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With persistent foot-and-mouth disease virus (FMDYV) in BHK-21 cells, there is coevolution of the cells and
the resident virus; the virulence of the virus for the parental BHK-21 cells is gradually increased, and the cells
become partially resistant to FMDYV. Here we report that variants of FMDV C;Arg/85 were selected in a single
infection of partially resistant BHK-21 cells (termed BHK-RD cells). Indirect immunofluorescence showed that
the BHK-RD cell population was heterogeneous with regard to susceptibility to C;Arg/85 infection. Infection of
BHK-RbD cells with C;Arg/85 resulted in an early phase of partial cytopathology which was followed at 6 to 10
days postinfection by the shedding of mutant FMDVs, termed C;-Rb. The selected C;-Rb variants showed
increased virulence for BHK-21 cells, were able to overcome the resistance of modified BHK-21 cells to infec-
tion, and had acquired the ability to bind heparin and to infect wild-type Chinese hamster ovary (CHO) cells.
A comparison of the genomic sequences of the parental and modified viruses revealed only two amino acid
differences, located at the surface of the particle, at the fivefold axis of the viral capsid (Asp-9—Ala in VP3 and
either Gly-110—Arg or His-108—Arg in VP1). The same phenotypic and genotypic modifications occurred in
a highly reproducible manner; they were seen in a number of independent infections of BHK-RbD cells with viral
preparation C;Arg/85 or with clones derived from it. Neither amino acid substitutions in other structural or
nonstructural proteins nor nucleotide substitutions in regulatory regions were found. These results prove that
infection of partially permissive cells can promote the rapid selection of virus variants that show alterations

in cell tropism and are highly virulent for the same cells.

Foot-and-mouth disease virus (FMDV) is an important an-
imal pathogen of the genus aphthovirus of the Picornaviridae
family (48). FMDYV usually causes an acute, systemic infection
in cloven-hooved animals and cytolytic infections in cell cul-
ture. However, FMDYV can also establish persistent infections
in ruminants (3, 29, 36, 50, 53, 55, 56) and in cell cultures (9, 12,
21). Persistence in cell cultures was established by infecting
cloned BHK-21 cells (a population derived from a single cell)
with an FMDV of serotype C (clone C-S8cl) that was plaque
purified three times (9). The carrier cultures were obtained by
growing the cells that survived the cytolytic infection (at a
frequency of about 107%) (9, 37). At the critical step of initia-
tion of persistence, the prevailing event ensuring cell survival
and viral replication was the rapid variation of the cells, which
became partially resistant to FMDV (37). The FMDV then
became increasingly virulent for BHK-21 cells (12, 37). In a
virulence assay that measures the minimal amount of virus
needed to kill 10* BHK-21 cells in 24 h under standard con-
ditions, the virus shed by persistently infected cells at passage
100, termed R100, was 1,000-fold more virulent than the pa-
rental C-S8cl (51).

The evolution of BHK-21 cells during FMDV persistence
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could be characterized because treatment of the carrier cells
with ribavirin [(1-B-D-ribofuranosyl)-1-H-1,2,4-triazole-3-car-
boxamide] eliminated the virus from the cells (8). Cured cells,
in which virus could not be detected by reverse transcription
(RT)-PCR (37), were partially resistant to infection by several
isolates of FMDYV of serotypes C, O, and A but produced nor-
mal yields of other RNA viruses, such as vesicular stomatitis
virus, encephalomyocarditis virus, and Semliki Forest virus (9,
12, 37). The degree of resistance to FMDV of carrier cells
increased with the passage number of the persistently infected
culture (11, 12). The evolving cell populations were heteroge-
neous with regard to susceptibility to FMDYV, as revealed by
the analysis of 248 stable cell clones isolated from carrier cells
at passages 17, 19, 62, and 74 (11). At least six distinct cell
phenotypes were identified, the most-resistant clones produc-
ing 10* times less FMDV C-S8cl progeny than the standard
BHK-21 cells (11).

In the present study we have examined the ability of cloned
FMDV C;Arg/85 to overcome the resistance of modified
BHK-21 cells. C;Arg/85 is a standard South American type C
FMDYV of which several isolates and cloned preparations have
been previously characterized genetically (39, 43) and antigeni-
cally (38, 54). The results show a surprising adaptability of
FMDYV to overcome the cellular barrier in a single infection of
a monolayer of modified BHK-21 cells. The selected progeny
virus displayed increased virulence for BHK-21 cells and mod-
ified BHK-21 cells along with a number of additional pheno-
typic alterations. Two amino acid substitutions located at the
surface of the viral capsid are associated with the dramatic
phenotypic changes.
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MATERIALS AND METHODS

