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Noncytocidal persistent infections at 37 C of mouse L cells (LX X) with infec-
tive B particles of vesicular stomatitis virus (VSV) could be established only in
the presence of large numbers of defective interfering (DI) particles. Under these
conditions, there was a rapid spontaneous selection of temperature-sensitive (ts)
virus. At 10 days there was an increase to 17.8% in the frequency of ts clones in
the virus population; by 17 days this frequency had reached 85.2%, and by 63
days 100% of the clones isolated were ts at 39.5 C, the nonpermissive tempera-
ture used. All 34 of the clones isolated from the 84-day fluid had an RNA--
phenotype, and 8 clones that were tested all belonged to VSV complementation
group I. When tested by an interference assay, L,,- fluids did not contain
significant numbers of DI particles (<1 DI/PFU). Furthermore, persistent infec-
tion of L cells at 37 C could be initiated under conditions in which few, if any, DI
particles were present by using low input multiplicities (10-4 and 10--5) of a
clonal isolate of an RNA group I mutant obtained from LX ,\ cells. On the basis
of these and other results, a mechanism is proposed to explain the role of ts
mutants in both the establishment and maintenance of the persistently infected
state.

Several mechanisms have been suggested
that may be involved in the establishment and
maintenance of persistent infection by nor-
mally virulent viruses. Huang and Baltimore
(9) speculated that defective interfering (DI)
particles may be involved in regulation of virus
production in persistent infections. In support
of their theory, Holland and Villarreal (6) have
provided evidence that persistent noncytocidal
infections with vesicular stomatitis virus
(VSV) may be mediated by DI particles of this
virus.
Another mechanism involving temperature-

sensitive (ts) mutants was suggested by Preble
and Youngner (15). Their studies with Newcas-
tle disease virus (12-14, 23) showed that selec-
tion of ts mutants was involved in establish-
ment and maintenance of persistent infections
in several types of cell cultures. In addition, a
survey of the literature revealed many other
examples of selection of ts mutants by persist-
ent infections, both in cell cultures and in ani-
mals (15).
More recently, several groups of workers

have proposed that ordinarily cytolytic ribovi-
ruses can form infectious proviral DNA inter-
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mediates, which persist in actively dividing
mammalian cells independently of detectable
viral gene expression (18, 25, 26). This is consid-
ered a mechanism that would permit ribovi-
ruses to persist in eukaryotic cells for extended
periods.
This report deals with the establishment of

persistent infections of mouse L cells with VSV.
The investigations considered the role of DI
particles in establishment and maintenance of
the carrier state, the selection and characteris-
tics of ts mutants in the persistent infection,
and the altered properties of the persistently
infected cells.

MATERIALS AND METHODS
Cells. Primary chicken embryo (CE) cells, mouse

L cells (clone 929), and a line (BHK-21) of hamster
kidney cells were propagated in Eagle minimal es-
sential medium plus 4% calf serum.

Viruses. The large-plaque mutant of VSVINI)
(L,VSV) described by Wertz and Youngner (22) was
grown in BHK-21 cells and assayed in CE cells.
Monolayers in 32-ounce (ca. 950-ml) culture bottles
were infected with less than 0.01 PFU/cell to avoid
production of DI particles. This wild-type virus stock
is referred to in the text as VSVe. Analysis of
[PH1uridine-labeled viral particles by sucrose gra-
dients failed to detect DI particles in lysates pro-
duced under these conditions. ts mutants of VSVINI)
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representing known complementation groups were

obtained from R. R. Wagner. Pseudorabies virus
(PSR) was grown in RK-13 cells and assayed in CE
cells as described previously (24).

VSV-specific RNA synthesis. Cumulative VSV-
specific RNA synthesis in CE cells at 32 and 39.5 C
was determined as described previously for Newcas-
tle disease virus (13).

Screening of VSV clones for temperature sensi-
tivity. CE cell monolayers were grown in plastic
trays (Disposo-trays, Linbro Chemical Co.) contain-
ing 24 wells of 16-mm diameter. Each well was
seeded with 1.5 ml of a standard dilution of primary
CE cells; from 8 x 105 to 106 cells were present in
each well when the monolayers were confluent. The
cells in each well were infected with 0.1 ml of undi-
luted virus suspension from isolated plaques in 1.0
ml of medium. CE cells in control wells were mock
infected or infected with 0.1 ml of a suspension of a
clone of VSV0, the wild type. Replicate welled trays
were incubated at 32 or 39.5 C in humidified incuba-
tors gassed with CO2. The infected monolayers were
examined under a microscope for cytopathology
(CPE), which correlates with virus replication. Cul-
tures with extensive CPE always showed virus pro-
duction comparable to the wild-type virus, whereas
cultures with little or no CPE produced markedly
reduced amounts of virus progeny. When CPE was
complete in wells incubated at 32 C (usually 48 h
after infection), fluids were harvested from wells at
both temperatures and assayed by the plaque tech-
nique at 32 C. Virus clones with replication efficien-
cies of 10-2 or less at 39.5 C compared to 32 C were

considered ts mutants. Where indicated, working
stocks of ts mutants were prepared in CE cell mono-
layers in 2-ounce (ca. 60-ml) bottles. Repeated test-
ing confirmed that the CPE screening method was
extremely reliable. In cases where the CPE findings
were ambiguous, yield assays of well fluids were
used to classify the ts phenotype of the particular
clone involved.

