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Two small-plaque mutants of herpes simplex virus type 2 (HSV-2) (strain 333),
whose growth at 39 C was blocked in certain cell types (cell-dependent tempera-
ture sensitivity), were compared with the parental virus in a number of biologi-
cal assays. One mutant (no. 69) was found to produce a large number of
morphologically normal, but noninfectious, particles; under nonpermissive con-
ditions, these mutant particles were able to interfere with the replication of
wild-type HSV-2. The other mutant (no. 74), which is known to belong to a
different complementation group, appeared to direct little virus DNA synthesis,
even at the permissive temperature. Progeny production and virus DNA synthe-
sis in cells infected by mutant 74 were delayed in comparison with wild-type
virus-infected cells. Both mutants were found to be more sensitive to UV irradia-
tion than the parental virus; this was especially marked in the case of mutant
74. Moreover, this mutant was found to have a high transforming efficiency at
much lower doses of irradiation than those needed to abolish the cytopathic
effect of wildtype HSV-2.

Herpes simplex viruses (HSV) are capable of
a diversity of interactions with a wide range of
host cells. The consequences of infection in-
clude cell death (2, 16, 35) with or without virus
progeny production, virus persistence in a la-
tent, nonreplicative form (8, 32, 38), and cell
transformation with very little expression of
virus-specified functions (10-13, 26, 30, 40).
There is, as yet, little information about the
nature of host- or virus-specified control mecha-
nisms that determine the response to infection.
Indeed, despite intensive study (16-18), many of
the crucial steps in HSV replication remain
unclear. A particularly profitable means of
studying virus functions is the use of condi-
tional, lethal, usually temperature-sensitive
(ts) virus mutants. Such mutants have been
successfully employed in the construction of the
genetic map of HSV (5, 14, 36, 37, 39), and
recently detailed examination of biological le-
sions responsible for the temperature-sensitive
phenotype has begun in several laboratories (1,
3, 15). The products of infection and the ability
of ts mutants to transform cells at the nonper-
missive temperature have been areas of most
extensive effort (26, 40).

Recently, Koment and Rapp (22-24) reported
the isolation of a group of temperature-sensi-
tive mutants with rather different properties
from those described above. The temperature-

sensitive phenotype of these mutants was only
apparent in certain types of cell, conferring
"host range" characteristics upon the group.
Virus sensitivity to high (39 C) temperature
was demonstrated in hamster and mouse fibro-
blast cultures but was much less apparent in
epithelioid cells or human fibroblasts.

Believing that these mutants might provide
a tool in the elucidation of virus-cell interac-
tion, their behavior in a number of biological
tests was compared with that of the parental
virus. The work described in this communica-
tion is an extension of earlier studies on two of
the temperature-sensitive host range mutants,
carried out to determine more specifically the
nature of the defect in virus production under
nonpermissive conditions and to compare other
biological properties of mutant and wild-type
viruses.
Of particular interest was the transforming

ability of the mutants. It has been established
in many laboratories that, if the cytopathic ef-
fect of HSV is destroyed, the virus has the
capacity to transform cells from hamsters, rats,
mice, and humans (10-13, 26, 40). It was
thought that mutants whose capacity for pro-
ductive growth was genetically reduced might
more readily reveal their transforming poten-
tial, and this view is supported by transforma-
tion by ts mutants under nonpermissive condi-
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tions, which has been described from other lab-
oratories (26, 40, 41).
A quantitative assay for biochemical trans-

formation has recently been developed in this
laboratory using a selection system for cells
bearing virus-induced thymidine kinase (TK)
(19-21), based on cell growth in HAT medium
(25, 30) (Rapp and Buss, Intervirology, in
press). This technique was used to determine
whether the mutants had abnormal transform-
ing ability and whether transforming potential
could be correlated with any other biological
property.

MATERIALS AND METHODS

Cells. Hamster embryo fibroblast (HEF) cells
were prepared from 12-day-old LSH strain hamster
embryos (Lakeview Hamster Colony, New Field,
N.J.), as described previously (9), and were sus-
pended in medium 199 supplemented with 0.225%
sodium bicarbonate solution and 10% fetal calf se-
rum plus 100 U of penicillin and 100 g.g of strepto-
mycin per ml (complete medium 199). Primary HEF
cells were added to plastic petri dishes (60 mm),
plastic tissue culture flasks (25 cm2), or glass pre-
scription bottles (16 ounce [ca. 0.473 liter]) as appro-
priate. The cells were used when confluent monolay-
ers had formed.