Cells, viruses, and infections. The origin of BHK-21 cells and the procedures
used for infection of BHK-21 and Chinese hamster ovary (CHO) cell monolayers
with FMDYV in liquid and in semisolid media have been previously described (2,
12, 16, 52). BHK-Rb cells derive from a subline of BHK-21 cells persistently
infected with FMDV C-S8cl1. They were cured of FMDYV by ribavirin treatment
(8) at cell passage 70 after the initiation of persistence. BHK-RDb cells correspond
to the population termed C,BHK-Rc1-p70 Rbv in de la Torre et al. (11). BHK-
Rb cells were used between passages 9 and 15 after curing with ribavirin. Cell
clone BHK-R74-A4 was obtained by growth of a single cell from passage 74 of
the persistently infected cell population C;-BHK-Rcip74, as described by de la
Torre et al. (11). Cell populations BHK-Rb and BHK-R74-A4 were routinely
monitored by RT-PCR amplification with primers corresponding to different
regions of FMDV RNA, with negative results. Wild-type CHO cells and the two
glycosaminoglycan-deficient CHO mutants pgs D-677 and pgs A-745 were kindly
provided by J. D. Esko (27, 35).

The FMDV C;Arg/85 isolate used was passaged twice in BHK-21 cells and
plaque purified in BHK-21 cells, and then the cloned virus was passaged three
times in BHK-21 cells to produce the viral preparation (working stock) for the
experiments described here.

Generation of FMDV C;-Rb. Subconfluent BHK-Rb cell monolayers were
infected either with C3Arg/85 or with plaque-purified viral clones derived from
the C;Arg/85 working stock and incubated with Dulbecco modified Eagle me-
dium (DMEM) containing 2% fetal calf serum until the cell monolayer became
partially lysed at 2 to 3 days postinfection. At this time, the medium was replaced
by DMEM containing 10% fetal calf serum, and the incubation was continued,
with the medium changed every 24 h. Virus rescued from the supernatants at 8
to 10 days postinfection was generically designated C;-Rb.

Virulence assay. The virulence of FMDV for BHK-21 cells and for modified
BHK-21 cells is defined as the minimum number of PFU required to kill a
designated number of cells in a given time (both parameters are indicated for
each experiment) under standard infection conditions (51).

Indirect immunofluorescence assays. Cells were grown on coverslips, washed
extensively with phosphate-buffered saline, placed on ice, rinsed, fixed in acetone
(10 min at —20°C), air dried, and stored at —20°C. Immunofluorescence was
performed as previously described (28), with a 1:50 dilution of anti-FMDV Cs
polyclonal antiserum raised in guinea pigs used as the primary antibody. The
secondary antibody was a 1:100 dilution of a fluorescein-conjugated anti-guinea
pig immunoglobulin G (Sigma).

Heparin-Sepharose binding of FMDV. Heparin-Sepharose CL-6B and control
Sepharose CL-6B beads (ligand density, ~2 mg of porcine heparin/ml of drained
gel; Pharmacia Biotech) were equilibrated with a combination of DMEM, 25
mM HEPES, and 0.1% fetal calf serum (binding buffer) and resuspended as a
10% (vol/vol) slurry; 200 wl of the slurry was mixed with 300 wl of the virus
diluted in binding buffer (10° to 10° PFU). The virus-heparin-Sepharose and
virus-Sepharose mixtures were incubated for 1 h at room temperature with
gentle stirring and centrifuged at 1,000 X g for 2 min. Virus recovered in the
supernatants was quantitated by plaque assay. In all cases, 100% of the input
PFU was recovered from the supernatant of the Sepharose CL-6B control beads,
indicating stability of the virus during the procedure.

Isolation of viral RNA, ¢cDNA synthesis, PCR amplification, nucleotide se-
quencing, and determination of the size of the poly(C) tract. Viral RNA from the
supernatants of infected cultures was obtained by treatment with proteinase K
and sodium dodecyl sulfate, followed by phenol extraction, as previously de-
scribed (26). To determine the length of the poly(C) tract, the supernatants of
infected cells were treated with 2 wg of DNase per ml and 4.5 g of pancreatic
RNase per ml in 50 mM Tris (pH 7.5)-10 mM MgCl, for 50 min at 37°C prior
to treatment with proteinase K as described above. Amplification of FMDV
RNA fragments by RT-PCR was carried out as described by Escarmis et al. (26)
either with the sets of primers that have been previously described (2, 25, 26, 51)
or with those designed for efficient RT-PCR amplification of the C;Arg/85
genome. The sequences of the oligonucleotide primers used will be provided
upon request. DNA fragments were purified from unincorporated deoxynucleo-
side triphosphates and primers by treatment with shrimp alkaline phosphatase
and exonuclease I (Amersham). Nucleotide sequencing was performed on over-
lapping DNA fragments with either the thermosequenase kit from Amersham or
the femtomole DNA cycle sequencing kit from Promega (26). A few sequences
were determined with an automatic sequencer (model no. ABI373). To our
knowledge, these results provide the first entire genomic sequence of an FMDV
of subtype Cs. To determine the size of the polyribocytidylate [poly(C)] tract of
the FMDV RNA, we treated about 10 ng with 5 U of RNase T, in TE (10 mM
Tris-HCI [pH 8.0], 1 mM EDTA) in a volume of 5 pl for 30 min at 37°C. Then,
1 pl of a 10X kinase buffer (500 mM Tris-HCI [pH 7.5], 100 mM MgCl,, 100 mM
dithiothreitol, 8 U of RNasin), 45 uCi of [y-**P]JATP (150 wCi/pl; 6,000 Ci/
mmol), and 2.5 U of T4 polynucleotide kinase were added, and the mixture (final
volume, 10 pl) was incubated 30 min at 37°C. The size of the poly(C) tract was
determined by electrophoresis in a 6% polyacrylamide-7 M urea gel, with a
nucleotide sequence ladder used as a size marker (25).

