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Isolation of a Mutant MDBK Cell Line Resistant to Bovine Viral Diarrhea
Virus Infection Due to a Block in Viral Entry’
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A cell line, termed CRIB, resistant to infection with bovine viral diarrhea virus {(BVDV) has been derived from the MDBK
bovine kidney cell line. CRIB cells were obtained by selection and cloning of cells surviving infection with a highly cytolytic
BVDV strain. CRIB cells contain no detectable infectious or defective BVDV as ascertained by cocultivation, animal inoculation,
indirect immunofluorescence, Western immunoblot, Northern hybridization, and RNA PCR. lnoculation of CRIB cells with 24
cytopathic and noncytopathic BVDV strains does not result in expression of viral genes or amplification of input virus.
Karyotype and isoenzyme analyses demonstrated that CRIB are genuine bovine cells. CRIB cells are as susceptible as the
parental MDBK cells to 10 other bovine viruses, indicating that these ceils do not have a broad defect blocking viral
replication. Transfection of CRIB cells with BVDV RNA or virus inoculation in the presence of polysthylene—glycol results
in productive infection, indicating that the defect of CRIB cells is at the level of virus entry. CRIB cells are the first bovine
cells reported to be resistant to BVDV infection in vitro and may be a useful tool for studying the early interactions of

pestiviruses with host cells. @ 1995 Academic Press, Inc.

INTRODUCTICN

Bovine viral diarrhea virus (BVDV) is an enveleped vi-
rus of cattle with a single-stranded RNA gencme 12.5 kb
in length (Renard et af, 1987; Coilett et af, 1988a,b}.
The nakea viral RNA is infectious upon transfection into
parmissive cells {Diderholm and Dinter, 1986). BVDV is
currently classified within the Flaviviridag family, in the
genus Pestivirus, along with hog cholera virus and border
disease virus (Francki et al, 1991; Moennig and Plage-
mann, 1992). ’

Cattle are the natural hosts of BVDV but infection with
BVDV has also been detecied in sheep, swing, goats,
buffalc, and a wide variety of wild ruminants, alt members
of the order Articdactyla (Doyle and Heuschele, 1983;
Dahle et al, 1987, Nettleton, 1990). BVDV replicates in
cultured cells from these species and often contaminates
cells from other nonrelated species {Lee and Gillespig,
1957; Fernelius et al,, 1969; Onyekaba et 2/, 1987; Welle-
mans and Opdenbosch, 1987; Potts et g/, 1889, Bolin
et al, 1994). All bovine cell linsages tested to date are
susceptible to BVDV infection in vitro {Lee and Gillespie,
1957; Fernelius et &/, 1969; Truitt and Shechmeister,
1973; McClurkin et al, 1874; Horzinek, 1981; Onyekaba
et al, 1987, Wellemans and Opdenbosch, 1987, Bolin
et al, 1894). In contrast, only selected cell populaticns
become infected in vivo (Bislefeldt, 1988a.b; Bolin and
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Ridpath, 1290; Wilhelmsen et af, 1990; Brownlie, 1290;
Haines et al, 1992; Marshall, 1993; Lopez et af,, 1981}

BVDYV initiates infection by a mechanism of receptor-
mediated endocytosis, followed by a low pH-dependent
fusion of the virus envelope with the endosomal mem-
brane (Hafez and Liess, 1972; Boulanger ef ai, 1992
Donis, unpublished). The BVDV envelope glycoproteins
E2 {(gp53) and/or EO (gp 48) are believed to madiate the
initial interactions of virions with cells (Donls and Dubovi,
1887a,c; Donis et af, 1888} A cell surface motecule(s)
which interacts with viral envelope glycoproteins to bring
about BVDV entry has not been identified and character-
ized. Monoclonal antibedies (MABs) directed against bo-
vine cell surface proteins partially inhibit BVDY infection,
but their molecular specificity remains unknown
(Teyssedou et al,, 1987, Moennig et al,, 1988). In addition,
anti-idiotypic antibodies mimicking the BVDV E2 (gp53)
partially prevent infection with scme strains of BVDV in
MDBK celis (Xue and Minocha, 1993).

The evidence presented in this report suggests that a
cell surface factor absent or dysfunctional in CRIB cells
is required by most, if not all, BYDV strains to initiate
infection in MDBK cells.

MATERIALS AND METHODS
Celis and viruses

BVDV-free Madin-Darby bovine kidney cells (MDBK,
CCL-22) were obtainad from the American Type Culture
Collection {(ATCC, Rockviile, MD} at passage 110 and
routinely culftured for approximately 25 passages. Bavineg
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testicle cells were prepared as described (Donis and
Dubovi, 1987z). Cells were maintained in Eagle's mini-
mum essential medium (MEM) {Gibco, Grand Island, NY)
supplemented with 5% fetal horse serum {Sigma, St
Louis, MO). The source of the BVDV isolates is shown
in Table 1. BVDV was propagated and guantitated in
bovine testicle cells; viral stocks were stored at —70°,
The following 10 viruses were obtained frem the Veteri-
nary Diagnostic Center at the University of Nebraska—
Lincoln: bovine herpesvirus (BHV} typas 1, 2, and 4; ho-
vine respiratory syncytial virus (BRSV), bovine adenovirus
{BAV), bovine enterovirus (BEV), vesicular stomatitis virus
(V8V), parainfluenza-3 virus (PI-3}, bovine parvovirus
(BPV), and bovine leukemia virus (BLV),

BVDV infection and cloning of surviving MDBK cells

MDBK cells (5 X 10° were infected with a cytopathic
BVDV strain (Singer-cp) at a muliiplicity of infection
{m.o.i.} of 10 TCIDg/cell (Reed and Muench, 1938). After 4
days, the medium was replaced and the very few survivor
cells were cultured until they formed monolayers (ap-
proximately 6 weeks). The survivor cells, designated
CRIB (Cells Resistant to Infection with BVDV), were
cloned by limiting dilution, and clones derived from a
single cell were subsequently propagated. Twenty
clones, named CRIB-1 to -20, were selected, propagated,
and stored in liquid nitregen. The initial experiments per-
formed to detect BVDV antigens by immunofluorescence
and cocuitivation, and the BVDY susceptibility assays
using Singer-cp, were carried out with the mixed popula-
tion of resistant cells {CRIB) and with cione 1 (CRIB-1).
Isoenzyme analyses were performed in cells from clones
1 and 2 (CRIB-1 and CRIB-2) and the subsequent experi-
ments utilized only cells from clone 1 (CRIB-1).

