse serum, in order to prevent readsorption of virus released from infected cells.
The growth curve for vaccinia virus,
shown in Fig. 1, is similar to that reported
by other workers (Dales and Siminovitch,
1961; Salzman, 1960; Smith and Sharp,
1960; Furness and Youngner, 1959). The
eclipse period lasts approximately 5 hours,
following which the titer of total virus
increases logarithmically
until S-10 hours
post infection. The average burst size is
approximately
450 PFU/cell.
Release of
mature particles starts 7-8 hours after infection, and virus then begins to appear
in the supernatant medium. It is interesting
to note, however, that even 50 hours post
infection, the level of ext,racellular virus has
reached only about 10% of the level of
total virus and shows no indication of rising
to meet the level of total virus. In other
words, most of the virus remains cellassociated throughout
the entire gr0wt.h
cycle.
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It is important to note that at early
times in the growth cycle, before any mature
particles are released from the cells, the
titer of virus in the supernatant is only
about 0.1% of the titer of infectious centres.
It. is thus apparent that the routine procedures adopted for the preparation of infectious centres (see Materials and Methods)
were effective in removing any significant
amounts of unadsorbed or eluted virus from
the culture of infected cells.
EXPERIMENTS WITH Co60 GAMMA RAYS
a. Free Virus
The survival curve obtained when vaccinia virus, suspended in 1066 plus 10%
horse serum, was irradiated with gamma
rays is shown in Fig. 2A. The striking feature of the data is that they can be fitted
with a two-component curve, a fit which
probably indicates the existence of fractions of the virus population
possessing
at least two different
radiosensitivities
(Hutchinson and Pollard, 1961). The average inactivation
dose, or DZ7 (Lea, 1955))
for the more sensitive portion of the virus
population varied from 40 to 56 kilorads;
for the more resistant portion the Dsr is
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about 155 kilorads. The value for the Da7
of the sensitive fraction agrees fairly well
with values published for dried preparations
of vaccinia virus irradiated with ionizing
radiation (Lea and Salaman, 1942; McCrea,
1960; Wilson, 1961) and for vaccinia
suspended in complex aqueous medium
(Palacios et al., 1963). McCrea (1960) and
Palacios et al. (1963) have also reported
two-component survival curves for vaccinia
virus irradiated with ionizing radiation.
b. Capacity
The radio sensitivity of the capacity of
L cells to support the growth of vaccinia
virus is shown in Fig. 2B. To obtain this
curve, cells were irradiated with gamma
rays and subsequently infected at a multiplicity of 0.1 with unirradiated virus. Two
points are noteworthy:
first, the capacity
of L cells to grow vaccinia is inactivated
according to single-hit kinetics to a level
of survival of about 3%; thereafter, it appears that the capacity becomes very resistant to inactivation
by gamma rays. A
seemingly radioresistant
fraction of cells
has also been reported in other animal
virus-cell systems (Franklin, 1958; Powell,
1959). That this radioresistant fraction is
too
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FIG. 2. (A) Survival of vaccinia virus irradiated
with Co” gamma rays. Results of two
experiments (0, 0 ).
(B) Survival of the capacity of Coao gamma-irradiated
L60 cells to support the growth
of vaccinia virus. Cells in normal medium during entire experiment
(0, 0 ) ; cells incubated in lo-’ M FUdR for 9 hours prior to irradiation
(a).
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bottom of the flask. CO, was passed over
the growth suspension from time to time to
maintain the pH approximately
at neutrality.
The time of addition of virus to the cells
was taken as time zero in the experiment.
At hourly intervals after the initiation of
infection, aliquots of the culture were removed from the growth suspension and
plunged into an ice bath to arrest viral
growth. A small sample of the aliquot was
sonically treated and assayed for total
virus. The remainder was transported, in
the ice bath, to the Co60 unit. During
irradiation t’he samples were maintained at
a temperature of approximately
12” by
running tap water through the brass sample
holder. Because of the low temperature, and
since the duration of the irradiations was
only about lo-12 minutes, little or no virus
growth occurred between the time of removal of the aliquot from the growth
suspension and the completion of the irrac. Infectious Centres
diation. Immediately
following irradiation
The procedure for the LL experiment with
the samples were assayed for the survival
vaccinia virus was basically the same as of the ability of the infectious centres to
that described by Luria and Latarjet (1947)
synthesize and release at least one virus
particle, thereby initiating
formation of a
for T2 bacteriophage growing in Escherichia
plaque.
coli. Infectious centres of vaccinia virus
were prepared as described in Materials and
Typical results from such an experiment
Methods using a multiplicity
of infection
are shown in Fig. 3. It is evident that 1
such that lO-20% of the cells in the culture
hour after infection the infectious centres
were infected. Only 5-10% of the infected
are extremely sensitive to inactivation
by
cells therefore contained more than one gamma rays. These early infectious centres
infectious virus particle, assuming a Poisare about, twice as sensitive as the capacity
son distribution.
of the cells to grow vaccinia virus and
Virus was allowed to adsorb to cells for approximately
three times as sensitive as
25 minutes, followed by incubation for 15 the more sensitive portion of the free virus
minutes with antivaccinia serum. The inpopulation. For the first 3 hours after infected cells were then washed by centrifufection the infected complexes exhibit ungation and resuspension. Adsorption and changed radiosensitivity,
but starting about
antiserum treatment were carried out at 3 hours post infection there is a gradual
37” ; washing was carried out at room trend towards increased radioresistance
temperature. Following
adsorption, anti(stabilization).
This stabilization continues
serum treatment, and washing, the infected
until about 8 hours after infection, when
culture was suspended at a concentration
the survival curves for the infectious cenof 5 x lo5 cells/ml in a loo-ml Erlenmeyer
tres bear a strong resemblance to the surflask containing 40-50 ml of warm 1066 vival curve for the free virus. This last
plus 10% horse serum. This flask was placed result is not surprising since by 8 hours
in a 37” water bath, and the cells in the after infection there are between 5 and 10
growth suspension were stirred by means mature particles, on the average, per inof a magnetic stirring bar placed on the fected cell. Some of the survival curves
real, and not due to free virus, might be
indicated by the data from the growth
curve (see above) which showed that the
relative amount of free virus in the infectious center preparation is at least an order
of magnitude less that 3% of the total. However the experiments described in Figs. 1
and 2 were conducted in different ways, and
it is not excluded that the seemingly radioresistant fraction is indeed due to free virus.
The second point to note is that the
capacity of L cells to grow vaccinia virus
is approximately as radiosensitive as is the
infectivity of the virus particle. One might,
therefore, expect that the cell capacity
would have some effect in determining the
radiosensitivity
of infectious
centres of
vaccinia virus. In passing, it is interesting
to point out that the capacity of L cells to
grow vaccinia virus is much more resistant
than the colony-forming
ability of these
same cells (Whitmore et al., 1961).
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exhibit slight shoulders, but the extrapolation, or “target,”
number (Alper et al.,
1960) never exceeds a value of two.
d. Experiments
(FUdR).