Production of DI particles of VSV. DI particles
were produced by three serial undiluted passages of
VSVO in BHK-21 cells. This resulted in a 3-log,,
reduction in infectivity and the production of two
sizes of DI particles; the larger particle (designated
DI-40) was approximately 40% of the length of the B
particle, and the smaller particle (designated DI-30)
was 30% of the length of the B particle (3).

Quantitation of DI particles. The procedure de-
scribed by Bellett and Cooper (1) was used to quanti-
tate DI particles. Serial twofold dilutions of a prepa-
ration containing DI particles were added to mono-
layers of BHK-21 cells simultaneously with B parti-
cles of VSV. (multiplicity of infection [MOI] = 1).
The virus inoculum was adsorbed for 1 h at 37 C,
and unadsorbed virus was removed by three washes
with medium. After overnight incubation, culture
fluids were harvested and assayed for VSV infectiv-
ity. The interference by DI particles with infectious
VSV replication followed a one-particle-per-cell dose
response, as has been reported (3, 11).

Complementation tests in BHK-21 cells. Comple-
mentation tests were carried out by a modification of
the procedure described by Pringle (16). Duplicate
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monolayers of 5 x 105 to 106 BHK-21 cells in 16-mm
wells of plastic trays were infected with 0.2 ml of
each mutant clone (MOI = 10) or with 0.2 ml of
mixtures containing 0.1 ml of each mutant concen-
tration used for single infections. Virus samples
were diluted in growth medium plus 10 ,ug ofDEAE-
dextran per ml. After an adsorption period of 1 h at
4 C, the inoculum was removed. The monolayers
were washed twice with cold medium, 1 ml of warm
medium was added, and the trays were transferred
in sealed bags (gassed with 5% CO, in air) to a water
bath at 39.5 ± 0.05 C. To reduce background infec-
tivity to a minimum, 2 h later the fluids were again
removed, the monolayers were washed once with
warm medium, 1 ml of warm medium was added,
and the plastic trays were returned to the 39.5 C wa-
ter bath. Six hours later (8 h postinfection), the flu-
ids from the wells were harvested and tested for in-
fectivity at 32 C in CE cell cultures. The results are
expressed as a complementation index, which is the
ratio: [yield (m 1 + m 2) at 39.5 C]/[yield m 1 at
39.5 C + yield m 2 at 39.5 C], where m 1 and m 2 are
a given pair of mutants. Indexes of greater than 2
indicate complementation.

RESULTS
Establishment of persistently infected cell

cultures. Our attempts to establish persistent
infections in L cells with wild-type VSV (VSV,,)
free of DI particles were unsuccessful; at MOIs
from 0.1 to 0.00001, all cells were destroyed
within a day or two. These results were similar
to those reported with BHK-21 cells by Holland
and Villarreal (6). However, when we followed
their successful technique and infected cells
with wild-type B particles in the presence of
large numbers of DI particles, persistent infec-
tions were readily established. To obtain a suit-
able mixture of B and DI particles, we used the
third undiluted passage of VSV, in BHK-21
cells; this pool contained 5.2 x 109 DI and 1.5 x
10' B particles/ml. When monolayer cultures of
L cells in 2-ounce bottles (2.5 x 10' cells) were
infected with 0.5 ml of this virus pool, the input
MOI was 1,000 DI and 0.3 B particles/cell. The
virus inoculum was adsorbed for 1.5 h at 37 C
and then removed. The cells were washed three
times with 5 ml of growth medium, 7 ml of
growth medium was added, and the cultures
were incubated at 37 C. The medium was re-
moved and replaced with fresh medium 24 h
later. Assay of the infectivity of the medium at
this time revealed a marked inhibition of virus
replication (9.0 x 10W PFU/ml) compared to
control cultures infected with a similar low
MOI of B particles alone (3.0 x 108 PFU/ml). In
addition, there was a marked inhibition of cell
destruction (CPE) in the cultures that received
the mixture of DI and B particles; only small
foci of CPE were observed in cultures inocu-
lated with mixed particles, whereas all cells
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were destroyed at 24 h in cultures infected with
a similar MOI of B particles alone. Two days
after infection, the cells were scraped from the
glass and passed to several new bottles. In the
succeeding weeks there were frequent crises of
cell destruction, followed by regrowth of cells.
After many medium changes and cell passages
during the next month, the persistently in-
fected cell line stabilized and was maintained
in 16-ounce bottles. Confluent cell monolayers
were generally formed 4 to 7 days after subcul-
ture, and subsequent passages were made by
scraping the cells from one culture bottle to
three or four new bottles. Trypsin could also be
used to detach the cells from the glass. The
infected cell line periodically showed areas of
cell destruction and significant loss of cell via-
bility. In such cases the cultures were fed fre-
quently with fresh medium until the cells mul-
tiplied sufficiently to be passed. There was no
regularity in the intervals between crises, and
no correlation could be made between the crises
and the amount of virus present.