Search for infectious BVDV or viral subproducts in
CRIB cells

Production of infectious virus by CRIB cells was as-
sessed by cocultivation with indicator bovine testicle
cells and animal inoculation.

{a) Cocultivation. CRIB and bovine testicle cells were
dispersed with trypsin, mixed in a ratio of 1:1, and culti-
vated for up to 4 weeks. Cells were subcultured twice a
week and production of BVDV proteins was monitored
by indirect immunoflucrescence ({FA).

{b} Animal inocufation. 2.5 x 107 viable CRIB-1 cells
were injected intravenously into an 8-month-old, BVDV-
seronegative calf. Blood samples were taken before virus
inoculation and 2 and 4 weeks postinoculation and sub-
jected to serum-neutralization assays as described else-
where (Rossi and Kiesel, 1971),

BVDV proteins in cultured cells were detected by IFA
as described previously (Donis et al., 1988). Briefly, cells
were fixed in acetone and probed with polyclonal or
monaclonal antibodies of wide pestivirus-specific reac-

tivity followed by a secondary anti-species flucrescein-
conjugated antibody (Corapi et a/, 1990).

The presence of residual BYDV genetic material or
proteins in CRIB cells was investigated by means of
Northern blot hybridization, Western immunoblot, and
RNA PCR.

{a) Northern biot. Total cellular RNA extracted from
mock-infected or BYDV-infected (Singer-cp, m.o.i. of 10)
CRIB-1 and MDBK cells by the acid guanidinium—phe-
nol—chloroform method (Chomcezynski and Sacchi, 1987)
was processed for Northern blot hybridization according
to standard protocols (Ausubel et a/., 1989). The nitrocel-
lulose membranes were hybridized with a **P-labeled
DONA probe (@-dATP; Amersham, Inc). Radiolabeled
probes were synthesized by random priming {Feinberg
and Vogelstein, 1883} a template DNA fragment derived
from the NS5 (p75) region of the BVDV NADL strain (Col-
lett ef af, 1988bh).

fb) RNA PCR. A set of two oligonuclectide primers
(Reverse, 5'-CTTGTGTCTGGCTG, and forward, 5’-AAC-
TGGGTGAAACAG) was used to amplify a fragment of
323 bases frem the NS5 {(p7b) region of the BVDV genome
{NADL nucleotide 11,102-11,424). Total cellular RNA
from approximately 5 X 10° BVDV-infected or mock-in-
fected MDBK or CRIB-1 cells, contained in 2 ul, was
used as template. Reverse transcription and PCR were
performed as previously described (Lopez et al, 1991),
for 35 cycles (1 min at 95° 1 min at 34°, and 3 min
at 56° for each cycle). PCR products were analyzed by
agarose gel electrophoresis and by Southern blot hybrid-
ization, using the same probe described above.

(c) Western immunoblot. BVDV-infected or mock-in-
fected CRIB or MDBK cells were lysed in sample buffer
{Laemmli, 1870). Cell lysates at appropriate dilutions
were separated by SDS—PAGE and proteins were elec-
troblotted onto a nitrocellulose membrane (Bio-Rad, Her-
cules, CA). To detect viral proteins with MABS, mem-
branes were processed as described (Burnette, 1981;
Donis et af, 1988). HRPO signal was developed with a
chemiluminescent substrate (ECL; Amersham, Arlington
Heights, 1) following the manufaciurer's protocol.

Assays for BVDV susceptibility

CRIB-1 and MDBK cells were inccutated with BVDV
Singer-cp and V3115-ncp at m.o.i. ranging from 0.1 to
100; duplicate cultures were incubated at 34.5 or 37°
Infected celts were harvested and fixed in cold acetone
at 24, 48, and 96 hr p.i. Production of viral proteins was
monitered by MAB and pclyclonal antibody staining by
IFA. Production of BVDV RNA and proteins in CRIB cells
following virus inoculation was also examined by North-
em blot and Western immungblot analyses, respectively,
as described above. Release of low levels of infectious
virus by CRIB-1 cells following inoculaticn with BVDV
Singer-cp and VS115-ngp at m.o.i. of 1 was further investi-
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gated by cocultivation with susceptible cells as de-
scribed above, after neutratization of input virus with a
mixture of neutralizing MABs for 48 hr. To ascertain the
range of resistance of CRIB cells to different BVDV isc-
lates, CRIB-1 and MDBK cells were inoculated with each
of the 24 BVDV isclates at m.o.b. of 1 {see Table 1). To
determine the spectrum of viral resistance, CRIB and
MDBK cells were infected with 10 bovine viruses (BHV-
1, 2, and 4, BRSV, BAV, BEV, V3V, PI-3, BPV, and BLV)
from divergent families: Herpesviridae, Paramyxoviridae,
Adenoviridae, Picornaviridae, Rhabdovbiridae, Parvovini-
dae, and Retroviridae. The relative vields of infectious
progeny were determinad for each of these viruses by
limiting diluticn (Mahy, 1985).

Karyotype and isoenzyme analyses of CRIB cells

The species derivation of CRIB cells was ascertained
by karyotype and isoenzyme analyses. Karyotyping of
CRIB-1 cells was perfermed by Dr. Warren Sanger (Ge-
netics Dept., UNMC, Omaha, NE). Isoenzyme analyses of
CRIB-1 and CRIB-2 cells were performed at the American
Type Culture Collection (Rockville, MD), using the Au-
thentiKit System {Innovative Chemistry).

BVDV RNA isolation and transfection

Viral RNA was isotated from concentrated BYDV viri-
ons by extraction with acid guanidinium—phenol—chloro-
form as previcusly described {Dubovi et al,, 1987; Chom-
czynski and Sacchi, 1987). MDBK and CRIB-1 cetls (10%)
were transfected with approximately 2 pg of viral RNA
by electroporation. Electroporation was carried out in a
0.4-cm cuvette at 400 0, 25 pF, 400 V, with a Gene Pulser
device as previously described (Bio-Rad, Hercules, CA}
(Liang et al, 1991; Vassilev and Donis, unpublished).
Transfected cells were plated on glass coverslips and
cultured for 16 hr, then culture supernatants were har-
vested for quantitation of progeny virus and cells were
fixed for IFA.