Rabbit kidney (RK) cells were prepared from the
kidneys of 21- to 28-day-old rabbits by the technique
previously described (11) and were seeded into plas-
tic petri dishes (60 mm) in Eagle medium plus so-
dium bicarbonate, antibiotics, and fetal calf serum
at the concentrations used with medium 199 (com-
plete Eagle medium).
Human embryonic lung (HEL) cells were ob-

tained from Flow Laboratories, Rockville, Md., and
were maintained in complete Dulbecco medium
(Dulbecco medium plus 0.225% sodium bicarbonate,
10% fetal calf serum, and antibiotics, as described).
Also maintained in complete Dulbecco medium were
BSC-1 African green monkey kidney cells and 3T3-
4E TK- mouse cells. The latter were phenotypically
thymidine kinaseless (TK-) 3T3 cells obtained from
Howard Green (Massachusetts Institute of Technol-
ogy, Boston, Mass.).

Virus. A strain of HSV-2 designated 333, isolated
from a genital lesion by W. Rawls (when at Baylor
College of Medicine, Houston, Tex.) and passaged
only in human cells, was the parental wild-type
HSV-2 used in this study. Two mutants of HSV-2
strain 333, whose isolation and preliminary charac-
terization have been reported recently (22-24), were
examined. One mutant (no. 69) was derived from a
single small plaque produced in RK cells by a prepa-
ration of wild-type virus that had been subjected to
3.6 x 104 ergs ofUV irradiation per cm2. The second
mutant (no. 74) was obtained from a single small
plaque on RK cells produced by an HSV-2 strain 333
preparation that had been grown in medium con-
taining 20 Fgg of bromodeoxyuridine per ml as a
mutagen.

Both mutants and the wild-type virus were
plaque-purified four times prior to use. Virus stocks
were prepared from monolayers of HEL cells that
had been infected, using an input multiplicity of 0.5
PFU/cell, and were maintained at 33 C until exten-
sive cytopathic effects became apparent (36 to 40 h
postinfection). At this point, the infected cells were
harvested by a single cycle of freeze-thawing and
were disrupted by ultrasonication, and the lysate
was centrifuged at 200 x g for 10 min. The superna-
tant was transferred to small vials and stored at
-70 C as stock virus.
Virus assay. Virus was titrated in RK cells by a

plaque assay that has previously been described in
detail (31). Briefly, confluent monolayers ofRK cells
in plastic petri dishes (60 mm) were inoculated with
0.1 ml of virus serially diluted in Tris buffer. After
an adsorption period of 1 h at room temperature, 5
ml of complete Eagle medium containing 0.5%
methylcellulose was added to each plate. Cultures
were incubated for 4 days at 33 C in a moist atmos-
phere of 5% CO2 in air, at the end of which time the
cells were fixed in 5% formalin and were stained
using 0.03% methylene blue solution, and virus
plaques were counted with the aid of a dissecting
microscope. Plaque diameter was measured with the
aid of a Nikon profile projector (model 6C) at x 10
magnification; at least 200 plaques from not less
than four plates were measured for each virus-cell
system. Plaque "diameter" was always taken at the
widest point in a horizontal direction.

Assay for DNA synthesis. The method used for
DNA analysis was similar to that described earlier
by Crouch and Rapp (6). Confluent monolayers of
HEL cells in plastic bottles (25 cm2) were treated for
48 h prior to the experiment with complete medium
199, which had a reduced concentration of fetal calf
serum (1%) to reduce cell DNA synthesis. The cells
were then infected at an input multiplicity of ap-
proximately 5 PFU/cell in 0.1 ml of Tris buffer. After
adsorption, the monolayers were rinsed with Tris
buffer, and 5 ml of complete medium 199 containing
only 2% fetal calf serum was added to each bottle.
The incorporation of [methyl-3H]thymidine dur-

ing 8-h pulses was assayed at different times after
infection. [Methyl-3Hlthymidine at a concentration
of 10 ,&Ci/ml (45 Ci/mmol) was added directly to the
nutrient medium and, at the end of the labeling
period, medium was decanted from the cells, which
were dislodged from the bottle by freeze-thawing.
Cells that had become detached from the monolayer
due to virus cytopathic effects were rescued from the
culture medium by a single low-speed centrifugation
and were added back to the appropriate bottle. Har-
vested cells were digested for a minimum of 4 h at
37 C in a mixture of 0.6 ml of Pronase (10 mg/ml); 0.3
ml of Sarkosyl (10% solution), and 0.3 ml of EDTA
(0.2 M, pH 8.1) in 0.015 M sodium chloride and
0.0015 M sodium citrate (0.1x SSC), pH 7.3.