Properties of L cell cultures persistently
infected with VSV. When the persistently in-
fected cells (LVSV) had stabilized 6 weeks after
the infection was initiated, the virus content of
the medium was determined at subsequent cell
passages. When assayed at 32 C, the medium
always contained between 2 x 104 and 8 x 105
PFU/ml of culture fluid. The characteristics of
the virus (VSVpi) present in the persistently
infected cells are described in detail in a later
section of this paper. Attempts were made to
demonstrate the presence of DI particles in the
fluids containing plaque-forming virus. The bi-
ological interference method for assaying DI
particles is described in Materials and Meth-
ods. No evidence was obtained for the presence
of significant numbers of DI particles in the
fluids harvested from L,vV cells. Undiluted in-
fected culture fluids containing 5 x 105 PFU/ml
failed to produce any interference with the rep-
lication ofVSVO B particles in either L or BHK-
21 cell cultures. To increase the sensitivity of
this biological assay for DI particles, 1,600 ml of
pooled culture fluids from several consecutive
passages of LVSV cell cultures (4.9 x 105 PFU/
ml) was concentrated 320-fold by the polyethyl-
ene glycol procedure described elsewhere (3,
10). The infectivity titer of the concentrate was
2.3 x 107 PFU/ml, a 47-fold increase over the
unconcentrated virus pool. The original pool of
VSVpi and the concentrate were tested for their
ability to interfere with the replication of VSVO
in BHK-21 cells. The virus yield (PFU per mil-
liliter) for VSV,)alone was 8.6 x 108; for VSV(,
plus undiluted original VSVpi pool, 109; and for
VSV(, plus undiluted VSV,i, concentrate, 1.1 x

109. A significant reduction of VSV yield (ap-
proximately 10-fold) would have resulted if, on
the average, each cell in the monolayer (2.5 x
106 cells) were infected with 2 DI particles/cell
(11). This MOI of DI particles would have oc-
curred if the concentrate had contained 107 DI
particles/ml (2.5 x 106 cells/culture x 2 DI/cell,
using 0.5 ml of inoculum). Since the concen-
trate contained 2.3 x 107 PFU/ml and less than
107 DI particles/ml by the interference assay,
these results suggest that there was less than 1
DI particle/PFU in the fluids harvested from
the persistently infected cultures. It should be
noted that L cells are poor producers of DI
particles during consecutive undiluted pas-
sages of VSV0 (unpublished data). The require-
ment for large numbers of DI particles per cell
to initiate the persistent infection and the pre-
sumptive absence of significant numbers of DI
particles in the ongoing carrier state will be
discussed further below.
The number of LVSV cells plated for each

plaque-forming cell was determined by a
method described elsewhere (20). In different
tests, values form 4 to 100 cells/plaque-forming
cell were obtained; this indicated that from 1 to
25% of LVSV cells were capable of forming
plaques at a given time. In marked contrast
were the results of indirect immunofluores-
cence tests using rabbit anti-VSV serum and
fluorescein-labeled goat anti-rabbit globulin se-
rum. Under these conditions, 100% of acetone-
fixed Lv,v cells showed heavy cytoplasmic and
membrane staining. Uninfected control L cells
did not show positive immunofluorescence un-
der the same conditions.
The resistance of Lvs, cells to challenge with

VSV0 was determined. Lvsv and control L cells
were challenged with VSV( (MOI = 1). After
adsorption for 1 h at 37 C, the monolayers were
washed twice and refed with growth medium.
After 48 h at 37 C, the control L cells were
completely destroyed, whereas the challenged
Lvsv cells did not differ in appearance from the
mock-infected cultures. When assayed at 32 C,
VSVO plaques (2 to 3 mm) could be readily
distinguished from plaques of VSV,j (1 to 1.5
mm). Virus yields in mock-infected and chal-
lenged cultures showed that VSV(,) did not repli-
cate in LVSV cells (Table 1). These data, together
with the failure of VSV0 to produce CPE in
Lvsv cells, indicate that the carried virus estab-
lishes strong homologous interference with the
replication of wild-type virus.

It was previously reported from this labora-
tory that VSV completely inhibits the replica-
tion of a heterologous herpesvirus, PSR, in a
variety of cell lines, including L cells (2, 24). A
challenge experiment using PSR was carried
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out with LVXV and control L cells in the same
manner as described above for challenge with
VSVX,. Appropriate antisera and distinctive
plaque morphologies were used to differentiate
VSV,i and PSR plaques. After incubation ofthe
challenged cultures at 37 C for 48 h, there was a
gross difference in the CPE in the two cell lines.
Whereas the control L cells showed strong CPE
typical of PSR infection, the Lv,v cells were
unaffected. Titration of the total virus content
of the cultures (sonicated cells plus medium)
showed that Lv,v cells were completely resist-
ant to challenge with PSR (Table 2). This find-
ing is consistent with the observation above
that 100% of Lv,v cells contain VSV-specific
antigen. The specific VSV component responsi-
ble for inhibition of PSR replication has not
been identified (3). The complete resistance of
LVXV cells to PSR is further illustrated by the
finding that serial passage of challenged cells
can be carried out without the appearance of
PSR infectivity or PSR-induced CPE.
No interferon was detected in the culture

fluids from LVXV cell cultures. Using methods
previously described (20), harvested fluids were
dialyzed against glycine-hydrochloride buffer
(pH 2.0) overnight at 4 C to destroy VSV,i infec-
tivity, returned to pH 7.0, and then incubated
overnight with control L cells. After challenge
with VSV,,, no significant inhibition of viral
replication was observed. The absence of detect-

TABLE 1. Superinfection of LV.S and control L cells
with wild-type VSV (VSV,,)

Virus yielda after challenge with:

Mock infected VSV0 (MOI = 1)
Cells

Plaque Plaque
PFU/mlb size PFU/ml size

(mm) (mm)

Control L cells 0 1.0 x 108 2-3
LVSV cellsf 3.1 x 105 <1-1.5 1.8 x 105 <1-1.5

a48 h at 37 C.
b Assays in CE cells at 32 C.
r P-50, 310 days after initiation.