Virus binding assays

Virus binding assays were performed at 37° on MDBK
and CRIB cell monotayers previously treated with 1 mM
of phenylarsine oxide (Sigma, St. Louis, MQ) 1o inhibit
endocytosis {(Milton and Knutson, 1993). Treated cells
were incubated with BYDV Singer-cp at m.o.i. of 5 for 1
hr at 37°. After virus adsorption, the cell monolayers were
washed five times with MEM to remove unbound virus
and were lysed in 2 ml of culture medium by three rounds
of freezing at —70° and thawing for 15 min at 4° Cell
debris was sedimented by centrifugation (400 g for 5 min
at 4°) and virus infectivity in the supernatant fluid was
guantitated. Results are presented as means of three
independent experiments with four repetitions each.

PEG-mediated BVDV infection of CRIB cells

A suspension of 10° CRIB-1 cells in 0.5 ml of culture
medium was mixed with an equal volume of cell culture
fluid containing 167 TCID of BVDV {Singer-cp or VS116-
ncp) and 5% polyethylene—glycol (PEG) (MW 6000;
Fisher, Pittsburgh, PA). The mixture was incubated 1 hr
at 37°. Cells and attached virus were sedimented by cen-
trifugation {400 g for 5 min at 25°), the medium was re-
moved, and the cell pellet was treated with warm MEM
containing 37.5% PEG (MW 1450; ATCC, Rockville, MD)
for 1 min. After treatment, PEG concentration was slowly
reduced by addition of serum-free MEM, and the cells
were plated on glass coverslips in culture dishes and
incubated at 37°. The frequency of cells preducing BVDY
proteing was assessed by IFA performed in cells fixed
at 24 hr p.i. For guantitation of progeny virus yield, cells
were extengively washed after attachment, culture me-
dium was replaced, and culture supernatants were har-
vasted at 24 hr p.i. for virus gquantitation. CRIB and MDBK
cells inoculated with BVDV in the absence of PEG were
used as controls. An identical procedure was used 1o
determine the effect of PEG on VSV and BRSV infectivity
in CRIB and parental cells.

RESULTS

Selection of a bovine cell line resistant to bovine viral
diarrhea virus infection

A bovine cell line (CRIB) that displays resistance to
infection with BVDV was derived from MDBK cells that
survived infection with a highly cytolytic BVDV strain
(Singer-cp). Infection of bovine cells with cytopathic
BVDV at high m.o.i. usuatly resuits in lysis of virtually
100% of the cells. Surviving cells develop into cultures
which are normally persistently infected. To select BVDV-
resistant cells, MDBK cells were inoculated with BVDV
Singer-cp at high input multiplicity and the few ceils sur-
viving the initial infection were cultured until they formed
maenolayers. During this time, the cells alternated be-
tween periods of cell growth and periods of crisis in
which many cells showed characteristic BVDV-induced
vacuolation and died. Six weeks after infection, a sample
of cells from the culture was fixed and stained by [FA
with MABs to BVDV proteins. A large propertion of cells
surviving this process did not express BVDV antigens.
Attempts to infect this surviving cell populaticn with
BVDV Singer-cp at m.o.i. of 10 were unsuccessful; BVDV-
inoculated cells did not show cytopathic effect and did
nct produce viral proteins as judged by IFA. These candi-
date BVDV-resistant cells were cloned by limiting dilution
and 20 independent clones resistant to infection were
obtained.

CRIB cells contain no detectable infectious BVDV or
viral subproducts

Celis surviving Iytic infection with BVDV in vitro nor-
mally develop into persistently infected cultures. Often,
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FIG. 1. Immunofluorescence of MDBK (A, BY and CRIB (C. D) celis, mock-infected (A, C) or inoculated with BVDV (B, D). Cells were incculated
with BYDV Singer-cp at m.o.i. of 1 and viral proteing were detected by IFA in cells fixed 24 hr p.i. (magnification = 320X).

the predominant viruses in these cultures are tempera-
ture-sensitive mutants which can strongly interfere with
the growth of standard virus (Youngner ef al, 1988). As
CRIB cells were derived from cells that survived lytic
BVYDV infection, it was conceivable that a residual level

of standard or mutant virus or subgenomic RNA replica-
tion was inducing resistance by interference with replica-
tion of the homologous virus (Gillespie et al, 1962; Shirai
et al., 1984). Different approaches were taken to investi-
gate if CRIB cells express viral prateing or contain infec-
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FIG. 1—Continued

tious virus or viral RNA. CR!B cells grown at 37 or 34.5°
were stained with polyclonal antisera or a mixture of
MABs by {FA (Fig. 1). No BVDV antigens were detected in
CRIB celis at standard or reduced culture temperatures.
Western immunoblots failed to detect BVDV proteins in
CRIB cells (Fig. 2). Cocultivation of CRIB cells with bovine

testicle cells for up to 4 weeks did not reveal production
of infectious virus, as judged by [FA. Moreover, a suspen-
sion containing approximaiely 2.5 X 107 CRIB cells was
incculated intravenously into an 8-manth-old BVDV-free,
sercnegative calf. Serum-neutralization assays per-
formed on blood samples collected 4 weeks after inocu-
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FIG. 2. Western immunoblot probed with MAB to NS3 (p80). {A) mock-
infected MDBK (lane 1) and CRIB-1 {lane 2), MDBK cells infected with
BVDV at m.o.i, of 10 (lane 3), and CRIB cells infected with BVYDV asg
before (lane 4); cells were harvested by lysis at 24 hr p.i. (B) Serial 10-
fold dilutions of BVDV-infected MDBK cells, lysed and tested by West-
ern immunoblot to assess sensiivity of the assay. Neat lysate from
~5600,000 infected cells {lane 1}; 1:6 dilution (lane 2}; 1:50 dilution (lane
3y 1:500 dilution {lane 4}; 1:5,000 dilution {lane &); 1:50,000 diluticn
{lane 6). Chemiluminescence was recorded on X-ray film, the image
was captured with a video camera and Image v. 1.49 software (courtesy
of Wayne Rasband, NIH}. Figures were printed without filtration in a
Tektronix printer. The positions of NS3 (p80) and its precursor NS23
(p125) are indicated.

lation showed absence of immune response to BVDV
antigens. Northern blot and PCR analyses which could
detect BVDV RNA from 200 and 30 infected cells, respec-
tively, have also failed to detect residual BVDV genetic
material in samples of $0° and 10® CRIB cells, respec-
tively (not shown). These results taken together indicate
that CRIB cells da not produce infectious virus or contain
detectable levels of viral RNA or proteins.