Mock-infected cultures were also used to provide
a '4C-labeled DNA marker in cesium chloride gra-
dients. Such cultures were treated by the procedure
described above, except that [methyl-'4C]thymidine
at a concentration of 0.1 ;&Ci/ml (54 ;&Ci/mmol) re-
placed [methyl-3H]thymidine, and the cultures were

VOL. 18, 1976 93



94 WESTMORELAND AND RAPP

incubated for 24 h prior to harvesting and digestion.
After digestion, 0.3 ml of [3H]thymidine-labeled

material and 0.1 ml of [14C]thymidine-labeled mate-
rial were added to 3.8 ml of cesium chloride solution
in 0.1x SSC (density = 1.7936 g/cm3) and centri-
fuged in a Beckman L3-50 ultracentrifuge at 35,000
rpm for 60 h using a no. 40-3 fixed-angle rotor. After
centrifugation, 8-drop fractions were collected from
the bottom of the gradient onto Whatman filter pa-

per disks. The disks were washed three times in 5%
trichloroacetic acid, once in 95% ethanol, and once
in acetone; they were allowed to dry at room temper-
ature and were placed into 10 ml of formula 949
toluene-based scintillation fluid (New England Nu-
clear Corp.). Acid-insoluble radioactivity was

counted with a Beckman LS-250 liquid scintillation
counter, which could distinguish the two radioactive
labels. Counts in both channels were printed onto
tape and the gradient profiles were plotted with the
aid of a Hewlett-Packard 9820A calculator and
9862A graph plotter.
UV irradiation of virus. Virus (diluted in phos-

phate-buffered saline to a concentration of 107 PFU/
ml) was irradiated in plastic dishes (60 mm) with a
Thomas UV lamp with a GE-G8T5 bulb at a distance
such that the incident dose was about 4,200 ergs/s
per cm2. Irradiated virus was titrated in RK cells, as

described above.
Virus transformation assay. The ability of wild-

type and mutant viruses to mediate "biochemical
transformation" of 3T3-4E TK- cells to TK+ cells
was assayed by using selection for TK+ cells in HAT
medium (7, 25, 30). Mutant and wild-type virus
stocks were inactivated by exposure to UV light for
different periods of time. Trypsinized 3T3-4E TK-
cells in suspension (4 x 106) were treated with 2 x

106 PFU of irradiated virus (calculated from preirra-
diation titer) in 4.0 ml of complete Dulbecco me-
dium. The mixture was shaken at room temperature
for 2 h, after which 0.3-ml aliquots were dispensed
into each petri dish (12 by 60 mm) containing 4 ml of
complete Dulbecco medium and were incubated at
37 C. Within 16 to 24 h after plating, the Dulbecco
medium was replaced with 5 ml of complete Dul-
becco containing aminopterin (0.4 ,Ag/ml), glycine
(10 ,ug/ml), hypoxanthine (15 jLg/ml), and thymidine

(10 gtg/ml) (HAT medium). This medium was re-
placed every third day for 18 days and, on day 21, the
plates were fixed using 5% formalin and were

stained in 0.3% methylene blue for 20 min. After
staining, colonies were counted and the mean num-
ber of colonies per plate was calculated.
Assay for defective interfering particles. (i) Con-

fluent monolayers of HEF cells in bottles (16 ounce)
were infected at different input multiplicities, with
a constant amount of wild-type virus and increasing
dilutions of mutant or wild-type "interfering virus."
After adsorption at room temperature, the cells
were incubated at 39 C in complete medium 199 for
30 h, at which time the cells were harvested and the
virus was extracted and titrated, as described above.

(ii) A constant amount of wild-type virus and
increasing dilutions of "interfering" wild-type or
mutant virus were mixed in a 0.1-ml quantity,
which was then added to confluent monolayers of
HEF cells in plates (60 mm). After adsorption for 1 h
at room temperature, the cells were incubated at 33
or 39 C for 4 days under complete Eagle medium
containing 0.5% methylcellulose. After 4 days the
cell sheet was fixed, stained, and examined for virus
plaques, as described above.

Particle counts by electron microscopy. Virus
suspensions in medium 199 were prepared for elec-
tron microscopy by the technique of Monroe and
Brandt (29) and were examined at 75 kV in a Hitachi
HU12 electron microscope. Virus particles were

scored as enveloped or nonenveloped and cored or

emptied of any electron-dense core material. All
samples for electron microscopy were blind-coded
prior to examination.

