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Persistent reovirus infection of L cells was established with a serially passaged
stock of temperature-sensitive (ts) mutant C(447) containing greater than 90%
defective interfering particles. Within a month after establishment of the carrier
culture, the ts mutant was replaced by virus that expressed the wild-type (ts+)
temperature phenotype (R. Ahmed and A. F. Graham, J. Virol. 23:250-262,1977).
To determine whether the ts+ phenotype of the virus was due to intragenic
reversion or to the presence of an extragenic mutation suppressing the original ts
defect, several clones were backcrossed to wild-type reovirus, and the progeny of
each cross were screened for temperature sensitivity. The results indicated that
the original tsC lesion had reverted. However, in two ofthe seven clones examined,
new ts lesions were found. These new ts lesions appeared phenotypically as ts+
due to the presence of extragenic suppressor mutations. Temperature-sensitive
mutants representing three different groups were rescued from one suppressed
clone, indicating that this ts+ clone contained multiple ts lesions. Among the ts
mutants rescued were the initial isolates of a new recombination group which we
have designated H. Some of the ts mutants rescued from the suppressed clones
are capable of interfering with the growth of wild-type reovirus and may play a
role in maintaining the carrier state. The results of this study show that persist-
ently infected L cells contain a genetically heterogeneous population of reovirus
even though all virus clones express the ts+ phenotype. It is thus critical to
distinguish between genotype and phenotype when analyzing viruses that emerge
during persistent infection.

Many animal viruses, including some that are
highly cytocidal, can establish persistent infec-
tions in cell culture (9). DNA viruses, and RNA
viruses containing reverse transcriptase, can per-
sist either by integrating viral DNA into the host
DNA, or by forming circular extrachromosomal
plasmids. The mechanisms of persistence of vir-
ulent RNA viruses that multiply in the cyto-
plasm are not completely understood, but three
factors have been implicated in regulating viral
growth and allowing the carrier state to be main-
tained. These are (i) the generation of tempera-
ture-sensitive (ts) mutants that grow poorly at
normal incubation temperature (16), (ii) the ap-
pearance of defective interfering particles that
lack part of the viral genome and suppress
growth of infectious virus (10), and (iii) produc-
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tion of interferon, which reduces the yield of
infectious virus (20). These factors, separately
or in association, play a role in maintaining a
balance between viral and cellular growth.

Viruses selected during persistent infection
often differ from the virus used to initiate the
infection. Temperature-sensitive mutants have
been recovered from carrier cultures initially
infected with wild-type (ts+) Newcastle disease
virus, Sendai virus, Sindbis virus, measles virus,
and vesicular stomatitis virus (7, 13, 15, 16, 22,
23). Small-plaque mutants have been selected in
cells persistently infected with vesicular stoma-
titis virus, respiratory syncitial virus, and simian
virus 40 (11, 14, 17). Holland et al. have shown
by oligonucleotide mapping that the vesicular
stomatitis virus genome changes extensively
during a long-term persistent infection of BHK
cells (8). Thus, there are numerous examples of
ts and other mutants emerging during persistent
infections. When persistent infections are estab-
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lished with ts mutants of reovirus, the situation
is unusual, since the virus acquires a wild-type
(ts+) phenotype (2). The presence of a ts+ phe-
notype, however, does not prove that the geno-
type of the virus is wild type. A ts mutant can
acquire wild-type phenotype by true reversion,
i.e., reverse mutation at the same nucleotide as
the original mutation, or by pseudoreversion.
Pseudorevertants can arise as a result of a sec-
ond mutation in the same gene as the original
mutation (intragenic suppression), or a mutation
in some other gene that suppresses the original
ts lesion (extragenic suppression). Since the reo-
virus genome is segmented and recombination
takes place by reassortment ofgenome segments
(21), it is easy to detect the presence of extra-
genic suppressor mutations. However, it has not
been possible to distinguish between intragenic
suppression and "true" reversion by genetic
analysis, since intragenic recombination has
never been detected in reovirus (5, 21). Thus, we
will use the term "intragenic reversion" to indi-
cate both true reversion and intragenic suppres-
sion. Ramig and Fields have shown that extra-
genic suppression is the major way that ts mu-
tants of reovirus revert to a ts+ phenotype (18,
19). This finding prompted us to check whether
the ts+ phenotype of virus isolated from the
persistently infected cells was due to the pres-
ence of extragenic suppressor mutations or due
to intragenic reversion.