Extraction and quantification of intracellular FMDV RNA. To quantify rela-
tive amounts of intracellular FMDV RNA, total cellular RNA was extracted by
the procedure of Chomczynski and Sacchi (7). Aliquots of RNA corresponding
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to 10°, 10%, and 10? cells were spotted onto nitrocellulose filters and hybridized
onto a probe covering the entire P1 region of FMDV C;Arg/85. The probe was
labelled with [*P]phosphate by using the oligolabelling kit (Pharmacia). Auto-
radiographs were quantitated by the Fotoanalyst image analysis system (Foto-
dyne, Inc.).

Positioning of amino acid replacements on the three-dimensional structure of
FMDV. The crystallographic coordinates of C-S8c1 (pdb entry, 1fmd [34]) have
been used as a reference to model the amino acid replacements found in FMDV
C;-Rb. The substituted residues have been modeled with the program TURBO
(47) by placing the side-chain atoms in one of their standard conformations. The
structure has been optimized by removing the close contacts by using the same
program.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in the present study were deposited in GenBank under accession no.
AJ007347 and AJ007572.

RESULTS

Rapid evolution of FMDYV C;Arg/85 in BHK-Rb cells. BHK-
Rb cells, obtained by eliminating FMDV from persistently
infected C,-BHK-Rc1p70 cells (11) (Fig. 1A), were partially
resistant to infection by FMDV C;Arg/85. While parental
BHK-21 cells infected with C;Arg/85 at a multiplicity of infec-
tion of 5 to 10 PFU/cell developed a complete cytopathic effect
at 16 to 20 h postinfection, parallel infections in BHK-Rb cells
did not show signs of cytopathology until 2 to 3 days after
infection. At that time, partial cell lysis was observed. Five
independent infections of BHK-RD cells with either the initial
clonal preparation of C;Arg/85 or three clonal derivatives of
the same preparation (-c1, -c2, and -c3) (Fig. 1B) were carried
out. The 20 to 50% of cells surviving at 2 to 3 days postinfec-
tion did not reach confluence in subsequent days and shed
virus that was increasingly virulent for the host cells. This
finding was revealed by a virulence assay that measures the
minimal amount of virus needed to kill BHK-Rb cells under
standard infection conditions (51) (Table 1). While 10* to 10°
PFU of virus shed at 6 to 10 days postinfection was sufficient to
kill the BHK-RDb cells in each of five independent experiments,
a 100-fold-higher amount of the parental C;Arg/85 either did
not affect or only partially killed the BHK-RD cells (Table 1).
The C5-Rb viruses shed by the BHK-Rb-infected cells at 8 or
10 days postinfection were termed C;-RbA, C;-RbB, C5-RbC,
C;-RbD, and C5-RbE (Fig. 1B). In addition to increased vir-
ulence for BHK-RD cells, all these viruses displayed a small-
plaque phenotype compared with that of the parental virus
in BHK-21 cells and acquired the ability to form plaques on
BHK-Rb cell monolayers. The parental working stock of
FMDYV C;Arg/85 and its three clonal derivatives did not form
visible plaques on BHK-Rb cells but formed normal size
plaques on BHK-21 cell monolayers. The three subclones
C;Rb-Acl4, -c15, and -c16 and the parental C5-RbA popula-
tion (Fig. 1B) showed identical phenotypes regarding virulence
for modified and parental BHK-21 cells and plaque morphol-
ogy (Table 2).