CRIB cells are resistant to BVDV infection

BVDV inoculation of 10° CRIB cells with BVDV Singer-
cp and VS115-ncp at m.o.i. ranging from 0.1 to 100 failed
to initiate a BVDY infection of the monolayer (Figs. 1 and
2A, Tables 1 and 2). Progeny infectious BVYDV was not
detected in 107 CRIB cells inoculated with V8115-ncp at
m.o.i. of 1 and subsequently cocultivated with suscepti-
ble bovine testicle cells for 5 days (data not shown). A
Northern blot assay, capable of detecting BVDV RNA in
total RNA extracted from 200 BVDV-infected MDBK cells,
failed to detect BVDV BRNA in cellular RNA extracted from
10° CRIB cells inoculated with BVDV Singer-cp at m.o.i.
of 10 {data not shown). Western blot analysis failed 1o
datect BVDV proteins in 5 X 10° CRIB cells after inocula-
tion with BYDV Singer at m.c.i. of 10 (Fig. 2A). Under
identical conditions, this assay detected 100 BVDV-in-
fectad cells (Fig. 2B).

However, inoculation of large numbers of CRIB cells
with high input m.o.i. {>>10) results in occasional infected
cells, Examination of ~100 microscopic fields {at 400X
magnification} of these cells stained by IFA reveals that
the frequency of infection of CRIB cells nears 107°. The
infection is productive (Table 2). Thase occasional in-
fected cells may be a conseguence of infection through
aberrant pathways of virus entry or reversiocn of CRIB
cells to the wild-type phenotype. Virus propagation to
adjacent cells by cell-to-cell spread is inefficient, since
no infected celt foci were found.

DONIS

TABLE 1

Susceptibility of MDBK and CRIB Cells to Infection
with Bovine Viral Diarrhea Virus (BVDV)?

Strain/

isolate Biotype MDBK CRIB Isolate reference/origin

Singer cp + - McClurkin et af, 1966,
1974

NADL cp + - Gutenkust and Malmquist,
1964

CP-1 cp + - Meyers et af, 1991

NCP-1 ncp + - Meyers et al, 1991

VS1156 ncp + - Donis, unpublished

2541 ncp + - Belin et &/, 1981

232178 ncp + - Donis and Dubovi, 1987b

V583 cp + - Cubovi, E. )., unpublished

VSh3a cn + - Cubovi, E. )., unpublished

C24v cp + - Gillesple st af, 1960

V5186 cp + - Dubovi, E. I, unpublished

V380 cp + - Oscrio, F. A, unpublished

Burns cp + - Donis and Dubovi, 1987b

VG821 cp + - Bolin et a/, 1991

V515 ncp + - Bolin et a/, 1991

V384 cp + - New York, unpublished

V591 cp + - New York, unpublished

V546 cp -+ - New York, unpublished

VS110 cp + - Qsorlo, F. A, unpublished

V3182 nep + - New York, unpublished

V3183 nep + - New Yark, unpublished

V8184 ncp + - New York, unpublished

V8191 ncp + - Odeon et af.,, 1994

15486 cp + - Osorio, F. A., unpublished

? Cells were inoculated ata m.o.i. of 1. Infection status was assessed
by IFA performed 24 hr pestinfection for the cp and 36 hr p.i. for the
ncp isolatas.

To determine if there is a virus-strain dependence in
the resistance of CRIB cells to infection, 24 different
BVDV isolates were inoculated onto cells at m.o.i. of 1.
When production of viral proteins was investigated by
IFA, none of the cell cultures inoculated with each of 24
isolates had infected cells {Table 1).

The course of Infection, cytopathology, and yield of

TABLE 2

Effect of Polyethytene-Glycol {PEG} in BVDV Infection
of MDBK and CRIB-1 Cells®

Yield

{LogoTCIDge/ml) IFA-positive cells (%)

Cell Control PEG Control FEG
MDBK 7.51 7.64 =95 >95
CRIB-1 2.11 574 <0.01 ~1-3

?Cells were inoculated with BVYDY Singer-cp at m.c.i. of 10 in the
presence or abhsence of PEG. The percentage of BVDV-infected cells
was estimated by counting 600 cells from cultures fixed for IFA 24 hr
postinfection. Culture supernatants were harvested 24 hr p.i. and titer
was determined.
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FIG. 3. (A} Glutamic oxaloacetate transaminase isoenzyme analysis.
(B) Nuclecside phosphoryiase isoenzyme analysis, Murine NCTC clone
928 (CCL1) {lane 1}; human HeLa (CCL2) {lane 2); human breast medulla
carcinoma (HTB24) (lane 3); and human colen adenocarcinoma (HTB38)
flane 4} were used as controls; MDBK {iane 5); CRIB-1 {lane B); CRIB-
2 (lane 7); and bovine endothelial {CRL8659) {lane 8). The stained zymo-
grams were photographed using a video camera and Image software
and printed without filtering.

infectious progeny of 10 bovine viruses, BHV-1, 2, and 4,
BR3V, BAV, BEV, V8V, PI-3, BPV, and BLV, in CRIB cells
did not differ significantly from those observed in MDBK
cells.

These results taken together demonstrate that CRIB
cells are refractory tc BVDV infection since no RNA, pro-
tein, or progeny virus synthesis is detected upon virus
inaculation.,

CRIB are genuine bovine cells

CRIB cell growth, behavior, and microscopic appear-
ance in culture is virtually identical to parental MDBK
cells. Populaticn doubling time of CRIB cells is slightly
shorter than parental MDBK cells, near 30 hr. To ascer-
tain the true derivation of the CRIB cells, we carried out
karyotype and isoenzyme analyses. Analysis of 36 GW-
banded metaphases of CRIB celis revealed a modal dis-
fribution of chromosomes of 50/51/52; with 5/5/5 meta-
centrics; 8/8/8 submetacantrics, and 37/38/39 acrocen-
trics or telocentrics in modal ceil type. CRIB cells present
a chromosome distribution very similar to that described
for the constitutionat chromosome complement of the
domestic cow, Bos taurus, and almost identical to the
parental MDBK cells (ATCC, CCL-22). Isoenzyme analy-
sis showed that the gel mobility of a set of six enzymes
of CRIB cells, including glutamate oxaloacetate transami-
nase and nucleoside phosphorylase, is identical to that
of the parental MOBK and other hovine cells (Figs. 3A
and 3B). Taken together, these results demonstrate that
CRIB celis are genuine bovine cells and not a cell con-
taminant from another animat species.