able interferon at early and late passage levels
of LVSV cells rules out any role for this mediator
in the resistance of these cells to challenge with
homologous (VSV0) and heterologous (PSR) vi-
rus. The absence of interferon in L cell cultures
persistently infected with a small plaque var-
iant of VSV was also noted by Wagner et al.
(21).
Properties of virus (VSVp,) isolated from

LSV cells. When the LVSV line had stabilized
about 6 weeks after initiation of the persistent
infection, it was noted that the plaque diam-
eter of the carried virus at 32 or 37 C in CE cell
cultures was <1 to 1.5 mm after 3 days; after
similar incubation, wild-type VSV. plaques
were 2 to 3 mm in diameter. This change in
plaque size is characteristic of virus recovered
from other persistent infections, particularly
from carrier lines ofL cells persistently infected
with Newcastle disease virus, as reported from
this laboratory previously (20, 23). The plating
efficiency of virus from LVSV cultures was deter-
mined by carrying out infectivity assays at 32
and 39.5 C; the plating efficiency of VSV,, was
also determined at the two temperatures. Flu-
ids obtained from Lv,v cell cultures 52 to 84
days after initiation of the infection showed
progressively reduced plating efficiencies at the
higher temperature (Table 3). For example, at
day 84, the 39.5/32 C ratio was 6.1 x 10-5 com-
pared to a ratio of 0.38 for VSV0, the wild-type
virus. The cutoff temperature for plaque for-
mation by the virus present in the fluids tested
(Table 3) was above 37 C; the PFU per milli-
liter at 32 and 37 C varied within a twofold
range. The ts replication of the virus in the 84-
day fluid was confirmed by testing the amount
of virus produced in CE cells incubated at the
permissive and nonpermissive temperatures.
Using an MOI of 0.1 (based on the 32 C assay in
Table 3), CE cell monolayers were infected
with either the 84-day fluid or VSVQ. After vi-
rus adsorption for 1 h at 37 C, the cultures
were washed twice to remove unadsorbed vi-
rus, fresh medium was added, and the cultures

TABLE 2. Superinfection of Lv,S} and control L cells with PSR virus
Virus yielda after challenge with:

Cells Mock infected PSR (MOI = 1)
Assayb with serum

PFU/ml Plaque type PFU/ml Plaque type
Control L cells Anti-VSV 0 - 6.5 x 106 PSR

Anti-PSR 0 - 5.9 x 105 PSR
LVSV cellsc Anti-VSV <10' - 6.0 x 10' PSR

Anti-PSR 1.0 x 105 VSVpj 1.2 x 105 VSVpj
"48 h at 37 C.
b Assays in CE cells at 37 C.
' P-50, 310 days after initiation.
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TABLE 3. EOP at 32 and 39.5 C offluids from LV.SV cell cultures compared with that of wild-type VSV,
Infectivity in CE cell cultures

Test Days after Cell passage Temp (C) of Medium from LVSV cells VSV. control
initiation assay

PFU/ml 39.5/32 C ratio PFU/ml ratio

1 52 P-2 32 2.0 x 105 0.016 8.5 x 106 0.35
39.5 3.3 x 103 .1 3.0 x 106

2 63 P-4 32 7.4 x104 4.5 x106 04
39.5 4.3 x 103 0.058 2.0 x 106 0.44

3 79 P-6 32 6.2 x 105 <1.6 x 10-4 4. x 106 0-35
39.5 < 102 1.4 x 106 .

4 84 P-6 32 6.5 x 105 6.1 x 10-s 1.5 x 106 0.38
39.5 4.0 x 10' 5.7 x 10-5

were shifted to either 32 or 39.5 C and incu-
bated for 48 h. By both CPE and yield determi-
nations, it was confirmed that the virus from
LV,v cells was temperature sensitive (Table 4).
The experiments in CE cells described in Ta-

bles 3 and 4 were repeated using L cells as the
permissive cell; the results obtained were es-
sentially the same. The virus from Lvsv cells
(84-day fluid) showed a markedly reduced abil-
ity to replicate in control L cells at 39.5 C when
tested by both the plaquing and yield efficiency
methods.
The 84-day Lvsv fluid described in Tables 3

and 4 was plated in CE cell cultures at 32 C,
and 34 plaques were isolated from terminal
dilution plates. The plaque progeny were
grown at 32 C in CE cells and tested for effi-
ciency of plating (EOP) at 32 and 39.5 C. The
39.5/32 C EOP for five wild-type clones isolated
from VSV,, ranged from 0.49 to 0.80 (average,
0.67), whereas the ratio for the 34 clones from
Lv,v cells ranged from 10-3 to <4 x 10-7 (aver-
age, 7.1 x 10-4). Clearly, the persistent infec-
tion of Lv,v cells had spontaneously selected a
population of ts viruses. The ts phenotype was
stable when clones were passed at low MOI in
either L, CE, or BHK-21 cells. A similar selec-
tion of stable ts viruses was previously re-
corded for persistent infections of L, BHK-21,
and a line of canine kidney cells with a para-
myxovirus, Newcastle disease virus (13, 23).
The RNA phenotype of the 34 ts clones was

determined in CE cells at 39.5 C using tech-
niques previously described (12, 13). All 34
clones were defective in RNA synthesis at the
nonpermissive temperature: 27/34 synthesized
less than 10%, and 7/34 synthesized 10 to 18% of
the RNA made at the permissive temperature
(32 C). For five clones of wild-type VSV0, RNA
synthesis at 39.5 C ranged from 50 to 91% (av-
erage, 60%) of the RNA synthesized at 32 C.