In the present study we have analyzed a num-
ber of ts+ clones isolated from the carrier cells
for the presence of extragenic suppressor muta-
tions. The results indicate that although the
original tsC lesion appears to have reverted,
some of the ts+ clones contained suppressed ts
lesions. Among the ts mutants rescued from the
suppressed clones were members of a new re-
combination group, which we have designated
tsH. In addition we found that some of the ts
mutants interfere with the growth of wild-type
virus. (A preliminary report of this work was
presented at the 1978 ICN-UCLA Symposia on
Molecular and Cellular Biology [6].)

MATERIALS AND METHODS
Cells and virus. L cells were grown in suspension

or as monolayers in Joklik's modified Eagle minimal
essential medium supplemented with 5% fetal calf
serum. The wild-type Dearing strain of reovirus type
3 and ts mutants were from the laboratory stock
collection. The ts mutants were isolated and described
by Fields and Joklik (5) and Cross and Fields (4). The
following recombination group prototype mutants
were used; group A, tsA(201); group B, tsB(352); group
C, tsC(447); group D, tsD(357); group E, tsE(320);
group F, tsF(556); and group G, tsG(453). All viruses
were plaque purified and passaged twice on L-cell
monolayers. Second-passage virus was used in all ex-
periments unless otherwise indicated.

L cells persistently infected with reovirus. The
carrier cell line used in this study was originally in-
fected with a serially passaged stock (passage 9) of
tsC(447) (2). These cells, designated L/C447, were
grown as monolayers in Joklik's modified Eagle mini-
mal essential medium supplemented with 5% fetal calf
serum. The L/C447 cell line was propagated at 37°C
for a period of 1.5 years. Subcultures were made by
trypsinizing each culture and transferring half of the
cells to a new dish. The doubling time of L/C447 cells
was about 3 to 4 days, except when the cells were
going through their occasional "crises."
Backeross of ts+ virus to wild-type virus and

screening ofprogeny clones. ts+ virus isolated from
L/C447 cells was backcrossed to wild-type reovirus by
the following procedure. A total of 2.5 x 106 L cells in
suspension were mixedly infected with each virus at a
multiplicity of infection (MOI) of 10 PFU/cell. In
control self-crosses, an MOI of 20 was used. After 48
h at 31°C, the samples were sonicated and titrated at
31 and 39°C on L-cell monolayers. The 39°C plates
were scored on day 5, and the 31°C plates were scored
on day 10 postinfection. Well-isolated plaques were
picked from 31°C plates and passaged once in L-cell
monolayers at 31°C. First-passage virus titer and effi-
ciency of plating (EOP) (39°C titer/31°C titer) were
determined by plating on L-cell monolayers at 39°C
and 31°C. Clones with an EOP less than 5 x 10' were
considered temperature sensitive. Under our assay
conditions an EOP between 0.1 and 1.0 is characteristic
of wild-type virus, whereas ts clones have EOPs be-
tween 5 x 10-2 and 1 x 10-5 (18).
Recombination grouping of ts progeny clones.

Recombination grouping tests were performed as de-
scribed by Ramig and Fields (18) except that the
crosses were incubated for 72 h (instead of 48 h) at
31°C. The percentage of ts+ recombinants was calcu-
lated by the following formula: Percentage of ts+ re-
combinants = {(titer A x B)3 - [(titer A)39 + (titer
B)3]} /(Titer A x B)3' x 100.

Interference of wild-type growth by ts mu-
tants. To assay interference by ts mutants, L-cell
monolayers (2 x 105 cells) in 2-dram (ca. 2.3-g), glass
screw-cap vials were coinfected by ts mutants and
wild-type virus at the indicated MOI. One set of vials
was incubated at 37°C, and a second set was incubated
at 39°C. The cells incubated at 39°C were harvested
at 44 h postinfection, and the 37°C set were harvested
at 56 h postinfection. The cells were frozen and thawed
three times, sonicated, and titrated on L-cell mono-
layers at 39°C.