CRIB cells are defective in BVDY entry

The relative ability of MDBK and CRIB cells to bind
BVDV viricns was assessed by quantifying cell-associ-
ated infectivity following virus adscrption. Attachment of
BVD virions to cells at 4° is ~100 times less efficient
than at 37° {(P. Willson and R. Donis, unpublished). Virus
binding assays were carried out at 37° on cell mono-
layers treated with an endaocytosis inhibitar, phenylarsine

oxide. Adsorption of BVD virions to the surface of CRIB
cells was reduced approximately eightfold compared tc
the parental MDBK cells (Fig. 4). Reduced virus attach-
ment may contribute to resistance and hints toward can-
didate areas for future research.

To ascertain the degree of permissivenass of the intra-
cellular milieu of CRIB cells for BVDV replication, we
assessed it after bypassing or enhancing the virus entry
step by: (1) transfection of BVDV RNA and (2) addition of
PEG to the virus inoculum during adsocrption. MDBK and
CRIB cells were transfected by electroporation with
BvDV genomic RNA. Transfection efficiency was low in
both cell lines and the percentages of BVDV iFA-positive
cells at 18 hr p.i. were identical. Quantification of infec-
tious virus in gulture fluid from transfected monolayers
indicated that MDEK cells produced 10*®' TCIDg/ml and
CRIB cells 10**' TCIDg/ml. Virus yield per infected cell
in a single cycle of growih was estimated 1o be near 100
TCIDsq for both cel! lines.

Additicn of 5% PEG to the BVDV inoculum during ad-
sorption, followed by treatment of cells with 37.6% PEG
leads 1o infection of 1 to 3% of CRIB cells {(Fig. &, Table
2}. This represents a 1000-fold increase in the frequency
of infected CRIB cells compared to cells inoculated with
virus in the absence of PEG (Takle 2). In contrast, similar
PEG treatment of vesicular stomatitis virus or respiratory
syneytial virus infecting CRIB ¢ells enhanced infectivity
10- and 5-fold, respectively (nct shown).

Since BVDV infection after bypassing entry by transfec-
tien or enhancing it by PEG treatment is equally efficient
and produces similar amounts of progeny virus on a per
cell basis, we conclude that the intracellular permis-
siveness of CRIB cells is identical t0 parental cells. {t
follows that resistance to viral infection is associated
with a block in viral entry.

DISCUSSION

Cultured hovine cells, either primary or continuous cell
lines, are invariably very susceptible t¢ BVYDVY infection
in vitro (Lee and Gillespie, 1957; Fernelius et al, 1969;

Log,, TCIDso/m)

0 CRIB-1

FIG. 4. Cell-associated infectivity after BYDV adsorption to MDBK
and CRIB cell monolayers. Virions (Singer-cp, m.o.i. of 5) were allowed
to attach for 1 hr at 37° to cells previously treated with the endocytosis
inhibitor phenylarsine oxide. Cell-bound virus was quantitated and ex-
pressed as TCiDg/ml.
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FIG. 6. BVDV infection of CRIB cells by virus inoculation in the presence of polyethylene—glycol {PEG). CRIB cells were inoculated with BYDY

Singer-cp at m.o.i. of 10 in the absence (A) or in the presence of PEG (B), as described under Materials and Methods. Viral proteing were detected
by IFA in cells fixed 24 hr p.i. as described in Fig. 1 (magnification = 320x).

Horzinek, 1981; Nettleton and Entrican, 1992; Bolin et a/,, path, 1990; Brownlie, 1990; Wilhelmsen et al, 1990;
1994). In contrast, a remarkable tropism for certain celi Haines et al, 1992; Marshall, 1893). The reasons for the
types is seen in vivo (Bielefeldt, 1988a.b; Bolin and Rid- differences hetween host cell ranges in vivo and in vitro
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are not well understood but are likely derived from differ-
ential expression of host cell molecules controlling virus
replication and spread. As the first step toward the identi-
fication of cefllular molecules mediating BVD virus infec-
tion, we have isolated and characterized a mutant bovine
cell tine (CRIB) that lacks a function required for BVDY
entry.

The genetic events that led to the development of the
resistant phenotype remain to be determined. Possible
scenarios include the presence of rare BVDV-resistant
cells among the MDBK population selected by the initial
infection and subsequent crises of the persistently in-
fected culture. Alternatively, mutation took place after
high multiplicity infection and was followed by a multiple-
step selection process. Evolution of cells through the
course of persistent infection resulting in reduced per-
missiveness to viral replication has been reported in
other viral systems (Ahmed et a/, 1981; Ron and Tal,
1986; Kaplan et af., 1989; Kaplan and Racanielio, 1991;
De la Torre et al,, 1988).

Since CRIB cells originated from cells that survived
Iytic BVD virus infection, interference by temperature-
sensitive mutants or residual replicative forms of the viral
RNA would be an immediately atiractive explanation for
the resistance 1o infecticn with homologous virus. Ho-
molagous interference between noncyiopathic (nep) and
cytopathic (cp) BVDV strains results in deleyed replica-
tion, reduced progeny yield, and dampened cytopathol-
ogy of the latter (Gillespie et al, 1962; Shirai et a/, 1984).
Several lines of evidence argue against this hypothesis,
No BVDV nucleic acids or proteins were detected in CRIB
cells at standard or reduced temperatures. CRIB celis
display a degree of resistance to viral infection that
greatly exceeds the levels of interference observed be-
tween BVYDV strains. Evidence discussed above indicat-
ing that the intracellular milieu of CRIB cells is permissive
ta BYDV replication does not support a homologous inter-
ference mechanism as the basis for the resistance. The
latter usually involves impairment of RNA replication (Po-
lacino et al,, 19856).