with 5FEuorodeoxyuridine

From studies of HeLa, KB, and L cells
infected with vaccinia virus, it is known
that the synthesis of virus-specific DNA
commences in the host cell cytoplasm about
2-3 hours after infection
(Cairns, 1960;
Hanafusa,
1960; Salzman, 1960; Sheek
and Magee, 1961). The observation in the
LL experiment, that the sensitivity of the
infectious centres to gamma rays does not
change until about. 3 hours after the initiation of infection, prompted a study to
determine whether any correlation exists
between commencement of virus-specific
DNA synthesis and the onset of stabilizat.ion of infectious centres t,o inactivation by
gamma rays.
It is known that FUdR inhibits DNA
synthesis in animals (Bosch et al., 1958),
microorganisms (Cohen et al., 1958), and
mammalian cells in tissue culture (Salzman, 1960 ; Till et al., 1963)) presumably
by blocking the conversion of deoxyuridylic
acid to thymidylic
acid (Cohen et al.,
1958), and that the block is completely
reversed by thymidine
(TdR) . Although
DNA synthesis is stopped by FUdR at concentrations of low7 M, or greater, RNA
and protein synthesis continue, though at
suboptimal
rates (Paul and Hagiwara,
1962). Salzman (1960) has shown that
FUdR completely halts the production of
infectious vaecinia virus in HeLa cells and
this inhibition is also reversed by the addition of TdR. In view of this evidence, FUdR
inhibition of vaccinia virus growth is presumed to act at the level of viral DNA
synthesis.
(i) Virus growth in the presence of
FlidR. The effects of FUdR on the growth
of vaccinia virus were studied by assaying
infected cells for total virus at various times
after infection. L60 cells were incubated
in medium lacking TdR and containing
1O-6 M FUdR for 9 hours prior to infection to deplete any existing intracellular
pools of TdR or TdR compounds. After