RESULTS

Host range, temperature sensitivity, and
plaque morphology. The results of plating ex-

periments in different cell types, several of
which are in accord with previously published
data (23, 24), are summarized in Table 1. Plaque
size, although heterogeneous, fell within a sin-
gle population for each virus in each cell type.
Mutants 69 and 74, which produced smaller

TABLE 1. Plating efficiencies and mean plaque size at 33 and 39 C of wild-type HSV-2 strain 333 and of
mutants 69 and 74a

Wild-type 333 Mutant 69 Mutant 74

Host cell Plating effi- Mean plaque Plating effi- Mean plaque Plating effi- Mean plaque
ciency 39 C/ size (mm) ciency 39 C/ size (mm) ciency 39 C/ size (mm)
33 C (%) 33 C 39 C 33 C(%) 33 C 39 C 33 C(%) 33 C 39 C

HEF 10 3.3 1.3 3.3 x 10-4 1.8 4.0 x 10-5 2.0 1.7
RK 100 2.5 2.0 10 2.0 0.5 15 1.5 0.5
HEL 100 2.5 2.8 11 2.4 0.6 30 2.4 0.8
BSC-1 (African 57 0.9 0.9 23 0.6 0.5 33 0.9 0.4
green monkey
kidney line)

3T3-4E TK- <10-3 1.4 <10-2 0.9 <10-3 0.9
(mouse cell line)
a The plating efficiency of virus stocks (grown in HEL cells) was compared in different cell types, using the plaque assay

technique.
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plaques than parental 333 under all experimen-
tal conditions, were found to express a tempera-
ture-sensitive phenotype that was host cell de-
pendent. Moreover, failure of the mutants to
grow at 39 C was not merely due to a prolonged
virus growth cycle since infected HEF cells
could be maintained for up to 9 days at 39 C
without a detectable increase in plaque num-
ber. Mutant virus growth at 39 C was due to
leakage, rather than reversion to wild type.
Very little wild-type or mutant virus growth
was observed in 3T3-4E TK- cells at 39 C.

Figure 1 shows growth curves over the first
24 h after infection of wild-type 333, mutant 69,
and mutant 74 in HEF cells. The results further
demonstrate the temperature sensitivity of
both mutants in HEF cells and also suggest
that maturation of mutant 74 proceeds at a
slower rate than that ofwild-type virus, even at
33 C.
DNA studies. Because of their different den-

sities, HSV-2 DNA (density = 1.73 g/cm3) (35)
and cellular DNA (density = 1.70 g/cm3) can be
differentiated by isopycnic banding in CsCl so-
lution, as shown in Fig. 2. For each profile, the
total amount of [3H]thymidine incorporated
into virus and cellular DNA was calculated by
summing the radioactivity in the fractions com-
prising the virus and cell DNA peaks, respec-
tively.
The pattern of virus DNA synthesis during

the infectious cycle in HEF cells is shown in
Fig. 3 for wild-type 333 and the two mutants.
Wild-type virus was observed to synthesize
most of its DNA during the first 9 h after infec-
tion, a finding that is consistent with earlier
reports (2, 34, 35). This was the case both at 33
and 39 C, although at the higher temperature
less virus DNA was made, supporting the
slight temperature sensitivity of HSV-2 in
hamster cells (6).
Virus DNA synthesis in HEF cells infected

by mutant 69 occurred predominantly during
the first 9 h postinfection but, even at 33 C,
mutant 69 directed only half as much viral
DNA synthesis as did the wild-type 333. At
39 C the discrepancy between wild-type and
mutant 69 DNA synthesis is greater than two-
fold, but some mutant virus DNA synthesis
was observed.
The results obtained suggest that mutant 74

directed relatively little virus DNA synthesis
(compared with that directed by wild-type virus
or mutant 69) for the first 16 h after infection of
HEF cells, although some progeny production
could be detected at this time. The peak ofDNA
synthesis occurred between 17 and 25 h postin-
fection, at both 33 and 39 C. Considerably more
virus DNA was made at the lower temperature,

101
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FIG. 1. Growth curves of HSV-2 strain 333, mu-
tant 69, and mutant 74 in HEF cells at 33 and 39 C.
Cells were infected at an input multiplicity of 5.0
PFUlcell and were harvested, virus extracted, and
titrated, as described.

but this amounted to only about 30% of the
amount of wild-type virus DNA made by HEF
cells infected under similar conditions. The ob-
servation that mutant 74 makes progeny DNA
"late" in the infectious cycle is consistent with
the previous observation that the replication
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FIG. 2. Separation of virus and cellular DNA by CsCI equilibrium centrifugation. This representative
profile shows virus and cellDNA from a culture ofHEF cells that had been infected with HSV-2 strain 333 17
h previously and incubated at 39 C. [3H]TdR was added at 9 h postinfection, as described. Symbols: x,
radioactivity profile obtained from infected cells; 0, radioactivity profile from mock-infected cell sample
labeled with [14C]TdR, which was cocentrifuged with material from infected cells.