Complementation analyses of ts clones from
LVSV cells and known RNA- mutants represent-

TABLE 4. Efficiency of replication at 32 and 39.5 C
offluids from L,,, cell cultures compared with that of

wild-type VSV,,

Temp Replication in CE cells

Inoculuma (C) of Virusincuba- CPE at yield" 39.5/32 C ra-
tion 48 h (PFU/ml) tio

Medium from 32 ++++c 1.9 x 1068 0
Ldsv P6 (84 39.5 0 4.1 x 104 31 X 10-4
days)

VSV0 control 32 ++++ 1.7 x 103 0.42139.5 +++± 17.3 x 107

a MOI = 0.1
b Assay in CE cells at 32 C.
c + + + +, Denotes complete cell destruction.

ing complementation groups I (ts G 11), II (ts
G 22), and IV (ts G 41) of VSVINI) were carried
out in BHK-21 cells as described in Materials
and Methods. Virus pools used for complemen-
tation analyses were grown in either CE or
BHK-21 cells at 32 C using low MOI (<0.01).
Clear evidence of complementation was ob-
tained with all combinations of ts G 11, ts G 22,
and ts G 41, which represent known comple-
mentation groups (Table 5). Crosses of these
mutants with eight of the RNA- mutants iso-
lated from L\,,, cells showed complementation
with the group II (ts G 22) and group IV (ts G
41) mutants but not with the group I mutant (ts
G 11). When ts pi 26 was crossed in CE cells
with the other seven ts pi mutants, the results
were negative except for an index of 2.8 in the
case of mutant ts pi 3. The degree of comple-
mentation seen in the ts pi 26 x ts pi 3 as well
as the ts G 11 x ts pi 3 crosses may represent a
case of the weak intragenic complementation
reported for certain combinations of group I
mutants (17). Overall, these results indicate
that the eight mutants from the persistent in-
fection that were tested belong to complemen-
tation group I. This is not surprising since
Flamand (5) reported that 81.7% of spontane-
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ous mutants present in VSVINI) populations
were classed as group I mutants. If the ts mu-
tants that maintain the persistently infected
state were originally selected from those spon-
taneously present in the wild-type population,
there would be a strong probability that they
would belong to group I. Complementation
analyses with additional ts pi mutants are
being carried out.
Rate of selection of ts mutants in L cells

persistently infected with VSVI,. A prospective
study was undertaken to determine more pre-
cisely the early events in the establishment of
persistent infection, particularly the rate at
which ts mutants appeared. This prospective
study was started by infecting L cells with the
third undiluted passage of VSVI, in BHK-21
cells, as described above. In this instance, cul-
ture fluids were frozen at -70 C at the time of
medium changes and at each cell passage. All
fluids were tested for plating efficiency in CE
cells at 32 and 39.5 C. Selected fluids were then
plated in CE cell cultures at 32 C, and isolated
plaques were selected at terminal dilutions; 90
clones of the third undiluted passage VSV,,
pool, used to initiate the persistent infection,
were also isolated by plating terminal dilutions
at 32 C. The ts phenotype of the clones was

screened by the CPE method in welled trays at
32 and 39.5 C and then confirmed by the virus
yield method, as described in Materials and
Methods.

Clonal analysis revealed that the frequency
of spontaneous ts mutants in the inoculum used
to initiate the persistent infection was 4.4%
(Table 6). This frequency of spontaneous ts mu-
tants is roughly comparable to the 2.8% re-
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ported for another line of VSVINI) (5, 17). Table 6
illustrates that, by 10 days after initiation of
the persistent infection, there was a statisti-
cally significant increase in the frequency
(17.8%) of ts mutants in the fluids harvested
from L,,,, cells. The frequency of ts mutants
increased dramatically in fluids harvested at 11
and 17 days. By 63 days, all 29 clones isolated at
32 C from the Lv,, cells were temperature sen-
sitive. The rapid rate of selection of ts mutants
by the conditions established in the persistent
infection is dramatically illustrated by this pro-
spective study. Possible mechanisms involved
in this rapid selection will be discussed below.

It is important to note the limitations of rely-
ing on the EOP method alone to determine the
presence or absence of ts mutants in a given
virus population. It can be noted in Table 6 that
a given virus pool (P-2, 11-day fluid) exhibits an
EOP (0.18) not significantly different from that
of the wild-type virus (0.27); clonal analysis,
however, reveals that 73.2% of the clones iso-
lated are ts mutants.

Influence of temperature shift on the char-
acteristics of the L cell line. Replicate cul-
tures of L cells (P-39, 209 days after initia-
tion of the persistent infection) were shifted
from 37 C, the usual incubation temperature,
to either 32 or 39.5 C. Control cultures were
kept at 37 C for comparison. Replicate L cell
cultures kept at 37 C did not alter their charac-
teristic pattern of continuous production of vi-
rus with a low 39.5/32 C EOP (Table 7, foot-
note). However, the cultures shifted to 32 C
showed significant CPE by 2 days, accompanied
by a change in the EOP to a ratio closer to that
of the wild type. By 3 days after the shift to

TABLE 6. Prospective study: appearance of ts mutants in L cells persistently infected with VSV

Days No. of clones
Cell passage after ini- Assay PFU/ml in me- EOP (39.5/ 1 t Significance

tiation temp (C) dium 32 C) lated ts s levela (P)

