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Decimal reduction values (D value) for 30 viruses were determined. The weighted
D values of the viruses suspended in Eagle's minimum essential medium ranged
from 0.39 to 0.53 Mrads. It was necessary to increase the radiation dose by a fac-
tor of> 3 to inactivate virus suspended in Eagle's minimum essential medium as com-
pared to the same virus suspended in distilled water. The destruction rate curves

were of a first-order reaction.

Radioinactivation of viruses has received spo-
radic attention during the last 25 years. The use of
attenuated viral vaccines overshadowed the con-
cept of utilizing gamma radiation in killed vaccine
preparations. Recently, renewed interest has been
generated in the use of gamma radiation as a
method for inactivating viruses and other patho-
gens in water, sewage, and in foods. The side re-
actions and infections produced by some atten-
uated vaccines have stimulated this revival of in-
terest.
The use by various investigators of differing

units of measurement to describe the radiation
dosage has discouraged comparisons of early
viral inactivation studies and those more recently
published. Various data, however, indicate that
viruses are more resistant to gamma radiation
than are other microorganisms and that viral in-
activation demonstrates a "one-hit" or first-order
reaction rate curve when the suspending medium
contains free radical scavengers or is in a frozen
state.
Gamma radiation inactivation studies of some

animal viruses include polyoma virus (1,5,11);
Rous sarcoma virus (3); vaccinia virus (4, 8, 9,
12, 14); Newcastle disease virus (22, 23); in-
fluenza viruses A and B (16-18; Sullivan et al.,
Bacteriol. Proc., p. 155, 1968); mumps virus (18);
rabies virus (21); echoviruses 1, 7, and 11 (2;
Sullivan et al., Bacteriol. Proc., p. 155, 1968);
poliovirus (2, 8); coxsackieviruses A9 and B2
(Sullivan et al., Bacteriol. Proc., p. 155, 1968);
reovirus 1, simian virus 40 (Sullivan et al., Bac-
teriol. Proc., p. 155, 1968); rubella virus (10);
St. Louis encephalitis virus (8); Western equine
encephalitis virus (8); Venezuelan encephalitis

1 Part of the research reported here was done by Robert
Sullivan in partial fulfillment of the requirements for the Ph.D.
degree from the Department of Civil and Environmental En-
gineering, University of Cincinnati, Cincinnati, Ohio.

virus (19); measles virus (2); hoof and mouth
disease virus (15); smallpox virus (17); and herpes
simplex virus (17). In these studies, the method of
reporting the response of the virus to the radiation
dose and the menstrua used to suspend the virus
under investigation varied extensively.
The present study was undertaken on 30 se-

lected viruses believed to be of public health signif-
icance in environmental studies. The viruses were
suspended in Eagle's minimum essential medium
(MEM) containing 2% fetal bovine serum, which
was used as a radical scavenger, and in distilled
water.

MATERIALS AND METHODS
Viruses. The viruses selected for radioresistance

studies were poliovirus I Mahoney, poliovirus I Lot-
shaw, poliovirus II Y-SK, poliovirus II Lansing,
poliovirus III Leon, poliovirus III Nadler, coxsackie-
virus A9 CME 456, coxsackievirus A-1I Belgium YR
169, coxsackievirus Bi Conn. 5, coxsackievirus B2
Ohio 1, coxsackievirus B3 PF, coxsackievirus B4
JVB, coxsackievirus B5 Faulkner, echovirus 4 SEC,
echovirus 5 Noyce, echovirus 6 D'Amori, echovirus 7
Wallace, echovirus 9 Hill, echovirus 11 Gregory,
echovirus 12 Travis, echovirus 18 SEC, simian vi-
rus 40 DBS, reovirus 1 Lang, adenovirus 2 NIAID,
adenovirus 3 Meacham, adenovirus 5 NIAID, adeno-
virus 12 NIAID, herpes simplex virus HF, Newcastle
disease virus B1, and influenza virus A NWS. All of
the viruses were passaged at least twice in primary
kidney cell cultures from African green monkeys
(Cercopithecus aethiops) by using Liebovitz's L-15
medium supplemented with 2'S fetal bovine serum
and 0.07% NaHCO3 (13). Cell sheets showing ad-
vanced cytopathic effect were frozen and thawed
three times and the virus was harvested. The harvest
was clarified by centrifugation for 15 min at 1,060 X
g at 4 C. The titers of the harvested viruses were
determined by using a plaque-forming unit (PFU)
assay system. The virus material was dispensed into
borosilicate glass ampoules; the ampoules were flame-
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sealed and stored at -60 C. These procedures pro-
vided a pool of known titer for each strain of virus
used throughout the investigation.