FPEG treatment enhances BVDV infectivity by 1000-fold
compared 1o cells inoculated with virus in the absence of
PEG. In contrast, PEG treatment of CRIB cells enhances
infectivity of other viruses by less than 10-fold {not
shown). The exact mechanism by which PEG is mediat-
ing BVDV infection of CRIB cells remains to be deter-
rmined. In several viral systems, polyethyiene—glycol
treatment has been shown to enhance viral infection of
tissue cuiture cells by enhancement of virus binding
iHoekstra et a/, 1989; Gripon et &/, 1993, Sarmanti st
afl, 1994) and by inducing virion-cell membrane fusion
{Rohde ef al, 1978; Sarmiento et al, 1979; Hoekstra et
al, 1989; Fehler ot af, 1992; Asansks and Lai, 1993;
Herrmann et af, 1993). PEG-mediated BVDV infection
of CRIB cells is dramatically reduced by inhibitors of
endocytosis {phenylarsine oxide) and by agants that pre-

vent endosomal acidification {chiorogquine, ammonium
chloride) {resulis not shown). Thus, enhancement of
BVDV infection of CRIB cells by PEG depends on normal
endosome formation and acidification. These observa-
tions suggest that PEG enhances BVDV infection by fa-
voring the physiological entry pathway and argue against
a fusogenic activity at the plasma membrane.

Ten different bovine viruses did not discriminate be-
twesn CRIB and MDBK cells for growth, indicating that
the virus-resistant phenotype of CRIB cells appears to
be BVDV-specific and not a caonsequence of expression
of a nonspecific anti-viral activity or a broad defect in a
metabolic pathway required for viral replication.

Previous observations have suggested that different
BVDV strains may use alternative cell receptors to initiate
infection in bovine cells (Moennig et af, 1988; Xue and
Minocha, 1993). CRIB ceils were selected by infection
with a single virus isolate (Singer) and display resistance
1o all BVDV isolates tested to date. These findings sug-
gest that a common cell surface molecule is required for
all these strains to initiate infection in MDBK cells. The
identity of this molecule and its involvement in virus at-
tachment or subsequent steps in internalization are cur-
rently under investigation.

ACKNOWLEDGMENTS

We thank colleagues in our lab for help and suggestions. We thank
Dr. F. Osorig for cells, viruses, and helpful comments. Dr. C. Jones'
review of the manuscript is appreciated. We thank Dr. C. L. Kelling for
his help with animal studies. This work was supported in part by the
Center for Biotechnology of the University of Nebraska at Lingoln and
by a NRI grant from the USDA {82-37204-7953). E.F.F. is sponsored by
a scholarship from the Conselho Nacional de Desenvolvimento Tecno-
logice-CNPg, Brazil.

REFERENCES

Ahmed, R, Canning, W. M., Kauffman, R. 8., Sharpe, A. H., Hallum,
J. V., and Fields, B. N. (1981). Rcle of host cell in a persistent viral
infection: Coevolution of L. cells and reovirus during persistent infec-
tion. Ceff 25, 325-332.

Asanaka, M., and Lai, M. M. C. {1993). Cell fusion studies identified
multiple cellular factors involved in mouse hepatitis virus entry. Viro/-
ogy 187, 732741,

Ausubel, F. M., Brent, R, Kingston, R, E., Moore, ©. D., Seidmann, ). G.,
Smith, i. A, and Strubl, K. (1988). Analysis and manipulation of RNA
and DNA. /n “Current Protocols in Molecular Biology," Vol. 1, pp.
4.9.1-4.9.4. Wiley, New York.

Bielefeldt, ©. H. (1988z). BYD virus antigens in tissues of persistently
viraemic, clinically normal cattle: Implications for the pathogenesis
of clinically fatal disease, Acta Vet Scand. 29, 77-84.

Bielefeldt, O. H. {1888b). In situ characterization of mononuclear feuko-
cyles in skin and digestive tract of persistently bovine viral diarrhea
virus-infected clinically healthy calves and calves with mucosal dis-
ease. Vet Pathol 25, 304-309,

Bolin, 8. R., and Ridpath, J, F. (198¢). Frequency of association of noncy-
1opathic boving viral diarthea virug with bovina neutrophils and
mononuclear leukocytes before and after treaiment with trypsin. Am.
J Vet Res 51, 1847-1851.

Bolin, S. R., Littladike, E. T, and Ridpath, ). F. (1991). Serologic detection



574 FLORES AND DONIS

and practical consequences of antigenic diversity among bovine viral
diarrhea virus in a vaccinated herd. Am. /. Vet Res. 52, 1033—1047.

Bolin, S. R., Ridpath, ). F., Black, J., Macy, M., and Roblin, R. (1994}.
Survey of cell lines in the american type culture collection for bovine
viral diarrhea virus. J. Virol Methods 48, 211-221.

Boulanger, D., Dubuisson, J., and Pastoret, P. P. {1992). Studies on the
neutralization mechanism of bovine viral diarrhea virus. Proc. Second
Symp. Pastivirus, pp. 1567—161. Veyrier-du-Lac, France.

Brownlie, J. (1890). The pathogenesis of bovine viral diarrhea virus
infections. Rev. Sci. Tech. 91, 43—-59.

Burnette, W. N, {1981). “Western blotting": Electrophoretic transfer of
protein from sodium dodecy! sulfate - polyacrylamide gels to unmodi-
fied nitrocellulose and radiographic detection with antibody and ra-
diviodinated protein A. Anal. Bicchem. 112, 195-203.

Chomezynski, P., and Sacchi, N. (1987). Single-step method of RNA
isolation by acid guanidinium thiocyanate—phencl—chloroform ex-
traction. Anal. Biochem. 162, 156—159.

Collett, M. S., Anderson, . K, and Retzel, E. {1988a}. Comparison
of the pestivirus bovine viral diarrhea virus with members of the
flaviviridae. /. Gen. Virol. 89, 2637-2643.

Collett, M. S., Larson, R., Belzer, 8. K., and Retzel, E. {1988b). Proteins
encoded by bovine viral diarrhea virus: The genomic organization of
a pestivirus. Virology 165, 200—208.

Corapi, W. V., Denis, R. O., and Dubovi, E. J. {1880). Characterization
of a panel of mongclonal antibodies and their use in the study of
the antigenic diversity of bovine viral diarrhea virus. Am. . Vet. Aes.
51, 1388—1394.

Cahle, 1, Liess, B., and Frey, H. R. {1987). Interspecies transmission of
pestiviruses: Experimental infections with bovine viral diarrhea virus
in pigs and hog cholera virus. Commission Eur. Communities Publ.
pp. 195-211.

De La Torre, ). C., Martinez-Salas, E., Villaverde, D. A, Gebauer, F.,
Rochg, E., Davila, M., and Domingo, E. (1988}. Coevolution of cells
and viruses in a persistent infection of foot-and-mouth disease virus
in cell cultere. /. Virol 82, 2060—2058.