cycle of the virus is longer than that of mutant
69 or the parental virus at 33 C in HEF cells.
Electron microscope studies. The progeny of

infection of HEF cells (at 33 and 39 C) by wild-
type HSV-2 333 and by mutants 69 and 74 were
harvested 24 h after infection and were exam-
ined in the electron microscope. Virus with a

herpes-like morphology was seen in all prepa-
rations and was subdivided into particles with
or without an electron-dense core (denoting the
presence of virus DNA) and with or without a

distinguishable envelope.
It soon became apparent, as shown in Table

2, which represents the results from a number
of experiments, that even at the permissive
temperature progeny of infection by mutant 69
had a very high ratio of particle to infectivity. It
was earlier indicated (Fig. 1) that 24 h after
infection at 33 C the progeny titers of infections
by wild-type 333 and mutant 69 were not sub-
stantially different; the high ratio of particle to

infectivity indicates that cells infected by mu-
tant 69 produce a large number of virus parti-
cles, most of which are not infectious. Similar
observations were made when mutant 69 was
grown at 39 C in HEF cells, when ratios of
particle to infectivity as high as a million to one
were not unusual. (The infectivity of progeny
virus was always assayed at 33 C in RK cells.)
The particles produced by mutant 69-infected

cells were examined more closely to determine
whether the vast number of defective particles
was morphologically abnormal. No difference
was found between the ratio of cored (probably
DNA containing) to noncored particles in the
progeny from wild-type virus-infected cells and
in the progeny from mutant 69-infected cells.
There was a slightly larger proportion ofnonen-
veloped particles in the progeny of mutant 69
infections compared with those of wild-type in-
fections, but this was not particularly striking
and was insufficient to explain the defective
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FIG. 3. Pattern of virus DNA synthesis in HEF

cells infected with HSV-2-333, mutant 69, or mutant
74 and maintained at 33 or 39 C. Columns represent
total [3H]TdR incorporation in the virus peak (from
CsCl equilibrium density gradient) during 8-h
pulses of labeled material.

TABLz 2. Production of infectious and noninfectious
progeny by HSV-2 strain 333 and mutants 69 and 74

in hamster cells at 33 and 39 Ca

Vi- Growth Particle/in- Nonenve- No core/
rus temp (C) fectivity ra- loped/en- core

tio veloped
333 33 23-50 10-27 2-10

39 50-100 16-30 8-20

74 33 27-70 88-200 30-70
39 1.5-9 x 10' 100-300 50-100

69 33 2.3- 10 x 10' 64-100 5-10
39 102-10' 40-200 10-50

6 Virus prepared under different experimental condi-
tions was titrated in RK cells at 33 C.

(i.e., morphologically normal but noninfec-
tious) nature of the great majority of progeny
produced by mutant 69.

Virus produced in HEF cells at 39 C showed a
similar pattern. There was a slight increase in
the proportion of nonenveloped particles com-
pared with the progeny of wild-type virus
grown at 39 C and no significant difference in
the ratio of cored to noncored particles. Thus,

there is no obvious morphological explanation
for the defective nature of the bulk of the prog-
eny virus produced by mutant 69.
Progeny produced by mutant 74 at 33 C ap-

peared to have only a very slightly greater ratio
of particle to infectivity than wild-type virus
progeny, and both the proportion of nonenvel-
oped and the proportion ofempty particles were
somewhat greater than in preparations of wild-
type virus. At 39 C the ratio of particle to infec-
tivity of the progeny was significantly higher
than for wild-type virus, suggesting that mu-
tant 74, like mutant 69, produces "defective"
progeny at 39 C. Many of the noninfectious
progeny of mutant 74 appeared to be nonenvel-
oped, and there was an increase in the number
of "empty" nucleocapsids produced at this tem-
perature.
The propensity of mutant 69 for producing a

large number of defective particles was also
demonstrated in permissive cells. Virus stocks
grown in HEL cells at 33 C had a higher ratio of
particle to infectivity in the case of mutant 69
than for wild-type or mutant 74 virus. The de-
gree of defectiveness of virus in stocks of 69
depended upon the host cell in which the virus
was titrated (Table 3). The observations both at
33 and 39 C further support the "host range"
properties of the two mutants.

Wild-type virus had essentially the same ra-
tio ofparticle to infectivity (approximately 10 to
25 particles/PFU) when titrated in RK, HEL, or
BSC-1 cells. In HEF cells a slightly higher ratio
of particle to infectivity was observed at 39 C,
reflecting an approximately 10-fold decrease in
plating efficiency of HSV-2 at elevated temper-
atures in these cells. BSC-1 cells appeared to be
permissive for all three viruses tested, at both
temperatures, and the lowest ratios of particle
to infectivity were observed for all viruses in
these cells. RK cells, although more permissive
than HEF cells for mutant virus growth, partic-
ularly at 39 C, were less permissive than HEL
or BSC-1 cells. 3T34E TK- cells supported lit-
tle wild-type or mutant virus growth at 39 C.
Assay for defective interfering particles.