Radiation source. A cobalt-60 well source located
at General Electric Missile and Space Division, Even-
dale, Ohio, was used in this study. The chamber
consisted of 36 pencil sources arranged in concentric
tiered groupings of 6, 12, and 18. The irradiation rig,
cylindrical in shape, was placed in the center of the
tiers. The tube holders had inner and outer positions,
which put the tubes, at any given height, farther
from or closer to the source. Dosimetry was calibrated
by cobalt glass dosimeters. During irradiation, the rig
holding the samples was rotated at appropriate peri-
ods through a series of 26 steps so that one complete
revolution occurred during the exposure time of 3 hr.

Viral assay. A PFU assay system was used (20).
This system consisted of (i) the diluent, which was
Eagle's MEM with nonessential amino acids, 2%
fetal bovine serum, pH 7.0; (ii) African green mon-
key kidney primary cell cultures in 6-oz (ca. 180

ml) prescription bottles (45-cm2 cell sheets); and (iii)
an overlay of 0.95% lonagar no. 2 (Oxoid), Eagle's
medium as above, 2% fetal bovine serum, 0.5%7o
MgCl2-6H20, 0.0015% neutral red, 0.19% NaHCO3,
and 1% (sterile) cow's milk. The Eagle's medium was
in Hanks balanced salt solution and did not contain
phenol red (6, 7). The material to be assayed was pi-
petted onto the cell sheet and incubated for 1 hr at
36 C. The overlay agar medium was added after the
adsorption period and was allowed to solidify at room
temperature. The bottles were incubated agar side up
at 36 C, and the cell sheets were examined daily for
plaques, which were marked and recorded as they
appeared.
The virus to be assayed was diluted in Eagle's MEM

or distilled water to approximately 10,000 PFU/ml,
1.2 ml of the suspension was dispensed into 13 by 53
mm borosilicate glass tubes, and the tubes were flame-
sealed. Five tubes containing the virus material to be
tested were placed in a position on the rig so that,
when lowered into a cobalt-60 gamma energy source,

TABLE 1. Summary of radioresistance for viruses suspended in Eagle's minimum essential medium plus 2%
fetal bovine serum (preliminary study)

No. of Weighted 99% No. of D value for runs thatV'irus observations D value Confidence
runs could not be pooled(Mrad) limits rn ol o epoe

Adenovirus
2
3
S

12
Coxsackievirus
A-9
A-ll
B-1
B-2
B-3
B-4
B-5

Echovirus
4
5
6
7
9

11
12
18

Poliovirus
I-MAH
I-Lotshaw
II-Y-SK
I-Lansing
III-Leon
III-Nadler

Herpes simplex virus
Newcastle disease

virus
Reovirus I
Simian virus 40
Influenza virus A

27
19
42
55

27
60
25
46
40
26
14

19
29
32
64
19
49
72
17

22
17
28
49
41
15
33
88

15
74
42

0.41
0.49
0.44
0.46

0.42
0.48
0.41
0.44

0.50
0.41

0.46
0.49
0.51

0.50

0.50
0.44

0.49
0.53

0.48
0.43
0.52

0.42
0.45
0.49

0.38-0.44
0.42-0.61
0.39-0.50
0.42-0.52

0.37-0.47
0.44-0.52
0.35-0.49
0.41-0.48

0.46-0.55
0.35-0.51

0.42-0.51
0.43-0.55
0.41-0.68

0.42-0.60

0.46-0.55
0.37-0.55

0.43-0.58
0.44-0.65

0.44-0.54
0.39-0.47
0.49-0.56

0.41-0.43
0.41-0.51
0.43-0.56

2
2
3
4

2
3
2
2
3
2
1

2
2
2
4
l
4
5
1

2
1
2
4
3
1
3
6

4
3

0.35, 0.43, 0.43

0.38, 0.55, 0.49, 0.57

0.42, 0.47, 0.50, 0.48

0.54, 0.41
0.50, 0.50, 0.54, 0.41

0.41, 0.54, 0.44
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TABLE 2. Radioresistanice of nzine selected viruses suspended in Eagle's minzimuim essential medium plus
2% fetal bovinte serum

No. of Weighted 99% No. of D value for runs thatVirus observations D value Confidence runs could not be pooled(Mrad) limits rn ol o epoe

Adenovirus 2 103 4 0.46, 0.43, 0.45, 0.38
Coxsackievirus
A-9 117 0.46 0.44-0.48 4
B-2 106 0.45 0.42-0.48 4

Echovirus 11 67 0.43 0.38-0.49 4
Herpes simplex virus 87 3 0.39, 0.46, 0.42
Influenza virus A 85 0.46 0.44-0.49 3
Poliovirus III-Leon 104 4 0.48, 0.45, 0.40, 0.38
Reovirus I 99 0.44 0.41-0.49 4
Simian virus 40 49 0.39 0.36-0.43 2

they received a predetermined dose of irradiation
during a period of slightly over 3 hr. The levels of
irradiation used in the screening study were 0.51, 1.09,
1.44, and 1.95 Mrad. Temperature was maintained at
0.5 i 0.2 C during irradiation. A 1-ml amount from
each of the five tubes at each dose level was assayed
for surviving virus.