RESULTS
Temperature phenotype of virus pro-

duced in persistently infected cells. The per-
sistently infected cell line used in this study was
established by infecting L cells with a serially
passaged stock (passage 9) of tsC(447) contain-
ing greater than 90% defective interfering parti-
cles. These carrier cells, designated L/C447,
were maintained at 37°C for a period of 1.5
years. At various intervals the presence of virus
was determined by titrating L/C447 cell lysates
on L-cell monolayers at 31 and 39°C (2). The

J. VIROL.



GENETIC VARIATION DURING REOVIRUS INFECTION 385

phenotype of the virus being produced changed
from ts to ts+ within a month after establish-
ment of the carrier culture and remained so for
as long as the cells were maintained (2). After
these cells had been maintained in culture for
about 1 year (61 passages), the cell lysate was
titrated at 310C, and 42 well-isolated plaques
were picked and passaged once in L cells at
310C. These clones were titrated at 31 and 390C,
and their EOP (39°C titer/31°C titer) was de-
termined. As controls, 25 plaques were picked
from wild-type reovirus type 3, and 27 plaques
were picked from the tsC(447) P9 stock that was
used to establish the persistent infection. These
plaques were passaged once in L cells at 310C,
and their EOP was determined by titration at
permissive (310C) and nonpermissive (390C)
temperatures (Fig. 1). Clones picked from wild-
type virus had EOPs between 0.1 and 1.0 (Fig.
1A), whereas all virus clones from tsC(447) P9
stock were temperature sensitive with EOPs be-
tween 0.01 and 0.0002 (Fig. 1B). The majority of
the clones from L/C447 cells (38 of 42) had
EOPs characteristic of wild-type virus, whereas
four clones had EOPs between 0.05 and 0.08
(Fig. 10). The four clones with intermediate
EOPs are being further characterized. However,
it is clear that the vast majority of clones isolated
from the persistently infected cells had a wild-
type temperature phenotype and that during the
persistent infection a transition from ts to ts+
virus had occurred.
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FIG. 1. Temperature phenotype of virus clones

picked from (A) wild-type reovirus type 3; (B) tsC(447)
passage 9, the virus stock used to establish the per-
sistent infection; and (C) L/C447 cells passage 61,
about I year in culture. Theplaques werepickedfrom
31 °C plates, passaged once in L-cell monolayers at
31 °C, and titrated as described in the text.

Presence of suppressed ts mutants
among ts+ clones from L/C447 cells. To
determine whether the ts+ phenotype of the
virus isolated from the carrier cells was due to
intragenic reversion or to the presence of a sec-
ond extragenic mutation suppressing the original
ts defect, we backcrossed the ts+ revertants with
wild-type reovirus and examined the progeny for
temperature sensitivity. Since the reovirus ge-
nome is segmented and recombination takes
place by reassortment of genome segments (21),
the ts lesion separates easily from the suppressor
mutation when it lies on a different double-
stranded RNA segment. Thus the presence of ts
mutants among the progeny of a cross between
wild type and ts+ revertant indicates that the
revertant contained the ts lesion in a suppressed
state.
Seven ts+ clones isolated from L/C447 cells

were examined for the presence of suppressed ts
lesions. Each clone was backcrossed to wild-type
virus at the permissive temperature (310C), and
the yield of each backcross was titrated at 310C.
As controls, each ts+ clone and wild-type virus
were self-crossed. Several progeny plaques were
picked from each of the backcrosses and control
self-crosses and passaged once in L-cell mono-
layers at 310C. The EOP of first-passage virus
was determined by plating on L-cell monolayers
at the permissive (310C) and nonpermissive tem-
peratures (390C). Five of the seven ts+ clones
from L/C447 cells appeared to be intragenic
revertants, since there were no ts mutants found
in the progeny derived from the backcrosses
(Table 1). Two clones, 9 and 26, contained sup-
pressed ts lesion(s), since ts mutants were pres-
ent among the progeny clones obtained from the
backcross. Thus, when clone 26 was crossed with
wild-type reovirus, approximately 50% of the
progeny were temperature sensitive. Also, three
of the 20 progeny clones obtained from clone 9
x wild type cross were ts. The EOPs of ts mu-
tants rescued from clone 9 and clone 26 are given
in Table 2. All progeny clones from self-crosses
of clone 9 and clone 26 had an EOP character-
istic of wild-type virus (between 0.1 and 1.0).
This indicates that these clones had a stable ts +
phenotype and did not generate ts progeny at a
frequency high enough to affect the results of
the backcrosses. The wild-type virus used in the
study also did not generate ts mutants at an
appreciable frequency: all 50 progeny clones
tested were ts+. Thus the presence of ts mutants
among the progeny of backcrosses between wild
type and clone 9 or clone 26 indicated that both
clone 9 and clone 26 contained suppressed ts
lesion(s).
Recombination testing of ts mutants res-