Since stocks of mutant 74, and more particu-
larly mutant 69, were known to contain many
virus particles that were unable to replicate at
39 C, a phenomenon that was especially
marked in HEF cells, experiments were de-
signed to determine whether the presence of
mutant virus would interfere with replication
of wild-type HSV-2-333 at 39 C in HEF cells.
Defective interfering particles have been previ-
ously reported in HSV stocks prepared by virus
passage at high input multiplicities (4) and
also between wild-type MPdk+ and MPdk-
strains of HSV growing in canine cells (33).

EJ - 330C
_ - 390C

333

69

74h=L-I=1PnoW_40~_-AZZZ-UM2W
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TABLE 3. Relative plating efficiency of wild-type and mutant HSV-2 in different types of cells expressed as
ratios ofparticle to infectivitya

Plating efficiency of:

Cells 333 wild type ts mutant 69 ts mutant 74

33C 39C 33C 39C 33C 39C

HEF 17-25 250-480 200-300 7-9 x 107 40-110 9 x 105
Baby RK 10-18 15-30 100-200 1,500-1,900 20-50 60-100
HEL 17-25 17-25 80-100 750-900 20-50 50-80
BSC-1 cells 9-12 10-18 20-30 100-150 4-10 10-15
3T3-4E TK- cells 30-40 >104 5,000-8,000 >106 90-110 >104

a Virus infectivity was titrated using a plaque assay in which monolayers of cells were maintained in
medium containing 0.5% methylcellulose for 4 days prior to the counting of virus plaques. Particle counting
of the stock virus used in each experiment (grown in HEL cells at 33 C) was by electron microscope
examination, as described in the text.

Such interference could be demonstrated (Ta-
ble 4). Wild-type and both mutant viruses se-

verely depressed the yield of HSV-2-333 when
the "interfering" virus was added at an input
multiplicity of 20 PFU/cell. Decreased concen-
tration of interfering virus decreased the reduc-
tion in progeny synthesis, but this effect was
least marked when mutant 69 was the interfer-
ing agent. It seems entirely reasonable to sup-
pose that the large number of defective parti-
cles in preparations of this virus was responsi-
ble for interference with normal replication of
HSV-2-333 at 39 C in HEF. Similar results to
those shown in Table 4 were obtained using a
constant input multiplicity of 0.2 PFU of HSV-
2-333 per cell and similar multiplicities of "in-
terfering virus."

Interference by mutant defective particles
was also demonstrated using a plaque reduc-
tion technique (Table 5). At 33 C both large
(presumably wild type) and small (presumably
mutant) plaques were counted, and the total
number of plaques was expressed. At 39 C, it
was again observed that mutants 69 and 74
interfered with the development of wild-type
plaques, and again this effect was more marked
for preparations of mutant 69. Interference be-
tween viruses was not apparent at 33 C, possi-
bly because at this temperature conditions are
much more favorable for virus growth, which is
hence favored over abortive infection and inter-
ference.
Biochemical transformation of 3T3-4E TK-

cells by HSV-2 strain 333 and mutants 69 and
74. The effect ofUV irradiation on the infectiv-
ity of mutant and wild-type HSV-2 is shown in
Fig. 4. Wild-type strain 333 was found to be
more resistant to UV irradiation than either
mutant, with 74 the most sensitive, the same
amount of irradiation causing a 1 to 2 log1o
greater drop in titer ofmutant 74 than ofparen-
tal 333.

TABLE 4. Assay for defective interfering particles in
stocks of mutant virus, using virus yield as indicator

Input multiplicity of interfering virus

"Interfering virus" (PFU/cell)

20 2 0.2

333 (Wild type)
Challenge: 2.0 2.0 x 105 6.0 x 105 1.0 x 106

PFU/cella (20)b (60) (100)
Challenge: 0.2 2.0 x 105 3.0 x 105 1.0 x 106

PFU/cellc (20) (30) (100)
Mutant 69

Challenge: 2.0 4.0 x 104 2.0 x 105 3.0 x 105
PFU/cella (4) (20) (30)

Challenge: 0.2 3.4 x 104 5.0 x 105 8.0 x 106
PFU/cellc (3.4) (50) (80)

Mutant 74
Challenge: 2.0 1.6 x 106 9.0 x 105 1.0 x 106

PFU/cella (16) (90) (100)
Challenge: 0.2 1.4 x 105 7.0 x 105 2.0 x 106

PFU/cellc (14) (70) (200)
a All cultures were challenged with HSV-2-333 wild-type

virus at an input multiplicity of 2.0 PFU/cell. Control yield
= 1.0 x 106f PFU/ml (20 PFU/cell). Titers represent the yield
of HSV-2 (wild-type large plaques). Virus was titrated in
RK cells as described in the text.

b Numbers in parentheses are percentages of control
yield.

e All cultures were challenged with HSV-2-333 wild-type
virus at an input multiplicity of 0.2 PFU/cell. Control yield
= 106 PFU/ml (20 PFU/cell). Other conditions were similar
to those described in footnote a.