I
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FIG. 3. Survival of infectious centres of vaccinia
virus irradiated with Co”’ gamma rays. Time after
infection: 1 hour (O), 2 hours (01, 3 hours (+),
4 hours (A), 5 hours (A), 6 hours (n), 7 hours
CM),8 hours ( o 1.

preincubation, infectious centres were prepared in the manner described earlier and
the growth of virus was followed in the
same manner as indicated previously.
Figure 4 shows that no infectious virus
is synthesized in the FUdR-inhibited
culture up to at least 21 hours after infection,
in good agreement with Salzman’s findings
(1960). Comparison with the control data
shows that by 21 hours, under normal conditions of infection, the titer of total virus
has nearly reached its maximum value.
Control experiments had shown that FUdR
has no effect upon the infectivity
of the
free virus.
Figure 4 also shows that within 2 hours
of the reversal of the inhibition
of DNA
synthesis by the addition of 10 pg of TdR
per millilitre,
mature virus particles begin
appearing in the cell. After the reversal of
the inhibition of DNA synthesis, infectious
virus is synthesized at essentially the same
rate as in the control culture. The average
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(iii) Rnrliosensitivity
of infectious centres incubated in. the presence of FL:dR.
The protocol for this experiment was similar
to that described earlier for normal infection except that lo-” M FUdR was added
to the culture 9 hours before infection, and
also after infection. It can be seen in Fig.
5 that up to 9 hours after infection in the
presence of FUdR there is very little
stabilization
of the infectious centres to
inactivation by gamma rays. Although the
growth curve for this experiment, showed
that up to at least 21 hours after infection
no multiplication
of virus could be detected,
the small amount of st.abilization observed
may be due to a limited degree of virus
not detectable
by the
multiplication,
methods used in assaying for total infectious
virus.
The changes in relative radioresistance
of infectious
centres (determined
from
slopes of inactivation curves) as a function

FIG. 4. Growth curve of vaccinia virus in the
presence of FUdR:
Curves I, Control-no
FUdR
Curves II, FUdR added 9 hours before infection;
TdR added 6 hours after infection.
Curves III,
FUdR added 9 hours before infection;
no TdR
added.

burst size is the same for the inhibitedreversed culture as for the control culture.
Thus the inhibition
of viral synthesis by
FUdR is completely reversed by the addition of TdR and the indication is that
FUdR is acting at the level of viral DNA
synthesis.
(ii) Effect of FCdR on capacity. There
was a possibility that incubation of L cells
in FUdR for periods as long as 9 hours
might affect the radiosensitivity
of the
capacity of the cells to support the growth
of vaccinia virus. Accordingly, an experiment to measure the radiosensitivity
of the
capacity was done exactly as described
earlier, except that the cells were preincubated in 10W6M FUdR for 9 hours prior
to irradiation. The data from this experiment, plotted in Fig. 2B, indicated that
preincubation of the cells in FUdR for 9
hours has no effect on the sensitivity of the
cell capacity to gamma rays.

FIG. 5. Effect of FUdR on the stabilization
of
infectious centres of vaccinia virus to inactivation
by Co” gamma rays. FUdR added 9 hours before
infection.
Time after infection:
1 hour (O), 3
hours (o), 5 hours (i-j, 7 hours (A), 9 hours (w).
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FIG.6. Changes in the relative radioresistance of vaccinia virus infectious centres during
virus development. The Da1 of the linear portions of t,he Luria-Latarjet survival curves are
plotted on a relative scale against the time after infection at which irradiations were performed. Symbols represent the results of replicate experiments.
of time after infection, in the presence or
absence of FUdR, is shown in Fig. 6. It is
clear that very IittIe stabilization
occurs
in the presence of FUdR, as compared to
the control. In the absence of viral DNA
synthesis, therefore, there is much less
st,abilization of infectious centres of vaccinia virus to inactivation by gamma rays.