cued from suppressed clones. When a viral
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clone containing a suppressor mutation is back-
crossed to wild-type virus, both the parental ts
lesion and nonparental ts lesions can be found
among the progeny of the cross (12, 18). In
studies with phage P22, Jarvik and Botstein
found that the nonparental ts was associated
with suppressor activity (12). Nonparental ts

TABLE 1. Presence of suppressed ts mutants among
ts clones from persistently infected cells

No. of N.o
Virus inoculum' progeny t prog- Sup

checked" ~

Clone6 x wildtype 16 0 No
Clone 7 x wildtype 18 0 No
Clone 8 x wild type 16 0 No
Clone9 x wild type 20 3 Yes
Clone 25 x wild type 17 0 No
Clone26 x wildtype 14 7 Yes
Clone 28 x wildtype 20 0 No

Wild type x wildtype 50 0
Clone 9 x clone 9 20 0
Clone 26 x clone 26 25 0

a 2.5 x 10 L cells in suspension culture were mixedly
infected with each virus at an MOI of 10 PFU/cell. In
single infections an MOI of 20 PFU/cell was used.
After 48 h at 31°C, the samples were sonicated and
titrated at 31°C.

b Well-isolated plaques were picked from 31°C
plates and passaged once in L-cell monolayers at 31°C.
First-passage virus titer and EOP (39°C/31°C) were
determined by plating on L-celi monolayers at 39 and
310C.

'See Table 2 for EOPs of ts mutants rescued from
clone 9 and clone 26.

TABLE 2. EOP of ts mutants rescued from clone 9
and clone 26

Virs EOP (39°C titer/310C titer)

ts9/12 1.1 x 10-3
ts 9/15 <5 x 10-5
ts 9/18 1.4 x 10-2
ts 26/2 5.6 x l0-3
ts 26/5 5.9 x 10-3
ts 26/6 4.1 x 10-4
ts 26/8 8.1 x 10-4
ts26/11 5xlo-3
ts 26/14 <3.8 x 1o-4
ts 26/19 8.6 x 1o-3

lesions have also been rescued from suppressed
clones of reovirus, but it is not known whether
they are associated with suppressor activity (18).
Recombination analysis was carried out to de-
termine the number of mutant groups present
among the ts mutants rescued from clone 9 and
clone 26. When the three ts mutants rescued
from clone 9 were crossed against each other, no
wild-type recombinants were obtained (data not
shown). Thus all these mutants had a common

defect. A representative ts mutant (clone 9/15)
was then crossed against the prototype reovirus
ts mutants (groups A to G). Clone 9/15 showed
significant recombination with all the mutants
except tsG (Table 3). This indicated that the
three ts mutants rescued from clone 9 belong to
group G.

In a similar fashion, the seven ts mutants
rescued from clone 26 were crossed against each
other (Table 4). Clone 26/6 recombined with all
the other mutants, as did clone 26/19. The re-
maining five clones (26/2, 26/5, 26/8, 26/11, and
26/14) showed no recombination with each
other. Thus the ts mutants rescued from clone
26 fell into three recombination groups. These
mutants were then crossed against the known
prototype ts mutants (groups A to G) (Table 3).
Clone 26/6 recombined with all the mutants
except tsB, and 26/19 failed to recombine with
tsG. Clones 26/5 and 26/8, used as representa-
tives of the third group, recombined with all the
existing prototype mutants, thus defining a new
recombination group, designated H. The
tsA(201) clone used in the study recombined
inefficiently [0.1% tsa recombinants with
tsB(352), 0.75% with tsC(447), and 0.66% with
tsG(453)]. Therefore the low values (1.3 to 1.9%
tsa recombinants) obtained in crosses with
tsA(201) were scored as positive recomoination.
The results of recombination testing indicate
that ts mutants representing three different
groups-B, G, and the new group, H-were res-
cued from clone 26.