Calculation of D values. D values were calculated
by the following formula. A linear model was assumed,
and the parameters g3o and ,iB were estimated for each
run. The model is as follows: Y = go + PI X + e
where, Y = log10 plaque count, glo, j31 = true but un-
known regression coefficients, X = concentration in
Mrad, e = experimental error.
The proportion sum of squares due to linear regres-

sion (R2) was > 0.9 for most runs, and the model
used to obtain an estimate of virus radioresistance
seems to be an adequate representation of the data.
The value of 1 over the estimate of slope (,31) is the D
value in Mrad.

In the study of nine selected viruses, the levels of
radiation were increased in an attempt to obtain a
broader range of values for the determination of the
slope of the destruction rate curves. The levels used
were 0.25, 0.49, 0.98, 1.26, 1.50, 1.75, 1.95, and 2.20
Mrad.

RESULTS
Data from the screening tests of 30 viruses were

statistically analyzed by using the linear regres-
sion model, and the D values were computed
from the inverse slope of the line (Mrad versus
log1o PFU/ml). Data from replicate runs were
compared to determine whether the slopes from
the runs could be pooled. Table 1 shows the result
of these homogeneity of regression line tests for
the 30 strains in the preliminary study. A weighted
estimate ofD is given for those runs that could be
pooled, and individual estimates are presented for
tests that were significant. A 99% confidence
interval is also given for the pooled results. This
means that the true but unknown value is ex-
pected to fall between the upper and lower limits
99 times in 100. The total observations for each
strain are listed in Table 1.

Nine viruses were selected for more intensive
study by using eight doses of radiation per deter-
mination. An attempt was made to select viruses
representative of the picornavirus, reovirus,
papovavirus, adenovirus, herpesvirus, and myxo-
virus groups. They were also chosen for plaque-
forming characteristics, consistently high titer,
and ease of handling in the laboratory.
Gamma-radiation destruction-rate studies at

0.5 i 0.2 C were performed on these representa-
tive viruses. Viral populations of approximately
10,000 PFU/ml were suspended in modified
Eagle's MEM for the determination of gamma-
radiation destruction-rate curves. Experiments
were run for each viral population, and the data
derived from these experiments were statistically
analyzed to determine the 99% confidence limits
of the D values for these viruses.

Table 2 shows results for nine selected virus
strains. These data were analyzed in the same
manner as those in the preliminary study, and the
results are similar to those reported in Table 1.
Weighted D values ranged from 0.39 to 0.46
Mrad. The highest single run was for poliovirus
III where D was calculated as 0.48 Mrad. A typ-
ical destruction rate curve is shown in Fig. 1.

Five virus strains, one run each, were tested in
a water substrate. These data are shown in Table 3
and are based on only three concentrations. The
results are not extensive but tend to indicate a
significantly lower resistance of these five strains
in water as compared to the same five in Eagle's
MEM plus 2% fetal bovine serum substrate. The
D values ranged from 0.10 to 0.14 Mrad.

DISCUSSION
Gamma radiation destruction rate kinetics on

30 viruses suspended in Eagle's MEM containing
2% fetal bovine serum showed a first-order curve
configuration. The amount of gamma radiation
necessary to reduce the number of viral PFU/m
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FIG. 1. Typical radioresistance curve of poliovirus
III in distilled water and Eagle's MEM.

TABLE 3. Radioresistanice offive selected viruses in
water

No. of 97
Virus obs D value Confidence

tionsaCofdec

Coxsackievirus A-9 9 0.12 0.08-0.21
Coxsackievirus B-2 11 0.14 0.10-0.21
Echovirus I1 8 0.14 0.11-0.21
Influenza virus A 11 0.10 0.06-0.25
Poliovirus III Leon 11 0.11 0.07-0.24

a Only one run was performed for each virus,
and radiation exposures were for only three dos-
ages including zero.

by 90% (weighted D value) ranged from 0.39 to
0.53 Mrad.
Nine of these 30 viruses were selected for fur-

ther study. These nine viruses were from the
picornavirus, reovirus, myxovirus, papovavirus,
and herpesvirus groups. Their weighted D values
ranged from 0.39 to 0.46 Mrad when they were
irradiated in the Eagle's MEM with 2%/o fetal
bovine serum. The values agree with published D
values for other viruses in the liquid state. Viruses
in the frozen state, however, have been reported
to require more radiant energy for inactivation
and had higher D values (8).

SULLIVAN ET AL. APPL. MICROBIOL.

The D values determined for five of these
viruses were significantly affected by the suspend-
ing medium. At least a threefold difference was
noted when the D values of the same virus sus-
pended in distilled water and in Eagle's MEM
were compared. The differing D values obtained
with the variation in suspending medium indi-
cated that if radiation is used to sterilize viruses
suspended in menstrua other than those reported,
it will be necessary to investigate the rate of viral
inactivation in the suspending medium utilized.
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