Growth characteristics of FMDV C;Arg/85 and C;-Rb in
BHK-21, BHK-Rb, and BHK-R74-A4 cells. The infection of
BHK-21, BHK-Rb, and BHK-R74-A4 cells by C;Arg/85 and its
C;5-Rb derivatives was studied by immunofluorescence and by
a comparative analysis of virus yields and levels of intracellu-
lar viral RNA. The limited permissivity of BHK-Rb cells to
FMDYV C;Arg/85 was due at least in part to the heterogeneity
of cells with regard to susceptibility to this virus, as indicated by
immunofluorescence analysis. Clusters of brightly fluorescent
BHK-Rb cells amounted to only half of the cell population,
even at 24 h postinfection (Fig. 2A and B). In contrast, in
infections of BHK-Rb cells with FMDV C;-Rb, viral antigens
were detected in the majority of cells at 5 h postinfection (Fig.
2C). These results are in agreement with the higher yield of
virus in infections with the C;-Rb variants in comparison to
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FIG. 1. Diagram of the origin of the cells and viruses used in the present study. (A) Persistent infection of BHK-21 cells with FMDV C-S8c1 (9). At passage 70,
the persistently infected culture was cured of FMDV by ribavirin treatment (8), yielding the uncloned population BHK-Rb. At passage 74, many cell clones free of
FMDV were obtained by terminal dilution (11). One clone that is highly resistant to FMDV is BHK-R74-A4. (B) The C;Arg/85 used is a plaque-purified preparation
derived from the natural isolate C;Arg/85 (39, 43) as described in Materials and Methods. Either this preparation (open circles) or one of three plaque-purified
subpopulations (-c1, -c2, or -c3 [empty squares]) was used to infect BHK-RbD cells. Viruses rescued from the supernatant of infected BHK-Rb cells at 8 or 10 days
postinfection are designated C5-RbA (8 days postinfection), -B, -C, -D, and -E (10 days postinfection) (filled circles). The letters correspond to experiments A to E
listed in Table 1. c14, c15, and c16 (filled squares) are clonal subpopulations obtained by plating population C5-RbA onto a BHK-Rb cell monolayer, isolating virus
from three single plaques and then passaging the virus twice in BHK-Rb cells. Further details about experimental procedures are given in Materials and Methods.

that in infections with the parental C;Arg/85 and with the
observation of complete killing of BHK-RD cells at 10 h after
infection with C;-Rb variant FMDVs (Fig. 3B and E).

The ability of C5-Rb viruses to overcome the BHK-Rb cells’
resistance to infection was further tested with BHK-R74-A4
cells, one of the stable cell clones isolated from an FMDV-
C-S8cl carrier culture that was very resistant to infection by
FMDV C-S8cl (11) (Fig. 1A). Single-step growth curves re-
vealed that while BHK-R74-A4 cells produce 100-fold-lower

TABLE 1. Generation of FMDYV variants in BHK-RD cells

Virus shed by BHK-RD cells at

Expt* EMDV? Ig\&jﬁg{}g indicated day postinfection”

2 6 10

A C,Arg/85 >10%¢ 10° 10* 10*

B C;Arg/85 >10% 10° 10* 10*

C C,Arg/85cl >10% ND* >10% 10*

D C;Arg/85¢c2 >10% ND 10* 10*
E C;Arg/85¢c3 >106 ND >10% 5% 10*

“ BHK-RDb cells were infected with the FMDVs indicated in the second column
at a multiplicity of infection of 5 PFU/cell (experiment A) or 20 PFU/cell
(experiments B to E), as described in Materials and Methods. The origins of the
infecting FMDV C;Arg/85 and its clonal derivatives -c1, -c2, and -c3 are depicted
schematically in Fig. 1 and described in Materials and Methods.

® The infecting FMDV C3Arg/85 and virus shed by the infected BHK-Rb cells
at the indicated days postinfection were tested for ability to kill BHK-RDb cells in
an adaptation of a previously described virulence assay (51). Numbers represent
the minimum amount of PFU required to kill 7 X 10* BHK-RDb cells in 48 h.

€10° PFU of virus caused no lysis of the cells.

410° PFU of virus caused partial lysis of the cells.

¢ ND, not determined.

yields of FMDV C;Arg/85 than the standard BHK-21 cells do,
both cell types yield similar amounts of C5-Rb virus (Fig. 3A
and C). The resistance of BHK-R74-A4 cells to C;Arg/85 and
their permissivity to C5-Rb viruses were confirmed by compar-
ing the levels of intracellular FMDV RNA in infections with
either virus (Fig. 3F). In addition, C5;-Rb viruses, but not the
parental C;Arg/85, were able to kill BHK-R74-A4 cells, al-

TABLE 2. Properties of FMDV C;Arg/85 and variants
selected in BHK-RD cells

No. of PFU required to kill indicated cells” Diameter
FMDV“ of plaque
BHK-21 BHK-Rb BHK-R74-A4 (mm)*©
C;Arg/85 10° >10% >10% 2-6
Cs-RbA 10° 10* ND* =2
C;-RbAcl4 10° 10* 10° =2
C5-RbAc1S 10° 10* 10° =2
C;-RbAc16 10° 10* 10° =2

“ The origin of the FMDVs employed is described in Materials and Methods,
Fig. 1, and Table 1.