Interference with the growth of wild-
type reovirus by ts mutants rescued from
suppressed clones. We have reported that cer-

tain ts mutants of reovirus inhibit the growth of
wild-type virus at the nonpermissive tempera-
ture (3). To determine whether the ts mutants

TABLE 3. Recombination testing of ts mutants rescued from clone 26 and clone 9
Percentage of ts' recombinants when crossed with:

ts mutant
tsA(201) tsB(352) tsC(447) tsD(357) tsE(320) tsF(556) tsG(453)

ts 9/15 1.9 3.1 4.7 4.6 6.2 4.8 0
ts 26/5 1.5 7.4 14 15 8.5 10 10
ts 26/6 1.8 0 3.5 4.2 5.6 3.2 3.8
ts 26/8 1.3 15 4.5 17 4 10 12
ts 26/19 1.3 12.8 8.4 11.6 4.7 7.8 0
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rescued from the suppressed clones isolated from
L/C447 cells could interfere with the growth of
wild-type virus, coinfections of ts mutants and
wild-type virus were performed at 39 and 37°C.
Interference was checked at 37°C as well as
390C, since the persistently infected cells had
been grown at 370C. The results of these exper-
inents are shown in Table 5. Among the mu-
tants tested, tsG 9/15 interfered with the growth
of wild-type virus at both 39 and 370C. tsH 26/
8 and tsB 26/6 interfered weakly, whereas tsH
26/5 and tsG 26/19 exhibited little or no inter-
ference at either temperature. In all interference
experiments, early-passage virus (P1 or P2) was
used. These stocks were analyzed for genome

TABLE 4. Recombination between ts progeny clones
rescued from suppressed clone 26
Percentage of ts' recombinants when crossed

ts mu- with:
tant

26/6 26/19 26/2 26/5 26/8 26/11 26/14

26/6 - 39 52 18 16 20 48
26/19 - 33 12 70 30 19
26/2 - 0 0 0 0
26/5 - 0 0 0
26/8 - 0 0
26/11 - 0
26/14

TABLE 5. Interfering activity of ts mutants rescued
from suppressed clones

% Inhi- % Inhi-
Yield after bition Yield after bition

Virus inoc- MOI 44 hat of wild- 56 h ater of wild-
ulum 39 aC type

(PFU/ml)- growth growth
at 39'C st 37°C

tsG9/15 2 <5 x 103 4.3 x 104
tsG9/15 10 <5 x 103 4.2 x 104
tsH26/5 2 <5 x 103 (1.5 x 106)b
tsH26/5 10 <5 x 103 (1 X 107)b
tsB26/6 2 <5 x 103 1.5 x 105
tsB26/6 10 <5 x 103 2.1 x 105
tsH26/8 2 4 x 104 5.3 x 10'
tsH26/8 10 3 x 104 6.8 x 10'
tsG26/19 2 (1 x 105)b (1 X10')b
tsG26/19 10 (1 x 10')b (1.7 x106)b
Wild type 2 2.7 x 107 5.4 x 107
Wild type 10 4.8 x 107 6.7 x 107

9/15 x wtf 2:2 1.1 x 107 60 4.2 x 107 23
9/15 x wt 10:2 3.5 x 106 88 1.5 x 107 73
26/5 x wt 2:2 3.8 x 107 0 5.6 x 107 0
26/5 x wt 10:2 2.2 x 107 19 5.8 x 107 0
26/6 x wt 2:2 2.2 x 107 19 6.4x 107 0
26/6 x wt 10:2 1.5 x 107 45 2.8 x 107 49
26/8 x wt 2:2 1.5 x 107 45 5.3 x 107 0
26/8 x wt 10:2 1.3 x 107 52 3.3 x 107 39
26/19 x wt 2:2 2.8 x 107 0 4.3 x 107 20
26/19 x wt 10:2 2.0 x 107 26 4.7 x 107 13

'Yield was measured at 39'C on L-cell monolayers. Aver-
age titer from two experiments.
bNumbers in parentheses denote leak plaques.
wt, Wild type.