3T3-4E TK- cells were exposed to virus that
had been irradiated for 0 to 10 min and, after 21
days of incubation in selective HAT medium,
the number of colonies that had formed on the
12 replicate plates for each virus sample was
counted. In each experiment, the reversion fre-
quency of 3T3-4E TK- cells to a TK+ phenotype
was estimated from the number of colonies
forming on 12 replicate plates containing cells
that had been exposed to UV-irradiated Tris
buffer. An unfortunate feature of this transfor-
mation assay is that the reversion frequency of
3T3-4E TK- cells was found to be rather high
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TABLE 5. Assay for defective interfering particles in
mutant stocks using plaque reduction as indicator

Temp No. of plaques
(C) 10-2 10-3 10-4 10-5 10-6 10-7

333 33 TNTC TNTC TNTC 162 113 96
39 TNTC TNTC 174 164 119 98

69 33 TNTC TNTC TNTC 136 118 112
39 26 40 49 57 85 117

74 33 TNTC TNTC TNTC 142 137 116
39 55 57 61 111 115 125

A constant amount of wild-type 333 virus was plated
which produced an expected number of plaques = 90 to 100/
dish at both 33 and 39 C. TNTC, Too numerous to count.
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FIG. 4. Survival of HSV-2 strain 333 and mu-
tants 69 and 74 after exposure to increasing doses of
UV light. Symbols: 0, HSV-2 strain 333 (wild type);
0, mutant 69; 0, mutant 74.

and variable; nevertheless, the results reported
here are regularly reproducible. Reversion fre-
quency was calculated for each experiment and
subtracted from frequency of foci on virus-
treated plates to give the "transformation fre-
quency."

Unirradiated virus-induced cytopathology
and no colonies were seen after exposure ofcells
to unirradiated wild-type virus or mutant 69.
Cells infected with unirradiated mutant 74 did
give rise to rare colonies, but these occurred at
a much lower frequency than the reversion fre-

quency of 3T34E TK- cells (approximately
1-5) and their significance is obscure.
With increasing UV dose, as the infectivity of

virus preparations decreased, the frequency
with which transformed colonies were observed
increased (Fig. 5). The data in Fig. 5 have all
been corrected for the mean number of foci
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FIG. 5. Biochemical transformation of 3T34E
TK- by HSV-2-333 and mutants 69 and 74. Mean
number offoci per plate was corrected for the mean
number of foci on control (non-virus treated) plates.
The results represent the mean of three experiments,
and the bars give the standard error about the mean.
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observed on control plates. This varied from
0.17 to 2.5 in different experiments. Significant
transformation was not observed with wild-
type HSV-2-333 until the preparation had re-
ceived at least 2 min of UV irradiation (4.8 x
105 ergs/cm2); thereafter, the observed number
of transformed foci increased. The maximum
frequency of transformation events (i.e., num-
bers of foci corrected for mean foci on control
plates) is approximately 3 x 1O-4.
Mutant 69, which was found to be more sensi-

tive to UV irradiation than the parental virus,
induced the formation of significant numbers of
transformed foci at lower UV doses than wild-
type 333, and a slightly higher maximum fre-
quency of transformation was observed.
A more striking difference in transforming

ability was shown by mutant 74. This virus,
which was the most sensitive to UV irradia-
tion, was able to transform significant numbers
of cells at a low (12 x 104 ergs/cm2) UV dose,
and the frequency of transformation after expo-
sure to this virus increased rapidly to a plateau
level that was equal to, or slightly higher than,
the maximum transformation frequency ob-
served with wild-type virus or mutant 69. This
plateau was maintained for UV doses from 2 to
10 min (4.8 x 105 to 2.4 x 106 ergs/cm2). Virus
infectivity dropped to undetectable levels after
only 5 x 105 ergs of irradiation per cm2.
The data presented in Fig. 5 represent the

mean of three experiments. More recently, two
further experiments, using virus that had been
irradiated for as much as 15 min, have provided
similar results.

Foci observed in transformation experiments
consisted of homogeneous populations of cells,
but at least two different morphological types
were seen in different foci. One type was a flat,
epithelioid cell that gave rise to large, appar-
ently single-layered colonies. The second cell
type was distinctly fibroblastoid and gave rise
to multilayered foci. These observations are
similar to those reported in an earlier study of
HSV transformation of mouse 3T3 cells (13), in
which the HAT selection system had not been
employed.