® Virulence for the indicated cells was measured as previously described (51)
but with modifications depending upon cell number and time of infection for the
three types of cells tested. Numbers represent the minimum number of PFU
required to kill 5 X 10* BHK-21 cells in 24 h, 7 X 10* BHK-Rb cells in 48 h, or
10° BHK-R74-A4 cells in 54 h.

© The sizes of the plaques were measured at 30 h after plating onto a BHK-21
cell monolayer as previously described (16). For C3Arg/85, =5% of the plaques
were 2 to 3 mm in diameter, and =95% ranged from 3 to 6 mm in diameter.

410° PFU of C;Arg/85 caused a partial cytopathic effect.

¢ 10° PFU of C;Arg/85 did not affect cells.

/ND, not determined.
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FIG. 2. Indirect immunofluorescence analysis of BHK-Rb and CHO cells infected with different FMDVs. Cells were infected at a multiplicity of infection of 10
PFU/cell. After virus adsorption (1 h, 37°C) the cell monolayers were extensively washed with DMEM and overlaid with DMEM-fetal calf serum (2% for BHK-RD cells
and 5% for CHO cells). At the time postinfection indicated for each experiment (panels A to I), the presence of FMDYV antigens was revealed by indirect immuno-
fluorescence analysis performed as indicated in Materials and Methods. (A to C) BHK-Rb cells were infected with either FMDV C;Arg/85 for 5 h (A) or 24 h (B) or
FMDV C;-Rbcl5 for 5 h (C). (D to G) Wild-type CHO cells infected for 24 h with C3Arg/85 (D), C5-Rbel5 (E), C3-RbB (F), and C5-RbE (G). (H and I) Mutant CHO
pgs D-677 (H) or CHO pgs A-745 (I) infected for 24 h with C5-Rbcl5. Results indistinguishable from those shown with C;Arg/85 (panels A, B, and D) were obtained
with C;Arg/85cl, -c2, and -c3. Likewise, results indistinguishable from those shown with C;-Rbcl5, C;-RbB, and C5-RbE (panels E to I) were obtained with the other
C;-Rb viruses selected in BHK-RDb cells (data not shown). The origins of the cells and the FMDVs are described in Materials and Methods, Fig. 1, and Table 1.

though their virulence was lower for these cells than for BHK-
Rb or BHK-21 cells (Table 2).

In the parental, unmodified BHK-21 cells, both C5-Rb vi-
ruses and the parental C;Arg/85 replicated equally well as
indicated by the equivalent amounts of virus yields and by the
levels of intracellular FMDV RNA at early times postinfection
(Fig. 3A and D). C5-Rb viruses, however, produced complete
cell killing at around 9 h postinfection, in contrast to the 16 to

20 h required in infections with C;Arg/85. It should be noted
that, in agreement with the latter observation, C;-Rb viruses
are 1,000-fold more virulent than the parental C;Arg/85 for
BHK-21 cells (Table 2). This finding indicates that the hyper-
virulence for BHK-21 cells of FMDV C;-Rb is related to fac-
tors other than an increase in virus production.

Replication of C5-Rb viruses in CHO cells. CHO cells under
standard conditions cannot be infected by natural FMDYV iso-
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FIG. 3. Determination of virus production (A to C) and intracellular viral RNA (D to F) upon infection of BHK-21 and modified BHK-21 cells with different
FMDVs. BHK-21 cells (A and D) or BHK-Rb cells (B and E) or BHK-R74-A4 cells (C and F) were infected with C;Arg/85 (O), C3-Rbcl5 (A), or C3-Rbel6 (A) at
a multiplicity of infection of 10 PFU/cell. At the indicated times postinfection, samples from the culture medium were withdrawn and titrated (panels A to C). The time at
which a complete cytopathic effect was observed is indicated by dotted arrows (infections with C5-Rbcl5 or C5-Rbel16) or by a complete arrow (infection with C3Arg/85). For
other infections the cytopathic effect observed at the indicated times postinfection was not complete (Table 2). The viral yields from infections with other C5-Rb viruses
were very similar to those shown for C5-Rbcl5 and -c16. In parallel infections, total cellular RNA was extracted at the indicated times (panels D to F). FMDV RNA was
extracted and quantitated by dot blot hybridization as described in Materials and Methods. In panels D to F, numbers on the ordinate represent the accumulated amount of
FMDYV RNA expressed as the percentage of the maximum value in each experiment. Infections were with C;Arg/85 (empty columns), C3-Rbcl5 (columns with stripes), or
C5-Rbel6 (filled columns). Procedures for infection with FMDYV, titrations with plaque assays, and quantification of FMDV RNA are detailed in Materials and Methods.