RNA and were found to contain normal ratios
of the 10 double-stranded RNA segments (i.e.,
no deletion mutants were detected). Thus the
interference observed was most probably due to
the ts lesion. In one experiment, a passage 3
stock of tsH 26/8 was used. The P3 stock inter-
fered strongly (>95% inhibition) with the growth
ofwild-type virus. Preliminary data indicate that
tsH 26/8 and tsH 26/5 rapidly generate deletion
mutants, and P3 and P4 lysates of these mutants
interfere with growth of wild-type virus (data
not shown). The other ts mutants rescued from
the suppressed clones are also being checked for
their ability to generate deletion mutants, and
the results of this study will be published later.

DISCUSSION
Lytic RNA viruses undergo extensive muta-

tion during persistent infection in tissue cultures
(9). Our studies have been aimed at analyzing
the genetic changes that occur in reovirus during
persistent infection of L cells. The current study
indicates the complexity of these genetic
changes. Previous studies in our laboratories had
indicated that, following the initiation of persist-
ent infections with the tsC mutant and a large
excess of defective interfering particles, the virus
acquires a small-plaque character with a ts+
phenotype (2). To determine whether these ts+
clones were intragenic revertants or extrageni-
cally suppressed pseudorevertants, backcrosses
to wild-type reovirus were performed, and the
progeny of each cross were screened for temper-
ature sensitivity. In no instance was the original
tsC mutant recovered among the progeny. Thus
it appears that either intragenic suppression or
true reversion of the original tsC lesion had
occurred in these seven clones. However, two of
these apparent ts+ revertants contained new ts
lesions. The new ts mutants, including the initial
isolates of tsH, were found in a "suppressed"
form. Suppressor mutations have previously
been noted to occur at high frequency in spon-
taneous ts+ revertants of reovirus ts mutants
(18). The extraordinary finding, that there are
three distinct ts lesions in clone 26, indicates
that multiple ts lesions can be present in a cloned
virus with a ts+ phenotype. Clone 26, in partic-
ular, illustrates the need to distinguish clearly
between genotype and phenotype when analyz-
ing viruses generated under circumstances
where mutation may be favored (e.g., mutagen-
esis, serial passage at high multiplicity of infec-
tion, persistence).

In a parallel study, we have been examining
the genetic changes that occur in reovirus during
serial passage in L cells at high multiplicity of
infection. We have found that high-passage
stocks of wild-type reovirus contain both dele-
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tion (defective interfering particles) and temper-
ature-sensitive mutants (1). The presence of ts
mutants in high-passage stocks of wild-type vi-
rus is of significance to the present study since
a high-passage stock (P9) of tsC(447) was used
to establish the persistent infection. It is possible
that this P9 stock of tsC contains other ts mu-
tants in addition to tsC and that the new ts
mutants (tsB, G, and H) isolated from L/C447
celis were not generated but selected during the
course of the persistent infection.
We have reported that reovirus ts mutants in

groups A, B, and G interfere with the growth of
wild-type virus, whereas ts mutants in groups D
and E are noninterfering (3). The present study
shows that interference is not necessarily group
specific but may be a property of the individual
mutant. Some of the ts mutants rescued from
the suppressed ts+ clones are capable of inter-
fering with the growth of wild-type virus. The
presence of interfering ts genes in the persist-
ently infected cell may play a role in regulating
viral growth and allowing the cell to survive. We
have reported earlier that reovirus defective in-
terfering particles are present in the persistently
infected L cells (2). Preliminary data have indi-
cated that two of the ts mutants (tsH 26/8 and
tsH 26/5) isolated in this study rapidly generate
deletion mutants. Thus it appears that the pres-
ence of ts mutants and defective interfering par-
ticles in carrier cells is interrelated and that both
of these factors may be involved in maintaining
a persistent reovirus infection in L cells.
These studies have thus helped clarify an

unusual feature of cells persistently infected
with reovirus. It is now clear that, similar to
other carrier cultures, ts mutants of reovirus
emerge during persistent infection. However, the
presence of extragenic suppressor mutations
makes it difficult to detect these ts mutants. The
finding of extragenic suppressor mutations in
viruses isolated from persistently infected cells
raises the possibility that such mutations may
be an additional important factor in the main-
tenance ofpersistent infection. Studies currently
under way are aimed at determining more pre-
cisely the role of the different types of viral
mutations in acute and persistent infections.
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