DISCUSSION
In the present study, two mutants, previ-

ously reported to be defective for replication in
HEF cells at 39 C, were compared with each
other and with the parental virus for a number
of biological properties. These mutants were
chosen because they were found to be members
oftwo distinct complementation groups (23) and
were not as leaky as other temperature-sensi-
tive host range mutants isolated (23).

Preliminary characterization of the mutants
had demonstrated that their temperature sensi-
tivity was not due to thermolability of the vi-
rion (R. W. Koment, unpublished data) or to a
block in virus adsorption or penetration at 39 C
(23). This was consistent with results reported
in this communication, demonstrating that a
number of virus-directed changes occurred in
HEF cells infected at 39 C. Some virus DNA
synthesis took place, host cell DNA synthesis
was turned off (data not presented), and a few
virus particles were produced, although these
particles were mainly noninfectious. The obser-
vation that mutant 69 produces many morpho-
logically normal particles of greatly reduced
infectivity is similar to that made by Schaffer et
al. (37), who reported a C group ts mutant of
HSV-1 that produced apparently morphologi-
cally normal particles of greatly reduced infec-
tivity.

Schaffer and co-workers (37) were also able to
correlate the production of cored and empty
particles with the DNA phenotype of the virus.
To some extent, similar observations were
made in this study using mutant 74. This mu-
tant, even at permissive temperatures in HEF
cells, had a delayed onset ofDNA synthesis and
at 39 C made very little virus DNA. Particles
produced in cells infected by mutant 74 showed
a preponderance of nonenveloped empty nu-
cleocapsids at 39 C.
The "host range" properties of mutants 69

and 74 appear to form a gradual pattern from
fully permissive cells (BSC-1) to extremely re-
strictive cells (HEF). This growth restriction in
different cells is demonstrated at 33 C but, at
39 C, it is much more marked. It seems reason-
able to conclude that the mutants have diffi-
culty in replicating in certain cells and that the
additional stress ofhigh temperature (HSV-2 is
known to grow poorly at elevated temperatures
[6]) prevents virus growth almost completely.
This conclusion could have important parallels
in vivo, particularly with regard to latency. It
may be that certain cells of the host are natu-
rally resistant to HSV growth or even that
there are certain naturally occurring HSV
strains whose growth is restricted in some cells,
e.g., of nervous tissue. Such strain differences
would not be without precedent; Epstein-Barr
virus for example, another herpesvirus of hu-
mans, appears to have at least two forms, one of
which can replicate in lymphocytes, the other of
which cannot replicate but can transform hu-
man cord blood lymphocytes (27, 28). It is even
possible, of course, that such strain differences
of Epstein-Barr virus are due to detectivess,"
like mutants 69 and 74.
The high transforming frequency observed
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with mutant 74 after relatively low doses ofUV
irradiation was a particularly interesting re-
sult in this context. It had been thought possi-
ble that mutant 69, which produced a very
large number of defective particles, might
prove to be a particularly efficient transforming
virus. This was not found to be the case, as
extensive cytopathic effects were observed
when this virus was added to cells after low UV
doses, suggesting that, although unable to rep-
licate, the majority of mutant 69 particles are
able to induce cell death and, thus, preclude
transformation. Mutant 74, although it did not
produce a large number of defective particles,
was abnormally sensitive to UV damage. It
seems probable that this property, together
with the naturally delayed growth cycle of the
virus, tipped the balance toward cell transfor-
mation (rather than lysis). It should be men-
tioned again, however, that there are a number
of shortcomings with the transformation sys-
tem used in this study. The assay was based
strictly on quantitative focus formation, and
colonies were not examined for the presence of
herpes-specific antigens. Considerable varia-
tion was seen in the number of foci produced in
different experiments, and the reversion fre-
quency of the 3T3-4E TK- cells was high (1 x
105 to 5 x 10-5). Similar transformation experi-
ments using L(TK-) cells (obtained from W.
Munyon) gave transformation frequencies too
low to be quantified, but again a greater trans-
forming efficiency was observed using mutant
74 than mutant 69 or wild-type 333 virus.
Taken together, the data on the transforming
potential of the three viruses tested lead to the
conclusion that great care must be exercised in
the development of attenuated herpes simplex
virus vaccines. Mutant 74 is attenuated, both
for growth in cell culture and for virulence in
mice (22), and on this criterion would be consid-
ered a suitable vaccine candidate. However, by
selecting for growth attenuation, selection has
also been made for a virus whose cytolytic prop-
erties are more than usually sensitive to exoge-
nous damage, but whose transforming capabili-
ties remain intact. This situation would clearly
be most undesirable in a virus vaccine.
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