(Inoculum)h 32 3.0 x 105 0.27 90 4 4.4
39.5 8.0 x 104

P-i 7 32 1.1 x 10:1 0.55 59 5 8.4 <0.4'
39.5 6.1 x 102

P-1 10 32 3.9 x 10: 0.46 56 10 17.8 <0.025"
39.5 1.8 x 10:1

P-2 11 32 3.7 x 105 0.18 56 41 73.2 <0.001"
39.5 6.9 x 104

P-2 17 32 2.5 x 104 0.088 61 52 85.2 <0.001"
39.5 2.2 x 10:1

P-8 63 32 2.2 x 105 0.001 29 29 100 <0.001"
39.5 2.2 x 102

a Student's t test.
Third undiluted passage of VSV,, in BHK cells at 37 C.

r Not significant.
" Significant.
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TABLE 7. Influence of temperature shift on the
characteristics of the persistently infected LVSV cell

line

LVSV cells
(P-39, 269 Cell Days Assay3952Cra
days)a pa-after temp PFU/ml3952Cra
shifted s tio
fo37Csage shift (C)

to:

39.5 C P-0 1 32 3.1 x 104 2.2 x 10-2
39.5 7.1 x 102

3 32 2.6 x 104 10-2

7
395 39 x 1°02 1.5 x

P-i 7 32 4.0 x 102 <2.5 x 10-2
39.5 <10'

P-2 25 32 47
39.5 NT6

30 32 0
39.5 0

32 C P-0 1 32 1.8 x10 5.x 1O-3
39.5 9.0 X 102

2' 32 6.5 x 10s 0.11
39.5 7.4 x 104

3d 32 1.7 x 10 0.11
39.5 2.0 X 105 .1

a Infectivity of fluids from replicate cultures kept at 37 C
for 3 days: 32 C, 2.7 x 105; 39.5 C, 6.2 x 103; 39.5/32 C ratio,
2.2 x 10-2.

b NT, Not tested.
c Strong CPE noted.
d Cell monolayer completely destroyed.

32 C, there was complete cell destruction and a
significant increase in the amount of virus pres-
ent in the culture fluid.

In marked contrast, the shift of Lvsv cells to
39.5 C resulted in continued proliferation of the
cells and in a progressively diminished virus
production. At 7 days after the shift to 39.5 C,
at which time the cells had been passed once at
this temperature, there was a 2-log,1, reduction
in the amount ofvirus in the medium. The 39.5/
32 C EOP ratio of this virus was characteristic
of VSVp,,. By 25 days (P-2), virus was barely
detectable in the medium (47 PFU/ml), and 30
days after the shift-up no detectable virus was
present. From this time the cells were passed
weekly at 39.5 C without evidence of virus pro-
duction. The observations described emphasize
the role played by ts virus in the maintenance
of the persistently infected state.

Shift-down of the "cured" cell line from 39.5
to 32 or 37 C did not result in the reappearance
of CPE or infective virus, although the cells
were passed weekly at these temperatures. In
addition, co-cultivation ofthe "cured" cells with
CE cells for 2 weeks or with BHK-21 cells for
seven cell passages over a period of 5 weeks did
not result in a reactivation of virus production.

Additional attempts were made to activate
virus in the cured line with inhibitors of DNA
function or synthesis using a variation of the

methods employed by Simpson and Iinuma (18)
to activate respiratory syncytial virus in non-
producer, persistently infected lines of bovine
embryo kidney cells. Various inhibitors were
used to treat producer LvsL lines and a line
cured by passage at 39.5 C and maintained at
37 C. The data in Table 8 show that, in pro-
ducer LVXV cells, only actinomycin D signifi-
cantly enhanced virus yield 48 h after exposure
to the drug was begun. This is not surprising,
since VSV replicates independently of endoge-
nous functional host cell DNA. All the other
inhibitors used failed to alter significantly the
virus yield per cell in the producer L xX line. In
the case of the cured line, no activation of virus
replication occurred with any of the inhibitors
used (Table 8). This pattern of behavior after
treatment with DNA inhibitors is in contrast to
the report by Simpson and Iinuma that halo-
genated pyrimidines activated production of in-
fective virus in nonproducer lines of bovine em-
bryo kidney cells persistently infected with res-
piratory syncytial virus (18).

TABLE 8. Treatment ofproducer and cured lines of
Lv' with DNA inhibitors: influence on virus

production

Virus yield expressed as
PFU/ml (PFU/cell) from:

Treatment of cellsa LV,, cells, CreL
ducer line (P-60, Cured Lvs
344 days at 37 C)

None 3.3 x 104 <101
(0.028) (0)

Actinomycin D 1.2 x 105 <10'
(2 ,ug/ml) (2.00) (0)

Mitomycin C 3.1 x 104 <10'
(0.5 jig/ml) (0.026) (0)

Bromodeoxyuridine 1.3 x 105 <10'
(100 ,g/ml) (0.11) (0)