Diderholm, H., and Dinter, Z. (1966). Infectious RNA derived from bovine
virus diarrhea virus. Zentralbl Bakteriol Abt. 1 Orig. A 201, 270-272.

Donis, R. O., and Dubovi, E. J. (1987a). Glycoproteins of bovine viral
diarrhoea-mucosal disease virus in infected bovine cells. . Gen.
Virol 68, 1607-1616.

Donis, R., and Dubovi, E. ). (1987L). Differences in virus-induced poly-
peptides in cells infected by cytopathic and noncytopathic biotypes
of bovine virus diarrhea-mucosal disease virus. Virology 158, 168-
173.

Donis, R. O., and Dubovi, E. J. {1887c). Molecular specificity of the
antibody responses of cattle naturally and experimentally infected
with cytopathic and noncytopathic bovine viral diarrhea virus bio-
types. Am. . Vet Res. 48, 154915564,

Donis, R. O., Corapi, W., and Dubovi, E. ). (1988). Neutralizing mono-
clonal antibodies to bovine viral diarrhea, virus bind to the 56K 1o
58K glycoprotein. /. Gen. Virol 88, 77-86.

Doyle, L. G., and Heuschele, W. P. {1983). Bovine viral diarrhea virus
infection in captive exotic ruminants. /. Am. Vet Med. Assoc. 183,
1267-1259.

Dubovi, E. J., White, T., Cordell, B., Dales, B., and Donis, R. O. {1987).
Expression of a glycoprotein antigen of bavine viral diarrhea virus
that elicits neutralizing antibody production in mice. /n "Modern Ap-
proaches 1o New Vaccines" (R. Chanock, R. Lerner, F. Brown, and
H. Ginsberg, Eds.), pp. 435—-439. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

Fehler, F., Harrmann, J. M., Saalmiller, A, Mettenleiter, T. C., and Keil,
G. M. (1892}, Glycoprotein IV of bovine herpesvirus 1-expressing cell
line complements and rescues a conditionatly lethal mutant. /. Virol.
66, 831-839.

Feinberg, A., and Vogelstein, B. {1983). A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity.
Anal. Biochem. 132, 6—13.

Fernelius, A. L, Lambert, G., and Hemmes, G. J. {1969). Bovine viral
diarrhea virus—host cell interactions: Adaptation and growth of virus
in cel! lines. Am. /. Vet Res. 30, 1561—-1572,

Francki, R., Fauquet, C., Knudson, D., and Brown, F. (1991). Classifica-
tion and nomenclature of viruses. Fitth Report of the Int. Comm. on
Taxonomy of Viruses {ICTV); Vel 2. Argh. Virol. (Suppl. 2). Springer-
Verlag, Vienna/New York,

Gillespie, ). E., Baker, J. A, and McEntee, K. (1960). A cytcpathogenic
strain of viral diarrhes virus, Comei! Vet 50, 73-78.

Gillespie, ). H.,, Madin, S. H., and Darby, N. B., Ir. (1962). Cellular resis-
tance in tissue culture, induced by noncytopathogenic strains, to a
cytopathogenic strain of virug diarrhea virus of cattle. Proc. Soc. Exp.
Biofl. Med. 110, 248-251.

Gripon, P., Diot, C., and Guguen-Guillouzo, C. (1993). Reproducibie high
level infection of cultured adult human hepatocytes by hepatitis B
virus: Effect of polyethylene—glycol on adscrption and penetration.
Virology 192, 534-540C,

Gutenkust, D. E., and Malmguist, W. A. {1964). Complement-fixing and
neutralizing antibody response to bovine viral diarrhea and hog chol-
era antigens. Can. J. Comp. Med. Vet. Sci. 28, 19-23.

Hafez, 8. M., and Liess, B. (1972). Studies ¢n bovine viral diarrhea-
mucosal disease virus. |l. Stability and some physico—chemical prop-
erties. Acta Virol 16, 399-408,

Haines, D. M., Clark, E. G., and Dubovi, E. J. (1882). Monoclonal anti-
body-based immunohistochemical detection of bovine viral diarrhea
virus in formalin-fixed, paraffin-embedded tissues. Vet Pathol 29,
27-32.

Hermann, A., Clague, M. J., and Blumental, R. {1823). Enhancemant of
viral fusion by nonadsorbing polymers. Biophysics 65, 528-534.
Hoekstra, ., Klappe, K., Hoff, H., and Nir, S. (1989). Mechanism of
fusion of Sendai virus: Role of hydrophobic interactions and mobility
constraints of viral glycoproteins. Effects of polyethylene giycol. /.

Biol. Chem. 264, 6786—6792.

Horzinek, M. C. (1981), “Non-Arthropod-Borne Togaviruses.” Academic
Press, New York.

Kapian, G., and Racaniellg, V. R. (1891). Down regulation of poliovirus
receptor RNA in Hela cells resistant to poliovirus infection, / Virel.
B85, 1829-1835.

Kaplan, G., Levy, A., and Racanieilo, V. R. (1989}. Isolation and charac-
tarization of HelLa cell lines blocked at different steps in the poliovirus
life cycle. J. Virol 63, 43-b1.

Laemmli, U. K. {1970). Cleavage of structural proteins during the assem-
bly of the head of hacteriophage T4. Nature (London) 227, 680-685.

Lee, K. M., and Gillespie, ). H. (1357). Propagaticn of virus diarrhea
virus of cattle in tissue culture. Am. J. Vet Res. 18, 852-9b3.

Liang, X., Bahiuk, L. A, Van Drunen Littel-Van der Hurk, S., Fitszpatrick,
D. R., and Zamb, T. J. (1891). Bovine herpesvirus 1 attachment to
permissive celis is mediated by its major glycoproteins g, glll and
glV. 1 Virol €5, 1124-1132.

Lopez, Q. 1, Qsorio, F. A, and Donis, R. C. (1991). Rapid detection of
bovine viral diarrhea virus by polymerase chain reacticn. [ Clin.
Microbiol. 29, 578-582.

Mahy, B. W. )., Ed. (198E}. “Virology, A Practical Approach.” IRL Press,
OxfordMashington, DC.

Marshall, D. ). (1983). "Pathogenesis of primary acute bovine viral diar-
rhea virus infections in gnotobiotic calves,” Ph.D. Thesis. University
of Nebraska—Lincoln.