EXPERIMENTS
USING ULTRAVIOLET
LIGHT (UVL)
a. Free Virus
The rate of inactivation of vaccinia virus
by UVL was determined as follows: virus
stocks frozen in 1066 plus 10% horse serum
were thawed and diluted at least lOO-fold
into PBS. Irradiations were carried out as
previously described. Figure 7A shows that
the infectivity
of vaccinia virus is inactivated according to single-hit kinetics to a
level of survival of at least 0.1%.
It is known that with some bacterial
viruses, reactivafion of some of the UVLinduced lesions can occur if the virus-cell
complexes are exposed to high intensity
visible light, (Dulbecco, 1950). Therefore,

as a control procedure only, the ability of
vaccinia virus to be photoreactivated
by
visible light of normal room intensity was
determined. Virus was irradiated by UVL,
and the irradiated samples were divided into
two portions. One portion was assayed
under normal lighting conditions,, and the
other portion was assayed under subdued
light. Figure 7A shows that there is no
photoreactivation
of UVL-inactivated
vaccinia virus by visible light of the intensity
encountered under normal experimental
conditions.
6. Capacity
The UVL sensitivity of the capacity of
L cells to support the growth of vaccinia
virus was measured in an experiment in
which a suspension of cells at a concentration of 1 x lo8 cells/ml in PBS was first
irradiated with UVL and then infected with
unirradiated virus in the manner outlined
earlier. It can be seen from Fig. 7B that the
capacity is much more resistant to inactivation by UVL than is the colony-forming
ability of the same cells. It is also evident
that the capacity of L cells to grow vaccinia
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FIG. 7. (A) Survival of vaccinia virus irradiated
with UVL. Assayed under subdued light
( l ) ; all other symbols represent experiments
in which irradiated
samples were assayed
under normal light.
(B) Survival of the capacity of UVL-irradiated
L60 cells to support the growth of vaccinia
virus. Symbols represent the results of replicate experiments.

virus is much more resistant to inactivation
by UVL than is the infectivity of the virus.
The survival curve for the capacity exhibits
a shoulder at low doses (extrapolation
number 6). Beyond the shoulder the curve
is linear to at least 2% survival.
c. Infectious

Centres

The protocol for the LL experiment using
UVL was t.he same as that described for
gamma rays, except that each aliquot removed from the growth suspension was
centrifuged and resuspended at a concentration of 1 x lo6 cells/ml in PBS prior to
irradiation. Samples were kept at 12” during
irradiation.
The results of an LL experiment are
presented in Fig. 8. Examination
of the
figure reveals that the ultimate slopes of
the survival curves are very similar for
at least, the first 8 hours of virus growth. It