Cytosine arabinonucleo- 3.1 x 104 <10'
side (0.062) (0)
(10-5 M)

a Cell monolayers in 60-mm dishes were exposed
to the inhibitors in medium containing 4% dialyzed
calf serum for 20 hr at 37 C. The drug was removed,
and the cells were washed three times with warm
medium and refed with medium +4% dialyzed calf
serum. Culture fluid was harvested 48 h after treat-
ment with the inhibitor was begun, and the number
of cells in each dish was determined. The infectivity
of the fluids was tested in CE cell monolayers at 32
C. PFU per cell was determined by dividing the cell
number per dish by the total PFU present in 3 ml of
culture fluid.
bCured LVSV cells: P-39 (269 days at 37 C) shifted

to 39.5 C became negative for virus after 30 days at
39.5 C (Table 7); shifted to 37 C after an additional 21
days at 39.5 C; treated with drugs after 59 days (P-8)
at 37 C.
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Ability of ts mutants to establish persistent
infection. An attempt was made to establish a
persistent infection in L cells using a cloned ts
mutant derived from LVSV cells. To this end,
clone ts pi 364, which was isolated from the 7-
day fluid ofthe persistent infection summarized
in Table 6, was used. The original plaque iso-
late grown at 32 C was used to initiate the
infection; this plaque isolate contained 8.4 x 107
PFU/ml and showed a 39.5/32 C yield efficiency
of <1.1 x 10-6. L cell monolayers in 2-ounce
bottles (3.4 x 106 cells) were infected with 0.5
ml of 10-fold dilutions of ts pi 364 to give input
MOIs ranging from 0.1 to 0.00001. These low
MOIs and the nature of the initial plaque iso-
late would preclude a role for DI particles in the
initiation of the carrier state. After an adsorp-
tion period of 1 h at 37 C, the monolayers were
washed twice with growth medium, 7 ml of
fresh medium was added, and the cultures were
incubated at 37 C. By 4 days, the cultures in-
fected at the three highest MOIs showed com-
plete cell destruction and virus yields were con-
siderable, although the progeny were still
clearly ts (Table 9). The two lowest MOIs
(0.0001 and 0.00001) produced only several
small foci of cell destruction, and the fluids
from these cultures contained reduced amounts
of ts virus (Table 9). The two persistently in-
fected LVSV lines established using the lowest
MOI of ts virus were passed at 4- to 6-day
intervals. At this writing these lines have been
maintained at 37 C for eight cell passages over
a period of 43 days. Only occasional foci of cell
damage have been seen, and the infectivity of
the medium ranges from 103 to 105 PFU/ml
when assayed in CE cell cultures at 32 C. The
39.5/32 C EOP ratio has not exceeded 2.2 x

TABLE 9. Attempt to initiate persistent infection ofL
cells at 37 C using different MOIs ofclone ts pi 364:
cytopathology and virus replication 4 days after

initiation

Infectivity of medium 4 days after
CPE (4 infection

Input MOI days at 37
C) Temp (C) PFU/ml 39.5/32 C ratio

of assaya

0.1 +++ 32 9.3 x 106
-0.01 ++++b 329.5 953

x
102 5.6 x 10-5

0.01 + + + + 32 >5.0 x 106
39.5 >1.0 x 102

0.001 + + + + 32 >5.0 x 106 <1.0 x 10-5
39.5 <1.0 x 101

0.0001 + 32 2.2 x 101 <4.5 x 10-5
39.5 <1.0 x 101

0.00001 + 32 8.0 x 105 <1.2 x 10-5
39.5 <1.0 x 101

a Assays in CE cell monolayers.
b++ + +, Denotes complete cell destruction.

10-4, indicating the persistence of a ts virus
population in the carrier cultures. Continued
passage and characterization of this cell line is
being carried out.
The ts pi 364 pool used to initiate the persist-

ent infection described above was tested for its
ability to replicate at 32, 37, and 39.5 C. When
the EOP at these temperatures was compared
(Table 10) to that of a wild-type clone (WT 02), it
was found that there was a marked decrease in
the ability of ts pi 364 to replicate at 37 C,
compared to its replication at 32 C. At 39.5 C
the conditions were nonpermissive, providing a
39.5/32 C ratio of 1.4 x 10-5. This "leakiness" of
ts pi 364 at 37 C is an important aspect of the
mechanism for establishment and maintenance
of persistent infection by ts mutants, which is
proposed in the Discussion.

DISCUSSION
The results presented demonstrate the im-

portant role played by ts virus in the establish-
ment and maintenance of persistent infections
of L cells with VSV. For clarity, it is desirable
to separate this process into two components,
establishment and maintenance, and to exam-
ine what is known about each.
The establishment of persistent infection

with VSV at 37 C in L cells depends on the
characteristics of the virus used. For example,
when wild-type infectious B particles are used,
it is necessary to coinfect the cells with large
numbers of DI particles to establish the carrier
state. Even at extremely low MOIs, B particles
alone replicate and completely destroy the host
cells. These findings are in agreement with
those of Holland and Villarreal (6), who used
VSVI,ND and BHK-21 cells. However, the re-
quirement for DI particles to establish persist-
ent VSV infections in L cells can be eliminated
by initiating the infection with a very low MOI
of a ts mutant. A clonal isolate of mutant ts pi
364, which had been obtained from LVSV cells,
was capable of establishing a stable carrier
state when used at an MOI of 10-4 or 10-5.
Under these conditions, the persistent infection
was initiated with ts virus propagated and di-
luted to exclude DI particles. In addition, low
MOI precluded coinfection of any cells with
both a B and DI particle, if present. It is appar-
ent from the results that the establishment of
persistent infection of L cells with VSV can
occur without a requirement for mediation by
DI particles. The ability of ts virus at low MOI
to establish the carrier state may depend on the
decreased efficiency of this virus to replicate in
L cells at 37 C. In effect, replication of ts virus
at this temperature may be leaky, leading to an
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TABLE 10. EOP of ts pi 364 in CE cell cultures at 32, 37, and 39.5 C compared with that of a VSV0 clone
(WTo2)

Virus clone Assay PFU/mla Plaque size EOP ratio
temp(0) (mm) ~~~~~~37/32C 39/37 C 39/32 C