lates (2, 32, 41, 49). However, adaptation of FMDV to cell
culture often leads to populations that can infect CHO cells via
interaction with the surface glycosaminoglycan heparan sulfate
(2, 32, 41, 49). Thus, it was of interest to determine whether
FMDV C;-Rb had acquired the ability to infect CHO cells
and to bind heparin. Infection of wild-type CHO cells with
C;Arg/85 or with its clonal derivatives -c1, -c2, and -c3 did not
produce virus progeny (Table 3). Furthermore, immunofluo-
rescence assays indicated an absence of detectable FMDV
antigen in the cells, suggesting an early block in infection (Fig.
2D). In contrast, C5-Rb viruses selected in five independent
experiments were able to replicate in wild-type CHO cells as
indicated by virus production and by immunofluorescence
analysis (Table 3 and Fig. 2E to G). Mutant CHO cells pgs
D-677 and pgs A-745, which are deficient in glycosaminogly-
cans (27, 35), were negative for FMDV antigens by immuno-
fluorescence assays (Fig. 2H and I) and did not yield C5;-Rb
progeny (results not shown).

Since infection of CHO cells by C5-Rb viruses required the
presence of cell surface heparan sulfate, the abilities of the dif-
ferent virus populations to bind heparin were analyzed. The
results (Table 3) show that all variants tested acquired the abil-
ity to bind to heparin, although the extent of binding was lower
than that reported for FMDV Cl1 with a long history of pas-
sages in cell culture (2).

Few genetic changes are associated with the phenotypic mod-
ifications of C;-Rb viruses. To define the molecular basis of
the phenotypic modifications undergone by FMDV C;Arg/85
in its replication in BHK-RDb cells, the entire genomic nucleo-
tide sequence of the working stock of FMDV C;Arg/85 and
that of the virulent clone C;-RbAc15 were determined and
compared. Only two amino acid substitutions were identified in
the viral proteins as follows (Table 4): Asp-9—Ala in VP3 and
Gly-110—Arg in VPI1. In addition, one silent mutation was
identified at position 7624. To determine whether the two ami-
no acid substitutions were consistently found in selected C;Arg/85
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TABLE 3. Replication in wild-type CHO cells and binding
to heparin-Sepharose of parental and variant
FMDV C;Arg/85 populations

PFU/PFU ratio

FMDV* Replication in wild-type Binding to heparin-
CHO cells” Sepharose®
C;Arg/85 0.9 1
C;Arg/85¢cl <0.1 1.5
C;Arg/85c2 <0.1 1
C;Arg/85c3 1 1.6
C;-RbA 5% 10° 16
C;-RbAclS 1x10° 10
C;-RbAc16 8 x 10° 13
C5-RbB 6 % 10° 10
C5-RbC 1x10* 18
C5-RbD 1x10° 11
C;-RbE 3 x10° 20

“ The origins of the FMDVs are described in Materials and Methods, Fig. 1,
and Table 1.

> Wild-type CHO cells were infected with virus at a multiplicity of infection of
10 PFU/cell. After virus adsorption (1 h, 37°C), cell monolayers were extensively
washed with DMEM-1% fetal calf serum and maintained with DMEM-5% fetal
calf serum. Results are expressed as the ratio of PFU/ml in supernatants of the
infected cells at 36 h postinfection divided by the PFU/ml in the supernatants at
1 h postinfection (around 10* PFU/ml). In a parallel experiment, replication of
C;Arg/85 in BHK-21 cells gave a ratio of 4 X 10* PFU at 20 h postinfection.

¢ Binding experiments were performed as indicated in Materials and Methods.
Numbers represent the ratio of PFU in the supernatant of the Sepharose beads
after centrifugation divided by the PFU in the corresponding supernatant of the
heparin-Sepharose beads after centrifugation (2). Results are the means of at
least two independent titrations.

variants, the genomic regions corresponding to amino acids 9
of VP3 and 110 of VP1 were sequenced for FMDVs C;-RDbA,
C5-RbAc16, C5-RbB, C;-RbC, C5-RbD, and C;5-RbE. All C;-
Rb viruses included an Asp-9—Ala substitution in VP3 and
either a His-108—Arg substitution or a Gly-110—Arg substi-
tution in VP1. In particular, C;-RbC was a mixed population
containing both His and Arg at position 108 of VP1 and Gly
and Arg at position 110 of VP1, with only Ala at position 9 of
VP3. C5;-RbE included an Asp-9—Ala substitution in VP3 and
only a His-108—Arg substitution in VP1. The sequencing of
the entire P1-coding region of C;-RbE revealed no other mu-
tations (Table 4). An analysis of 22 molecular clones from
population C;-RbC showed that each clone included Arg at
either position 108 or position 110 in VP1. None of the clones
obtained had sequences with Arg in both positions 108 and 110
of VP1 (44). The size of the poly(C) tract was determined for
FMDV C;Arg/85cl, C;Arg/85¢c2, C;Arg/85¢c3, C5-RbA, Cs-
RbAc15, C5-RbAc16, C5-RbB, C5-RbC, C;-RbD, and C5-RbE.
No significant variations were seen between the C5-Rb viruses
and the parental C;Arg/85; the length of the poly(C) tract in all
the genomes analyzed ranged from 204 to 214 C residues.