appears therefore that the radiosensitivity
of the virus-cell complexes remains constant
throughout the latent period of the virus. It
should be noted that the cell capacity is
much more resistant to UVL than are the
infectious centres throughout
the latent
period. Therefore, in contrast to the LL
experiment using Coo0 gamma rays, the
capacity of the cell to grow virus is at no
time implicated in determining the UVLsensitivity of the infected cells.
The slopes of the survival curves for
infectious centres taken 1-3 hours after
infection are about one-half of the slope of
the survival curve for the free virus. There
are two possible explanations for this twofold difference in slope. The first is that it
represents a true stabilization
of virus in
the cell-associated state as compared to the
extracellular state. The second is that the
UVL dose received by the cell-associated
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virus is reduced by a factor of 2, compared
to the free virus, by cell material surrounding it (i.e., “shielding”).
It can be shown by
a calculation similar in principle to that of
Powell (1959) that it is theoretically possible for material of the constitution and
radius of an L cell to absorb up to 50% of
the incident UVL photon flux at 2650 A. It
thus appears plausible that the twofold
difference in sensitivity
between the free
virus and the early infectious centres could
be due merely to a “shielding” effect. This
conclusion is further supported by a similar
(twofold)
difference in UVL-sensitivity
between the free virus and early infectious
centres obtained when the LL experiment
is performed with encephalomyocarditis
virus (J.D.Friesen
and C.R.Fuerst, unpublished observations). It should be noted
that the difference in depth average photon
flux (Morowitz, 1950) received by a suspension of virus particles as compared to a
suspension of infectious
centres cannot
account for a difference in UVL intensity
of 50% (see Materials and Methods).
The experiment illustrated
in Fig. 8,
together with other similar experiments,
shows that the survival curves for the infectious centres remain single-hit for the
first 3 hours after infection; starting 4 hours
after infection, the survival curves become
multihit. However, the time of appearance
of the shoulders and the values of extrapolation numbers were both highly variable
quantities from experiment to experimem.
Of particular importance is the fact that
the extrapolation numbers of the survival
curves, even at times as late as 10 hours
after infection, do not correlate with the
average number of mature particles per cell
at any time in the latent period.
The data shown in Fig. 8 for times later
than 6 hours after the initiation of infection
can be fitted wit’h two-component curves.
The initial component, comprising 2040%
of the total population, appears to be inactivated with single-hit kinetics at a rate
similar to the rate of inactivation of either
the free virus or of the early infectious
centres. This initial component is possibly
due either to the presence in the medium
of progeny virus particles released from
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FIG. 8. Survival of infectious centres of vaccinia
virus irradiated
with UVL. Time after infection:
1 hour (0),4
hours (O), 6 hours (A), and 8 hours
(U).

the cells or to secondary infection by released particles of some of the cells in the
culture that were not infected originally.
DISCUSSION