McClurkin, A W., and Normann, ). O. {(1966). Studies on transmissible
gastroenteritis of swine. Il. Selected characteristics of a cytopatho-
genic virus common to five isolates from transmissible gastroenteri-
tis. Can. .. Comp. Med. Vst Sci. 30, 190—188.

McClurkin, A. W., Pirtle, E. C., Coria, M. F., and Smith, R. L. {1974).
Comparison of low and high passage bovine turbinate cells for assay
of bovine viral diarrhea virus. Arch, Virol 45, 2856—-289.

Mayers, G., Tautz, N., Dubovi, E. J., and Thiel, H-J. (1891). Viral cyto-
pathogenicity correlated with integration of ubiquitin-coding se-
quences. Virology 180, 802—-616.



A BOVINE CELL LINE RESISTANT TO BVDV 575

Milton, S. G., and Knutson, V. P. {1993). insulin receptor characterization
and function in bovine acrta endothelial cells: Insulin degradation
by a plasma membrane, protease-resistant insulin receptor. £ Cell.
Physiol 157, 333-343.

Moennig, V., and Plagemann, P. G. {(1892). The pestiviruses. Adv. Virys
Res. 41, 53—98.

Moennig, V., Bolin, 8. R, Matec, A, Kelso-Gourley, N., Grieser-Wilke,
I, and Liess, B. (1988). Identification of a single receptor for Bovine
Viral Diarrhea virus (BVDV) on the surface of cultured cells. Proc.
Annu. Meet Am. Soc. Microbiol. Miami Beach, FL. [ASM, 326).

Nettteton, P. F. (1990). Pestivirus infections in ruminants other than
cattle. Rev. Sci. Tech. Off Int. Epiz. 9, 131-150.

Nettleton, P. F., and Entrican, J. F. (1992). The diagnosis of ruminant
pestivirus infections. Proc. Second Symp. Pestivirus, pp. 185-191.
Veyrier-du-Lac, Franice.

Odeon, A. Flores, £, van Olphen, A, Risatti, G., Marshall, D. J., Kelling.
C. L, Dubovi, E. )., and Donis, R, O. {1894). Fatal acute BVDV in
pharmacologically-stressed calves inoculated intranasally with a
Type il strain. Proc. Annu. Meet. Am. Assoc. Vet Lab. Diagn. p, 21.
Grand Rapids, M|,

Onyekaba. C., Fahrmann, J., Bueon, L., King, P., and Goyal, 8. M. (1987).
Comparison ¢f tive cell lines for the propagation of bovine viral diar-
rhea and infecticus bovine rhinotracheitis viruses. Microbiclogica
10, 311-3156.

Perrault, J. {(1981}. Qrigin and replication of defective interfering parti-
cles, Curr. Top. Microbiol Immunct 93, 161-207.

Polacino, P., Kaplan, G., and Palma, E. L. (1985). Homolegous interfer-
ence by a foot and mouth disease virus strain attenuated for cattle.
Arch. Virel 86, 281-301.

Potts, B. J.. Sawyer, M., Shekarchi, I. C., Wismer, T., and Huddleston,
D. (1989). Peroxidase-labelled primary antibody method for detection
of pestivirus contamination in cell cultures. /. Virol Methods 26, 119~
124,

Reed, L., and Muanch, H. {1938). A simple method of estimating fifty
per cent endpoints. Am. [ Hyg. 27, 493-497.

Renard, A. Schmetz, D, Guiot, C., Dagenais, L., Pastwret, P-P,, Dina,
D., and Martial, J. A {1987). Molecular cloning of the bovine viral
diarrhea virus genomic RNA. Ann. Rech. Vet 18, 121~125.

Rohde, W., Pauli, G., Henning, )., and Friis, R. R. (1978). Polyathylene—
glycol-mediated infection with avian sarcoma viruses. Arch. Virol
58, 65-54.

Ron, D., and Tal, ;. {1986). Spontanecus curing of a minute virus of
mice carrier state by selection of cells with an intracellular block of
viral replication. /. Virol 58, 26—30.

Rossi, C. R, and Kiase!l, G. K {1871). Microtiter 1¢sis for detecting
antibody in bovine serum to parainfluenza-3 virus, infectious bovine
rhinotracheitis virus and bovine viral diarrhea virus. Appl. Microbiol.
22, 32-36.

Sarmanti, L., Erceli, L., Parisi, S. G., Rocehi, G., Giannini, G., Galluzzo,
C., Vella, 5., and Andreoni, M. (1994). High rate of HIV isatation from
plasma of agymptomatic patients through polyethvlene glycol (PEG)
treatment, £ Acquired bmmung Defic. Syndr. 7, 10-14

Sarmiento, M., Haffey, M., and Spear, P. (1979). Membrane proteins
specified by herpes simplex viruses. lll. Role of glycoprotein VP7 in
virion infectivity. /. Virol 29, 1148—1168,

Shirai, J., Tanaka, Y., and Horiuchi, T. (1984). Interference patterns be-
tween strains of bovine viral diarrhea-mucaosal disease (BVD-MD)
virus, Jpn. /. Vet Sci 46, 901-904.

Teyssedou, E., Magar, R., Justewicz, D. M., and Lecornte, J. 1987}, Cell
protective monoclonal antibodies to bovine enterovirus-3 and partial
or no activity against other serotypes. /. Virol 61, 2060-2053.

Truitt, R. L., and Shechmeister, . L. {1973). The replication of bovine
viral diarrhea-mucosal disease virus in bovine leukocytes in vitro.
Arch, Gesamte Virusforsch. 42, 78—87.

Wellemans, G., and Opdenbosch, E. V. (1887). Demonstration of BVD
virus (boving diarrhea virus} in many cell lings, Ann. Rech. Vet 18,
99-102.

Wilhelmsen, C. L., Bolin, S. R, Ridpath, J. F,, Cheville, N. F., and Kluge,
J. P. {1990}. Experimental primary postnatal bovine viral diarrhea virus
infections in six-months calves. Vet Pathol, 27, 2356—243.

Xue, W., and Mingcha, H. {1993). Identification of the cell surface recep-
tor for bovine viral diarrhoea virus by using anti-idiotypic antibodies.
J. Gen. Virol. 74, 7378,

Youngner, i. S., Frielle, D. W., and Whitaker-Dowling, P. (1986). Domi-
nance of temperature-sensitive phenotypes. |. Studies of the mecha-
nism of inhibition of the growth of wild-type vesicular stomatitis virus.
Virciogy 155, 225~ 35.