The three amino acid substitutions found in C;-Rb viruses
cluster at the virion fivefold axis (Fig. 4) and represent a net
increase of positive charges on the virion surface. We conclude
that the same two capsid replacements at position 9 of VP3
and at position 108 or position 110 of VP1 were repeatedly
selected during infection of BHK-Rb cells by populations of
FMDV C;Arg/85 and that these substitutions were associated
with the phenotypic modifications of C5-Rb viruses.

DISCUSSION

The modified BHK-RD cells were selected during the course
of a persistent infection of cloned BHK-21 cells with FMDV
clone C-S8cl (9, 11, 12). The system selects for variant cells
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which are partially resistant to the virus and for viruses which
are hypervirulent for the cells. This coevolution favors the
survival of both the host cells and the resident virus (11, 12,
37). Coevolution of cells and viruses has been described for a
number of other viral systems (1, 4-6, 40, 45, 46) and thus
cannot be regarded as a rare phenomenon. BHK-Rb cell pop-
ulations are heterogeneous in that they are composed of cell
types that differ in degree of cellular transformation and of
resistance to infection by FMDV (11, 12). Upon infection of
this heterogeneous cell population with FMDV C;Arg/85, an
initial round of partial cell lysis took place on the second to
third day postinfection. The more-resistant cells persisted for
several additional days, supporting viral replication, as sug-
gested by their continuing viability and the shedding of virus
into the culture medium. The cell-to-cell variation in FMDV
susceptibility within the BHK-Rb cell population was previ-
ously documented by cell cloning and phenotypic testing (11).
The cellular heterogeneity has been confirmed and extended in
the present study by indirect immunofluorescence analysis of
infections with C;Arg/85 (Fig. 2). The negative immunofluo-
rescence of about 50% of the BHK-RDb cells upon infection
with C;Arg/85 suggests a block in an early step of the infectious
cycle of FMDV in this cell subpopulation (receptor recogni-
tion, entry, uncoating, or early protein or RNA synthesis). In
the more-resistant BHK-Rb cell subpopulations, variant vi-
ruses depicting minimal genetic changes but increased viru-
lence for their host cells were selected. The same amino acid
substitutions were selected in independent infections by clonal
C;Arg/85 preparations, and therefore were the result of inde-
pendent mutational events (Fig. 1B and Table 4).

The adaptation of RNA viruses is based on the continuous
generation of mutant genomes, resulting in extremely hetero-
geneous and dynamic mutant swarms, termed viral quasispe-
cies (14, 17, 18, 23, 24, 30). Average mutation rates for a num-
ber of RNA viruses have been estimated at 107° to 107>
substitutions per nucleotide and round of copying (reviewed in
references 17 and 22). Thus, for an RNA genome of about 8
kb, such as FMDYV, with a mutation rate of 10~* substitutions

TABLE 4. Mutations found in the FMDV C;-Rb genomes”

Amino acid substi-
tution (protein)”

Nucleotide
substitution”

Region of the viral

FMDV genome analyzed”

C;-RbAclS  A-2619—C Asp-9—Ala (VP3) Entire genome

G-3578—A Gly-110—Arg (VP1)
T-7624—C —
C;-RbA A-2619—C Asp-9—Ala (VP3) Residues around posi-
C;-RbAcl6  G-3578—A Gly-110—Arg (VP1) tions 2619 and 3578
C;-RbB
C5-RbD
C5-RbC A-2619—C Asp-9—Ala (VP3) Residues around posi-
A-3573—G/A  His-108—Arg/His (VP1) tions 2619 and 3578
G-3578—A/G Gly-110—Arg/Gly (VP1)
C;-RbE A-2619—C Asp-9—Ala (VP3) Capsid-coding region
A-3573—-G His-108—Arg (VP1) (P1)

“ The origin of each FMDYV analyzed is described in Materials and Methods,
Fig. 1, and Table 1. Mutations are defined by comparing the relevant sequences
with those of the parental FMDV C;Arg/85. All parental C3Arg/85 preparations
(Fig. 1B) showed the wild-type sequence.