Three types of radiation studies of the
vaccinia virus-L cell system are described
in this paper. These are determinations
first, of the survival of free virus; secondly,
of the radiosensitivity
of the capacity of
L cells to support the growth of vaccinia
virus; and thirdly, of the radiosensitivity
of infectious centres at various times during
the latent period of virus growth.
When vaccinia virus lysates suspended
in complex medium were irradiated with
CoGo gamma rays, a two-component
survival curve was obtained. Vaccinia virus
appears to be almost unique among animal
viruses in this respect, since, to the authors’
knowledge only one ot.hcr animal virus
exhibits a compound survival curve when
irradiated with ionizing radiation I Benyesh
et al., 1958). Possible reasons for the two-
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component survival
curve may include :
biological inhomogeneity in the population
of virus particles, protection of a fraction
of the virus population
from radiation
effect’s by association with cellular material,
or reactivation of a fraction of the inactivated virus population.
The work of
Palacios et al. (1963), however, appears to
rule out the first of these possibilities.
The relatively high sensitivity to ionizing radiation of the capacity of L cells to
grow vaccinia virus is not an unusual finding for animal virus systems. Franklin
(1958) and Powell (1959) working with
vesicular stomatitis virus and herpes simplex virus, respectively, have also found
that the capacity of the host cells to grow
these viruses was inactivated by ionizing
radiation at about the same rate as was the
infectivity of the virus.
One might expect t.he gamma-ray sensitivity of infectious centres formed by infecting L cells with vaccinia virus to be
dependent to some extent upon the radiosensitivity of the capacity of L cells to grow
the virus, since this latt.er function is relatively sensitive to gamma rays. That such
a situation probably exists is evident from
the high initial sensitivity of the early complexes. Although such a high sensitivity
could be due to an intrinsic sensitization of
the intracellular
viral genetic material, it
is equally as likely to be due to the simultaneous and additive inactivation of the cellassociated viral genetic material and the
cell capacity.
The results of the LL experiment using
gamma rays indicate a definite trend towards st,abilization of the infectious centres
as virus growth progresses, a finding that is
reminiscent of the results of LL experiments performed on several other virus
systems (Stent, 1958; Dulbecco and Vogt,
1955; Kaplan, 1962). Since, as indicated
above, the initial sensitization of infectious
centres of vaccinia virus may in large part
be due to the high sensitivity of the capacity of L cells to grow the virus, one explanat’ion for the trend to stabilization
could be that the cell capacity becomes
increasingly radioresistant as virus development proceeds. The experiments con-
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ducted using FUdR strongly indicate, however, t.hat the stabilization of vaccinia virus
infectious centres is dependent upon the
synthesis of viral DNA. Kaplan (1962)
has obtained essentially Dhe same result for
pseudorabies virus using UV light, and on
the basis of this observation, plus the finding that many of the functions associated
with normal pseudorabies infection can
proceed in the presence of FUdR, he has
been able to test the validity
of several
hypotheses that have been proposed to account for stabilization
during the growth
of bacterial viruses. Thus, Kaplan’s data
tend to rule against the mechanism proposed by Benzer (1952), that stabilization
is due to an ever-decreasing target size as
various functions directed by the viral genetic material are successively fulfilled. His
data do not, however, facilitate a choice
between multiplicity
react,ivation (Benzer,
1952; Stahl, 1959) or a change of state of
the virus genetic mat.erial (Stent, 1958).
Since there is some evidence to indicate
that morphologically
normal, yet noninfectious, particles are synthesized in FUdRinhibited cultures of vaccinia virus-infected
L cells (R. Kajioka, personal communication), it appears that the conclusions derived from radiobiological
studies of pseudorabies virus are also applicable to the
vaccinia virus-L system. It is worth noting
that multiplicity
reactivation
has been
demonstrated for UVL-irradiated
vaccinia
virus (Abel, 1962), but not as yet for vaccinia irradiated with ionizing radiation.
The findings obtained when UVL was
used were different from the results of the
gamma-ray studies. Free vaccinia virus was
inactivated according to single-hit kinetics
when irradiated with UVL. The capacity of
L cells to grow the virus is relatively radioresistant, and at no time during the latent
period is the cell capacity implicated in
determining the radiosensitivity
of infectious centres of vaccinia virus.
The most striking contrast between the
UVL and the gamma-ray experiments is in
the results of the LL experiment. For UVL
there is no change in the radiosensitivity
of
the infectious centres throughout the entire
latent period ; but there does appear to
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be a change in the size of the shoulder
(extrapolation
number) of the survival
curves. The possibility thus exists that these
results can be interpreted on the basis of
conventional target theory with the extrapolation numbers of the survival curves giving a measure of the number of copies of the
viral genetic material present in the cell at
any time (Latarjet, 1948; Benzer, 1952). It
is evident, however, that the interpretation
of the UVL-LL results with vaccinia virus
cannot be so simple because at no time is
the extrapolation number of the infectious
centre survival curves greater than 6. Since
viral DNA synthesis is complete by 6 hours
post infection (Salzman, 1960)) at which
time there is only one mature infectious
particle per cell, on the average, it is presumed that a large pool of viral genetic
material exists in the cell between 4 and 6
hours after infection. Thus, it is clear that
the number of targets, as indicated by the
extrapolation
numbers of the infectious
centre survival curves, falls far short of
yielding a measure of the number of copies
of the viral genetic material present in the
cell. It has already been pointed out that
the extrapolation numbers also do not correlate with the average number of cellassociated infectious virus particles present
at any time in the eclipse period. However,
such correlations are perhaps not to be expected in a vaccinia virus-infected culture.
Even after 2 days of virus growth more than
90% of the virus remains cell associated
(Fig. 1). The number of virus particles in
the cell involved in the initiation of a second
cycle of virus growth and therefore a plaque
will therefore only be a small fraction of the
total. Under these conditions, the number
of targets (as measured by ability to form
a plaque) will have to be much less than the
number of particles in the intracellular pools
(as measured by virus DNA or after
releasing cell-associated virus).
The reason for the contrasting results
obtained when infectious centres of vaccinia
virus are irradiated with gamma rays or
UVL undoubtedly
lies in the differing
mechanisms of action of the two radiations
(Setlow and Setlow, 1962 ; Hutchinson,
1961). However, further understanding of
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the LL results must await advances in
knowledge of the multiplication
of vaccinia
virus and of the action of ionizing radiation
and UVL.
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