WTO2 32 3.9 x 108 5-6
37 4.2 x 108 5-6 1.07 0.80 0.87
39.5 3.4 x 108 3-4

ts pi 364b 32 1.2 x 108 1-2
37 2.3 x 105 <1-1 1.9 X 10- 7.3 x 10-s 1.4 x 10-
39.5 1.7 x 103 <1

a After 4 days at specified temperature.
Original plaque isolate from Lv,v 7 days after initiation, as described in Table 6.

altered virus-host cell interaction. This inter-
pretation is in agreement with the report by
Farmilo and Stanners (4) that hamster embryo
cells infected at 38.5 C with ts T 1026 (a group I
mutant of the HR strain of VSVIN,, isolated in
Toronto) were able to continue to synthesize
DNA and undergo as many as 10 divisions at
38.5 C without cytocidal effects. This situation
was considered to be a consequence of the semi-
permissive conditions used in their experi-
ments. On the other hand, when wild-type vi-
rus or large amounts of ts virus are used at
37 C, DI particles are essential to reduce the
initial virus replication and cell destruction
that follow. Only by the intercession of DI par-
ticles can the destructive effects of the virus be
modulated sufficiently for persistence to follow
under these conditions.

In regard to maintenance of the persistently
infected state, the question again arises con-
cerning the role of DI particles. Efforts to dem-
onstrate the presence of DI particles in the Lvsv
cell line were not successful. Using a biological
interference assay in BHK-21 cells, it was con-
cluded that there was less than 1 DI particle/
PFU in the fluids harvested from L, cell cul-
tures. Even concentration of the infected fluid
failed to reveal the presence of significant num-
bers of DI particles. The presence of low levels
of DI particles might be revealed by using the
amplification methods suggested by Holland
and Villarreal (7), and efforts in this direction
are continuing. However, there is other indi-
rect evidence that reduces the possiblility that
DI particles are required for maintenance of the
carrier state in LVsV cells. When the persist-
ently infected cells maintained at 37 C are
shifted down to 32 C, there is an increased rep-
lication of virus, and complete cell destruction
occurs within 3 days. Holland and Villarreal (6)
also reported a rapid cytocidal effect accompa-
nied by virus replication when their line of

BHK-21 cells persistently infected with VSV
was shifted down from 37 to 33 C. It is difficult
to reconcile these findings with maintenance of
the carrier state by the presence of DI particles.
There is no evidence in the literature and no a
priori reason to believe that DI particles show a
temperature-dependent interference effect (8).
The selection of a ts virus population occurs

with surprising rapidity when L cells are in-
fected with low multiplicities (0.3 PFU/cell) of
wild-type B particles in the presence of large
numbers of DI particles (1,000/cell). In one ex-
periment (Table 6) in which a detailed prospec-
tive study was undertaken, at 10 days there
was an increase to 17.8% in the frequency of ts
clones in the virus population. By 17 days, this
frequency had reached 85.2%, and by 63 days
after the initiation of the infection 100% of the
clones isolated had a ts phenotype. This persist-
ently infected L,VS cell line has been main-
tained for 7 months without the appearance of
revertants in the virus population.
When L,, cells passed at 37 C were treated

with several inhibitors of DNA synthesis or
function, only actinomycin D produced a signif-
icant change in virus yield, i.e., a 100-fold in-
crease (Table 8). This result, together with the
failure of mitomycin C, bromodeoxyuridine, or
cytosine arabinonucleoside to affect virus
yields, indicates that it is unlikely that a DNA
provirus state is involved in regulating virus
production in this persistent infection, as has
been suggested for other systems by several
groups of workers (18, 25, 26). Additional pre-
sumptive evidence against the involvement of a
DNA provirus in the Lvsv cell line was provided
by data described in Table 8. A line of LVXV cells
was converted to a nonproducer line by shift-up
to and passage at 39.5 C for 30 days. When this
cured cell line was shifted back to 37 C, no
virus replication was detected. Treatment of
the cured cell line with the DNA inhibitors
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listed above failed to activate virus production.
Attempts to find evidence for a DNA provirus
are continuing, using more sensitive hybridiza-
tion techniques that employ purified L,v; cell
DNA and isotope-labeled virion RNA from
vsv.
Questions that remain unanswered by the

data provided in this paper are: "How are ts
mutants able to establish and maintain persist-
ent infections?" and "Why don't revertants re-
place the ts population at 37 C, a temperature
not optimum for the ts mutants?" A possible
answer to these questions may be provided by
preliminary evidence that known RNA- mu-
tants belonging to VSV complementation
groups I, II, and IV, as well as a group I mutant
(ts pi 26) isolated from Lv,v cells, are capable of
interfering with the replication of wild-type
VSV in control L and BHK-21 cells. We have
previously reported that ts mutants of Newcas-
tle disease virus interfere with wild-type virus
replication at both permissive and nonpermis-
sive temperatures (13). This interference was
prior to or at the level of RNA transcription. It
has also been reported by Stollar et al. (19) that
ts Sindbis virus interferes with wild-type virus
replication in BHK-21 cells. In addition, we
have found that under conditions of mixed in-
fections at 37 and 39.5 C the ts mutants are
"rescued" by the wild-type virus. ts virus yields
are dramatically increased, while, at the same
time, the wild-type virus replication is sup-
pressed significantly at both temperatures.
This "dominance" of the replication of ts virus
at 37 C provides a rationale for the spontaneous
selection and maintenance of ts mutants in the
persistently infected cell lines. Details of these
experiments will be published separately.
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