 Nucleotide numbering is from the 5’ end of the genomic RNA of FMDV
C;Arg/85, as described in reference 26. Amino acids are numbered indepen-
dently for each capsid protein. —, silent mutation. In C5-RbC, nucleotides and
amino acids separated by lines indicate mixed populations according to the bands
in sequencing gels. The locations of the replaced amino acids in the three-
dimensional structure of the FMDV capsid are shown in Fig. 4.
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FIG. 4. Location in the three-dimensional structure of FMDV of serotype C (34) of the amino acids replaced in the C3-Rb FMDVs (Asp-9—Ala in VP3 and
His-108—Arg in VP1 or Gly-110—Arg in VP1). (A) Stereodiagram of a crystallographic protomer of C-S8c1 in which the three amino acid substitutions are modeled.
The capsid proteins VP1, VP2, and VP3 are depicted as grey, white/stippled, and black ribbons, respectively. The substituted residues are shown as spheres and
indicated by the single-letter amino acid code (A = Ala; R = Arg). (B) Diagram of the pentamer subunit showing substitutions Asp-9—Ala in VP3 and His-108—Arg
in VP1. (C) Pentamer with substitutions Asp-9—Ala in VP3 and Gly-110—Arg in VP1. A reference protomer (lower part of the structure) is depicted as in panel A.
The cluster of positive charges around the fivefold axis is apparent in both cases. The procedures used to model the amino acid substitutions are described in Materials
and Methods. The structures were drawn by using a modified version of MOLSCRIPT (33).

per nucleotide copied, every progeny RNA molecule produced
during a replication process might contain an average of about
one mutation. The number of mutations per genome could
theoretically follow a Poisson distribution assuming that the
occurrence of mutations along the genome is random and
assuming their neutral character (15, 20). Obviously, mutations
may not occur at random, and many of them will be deleterious
and therefore eliminated by negative, or purifying, selection
(17). The evolution of a viral quasispecies will be influenced
not only by mutational input but also by the number of rounds
of genome copying and by the population size of the replicat-
ing genomes (17, 20, 23, 24, 30). The quasispecies structure and
dynamics predict that variants with one mutation or a few
mutations will be common in mutant distributions and thus will
be selected whenever they give the virus a selective advantage
in the environment at hand (14). This scenario provides a
plausible interpretation for the observations described in the
present study. Furthermore, repetitive, or deterministic, to use
a more fundamental term, selection of the same variants will
occur when a limited number of molecular solutions are avail-
able to a virus for coping with a selective constraint (17, 19).
Had the molecular solutions of C;Arg/85 required a constel-
lation of mutations beyond the reach of the sequence space
(23, 24) being explored by the virus to replicate in BHK-Rb

cells, adaptation would not have been feasible and the selec-
tion of C;-Rb variants would not have occurred. We have
previously suggested that functional and structural constraints
are probably the main limitations of the evolution of RNA
viruses given their high mutation potential (17, 19).

In capsids with icosahedral symmetry, surface residues tend
to be more tolerant to replacements than internal capsid res-
idues engaged in interactions with other amino acids (34). The
residues at the surface are those that are the most frequently
replaced in the course of large population passages of FMDV
(26). The two amino acid substitutions found in all the C;-Rb
populations analyzed (Asp-9—Ala in VP3 and His-108—Arg
or Gly-110—Arg in VP1) cluster at the fivefold axis of the
FMDYV particle (Fig. 4). This is the site at which the persistent
FMDYV R100 (13) also includes a cluster of amino acid substi-
tutions, e.g., Asp-9—Ala in VP3. It is interesting that both
R100 and the C5-Rb viruses described here have high virulence
for BHK-21 cells and a small-plaque morphology (13). Remark-
ably, the two amino acid substitutions in the capsid of C;Arg/
85, without any other substitution in any viral protein, con-
ferred to the C5-Rb viruses an increased virulence for BHK-21
cells, the ability to infect modified BHK-21 cells, a small-plaque
morphology, and the potential to bind heparin and infect wild-
type CHO cells. This latter change represents a modification of
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cell tropism that has been documented with a number of dif-
ferent FDMV isolates (2, 32, 41, 49). Jackson et al. (32)
showed that binding to cellular heparan sulfate was required by
FMDV of serotype O for the efficient infection of cells in
culture. Sa-Carvalho et al. (49) documented that heparin bind-
ing and cell culture adaptation of FMDV O, Campos entailed
the acquisition of positively charged residues at VP2 residue
134 and VP3 residue 56. In an FMDYV of serotype C,; which
was subjected to 213 serial cytolytic passages in BHK-21 cells
(MARLS virus [2]), two amino acid substitutions (Lys-
173—Met in VP3 and Ser-144—Leu in VP1) were associated
with the loss of the ability of the virus to bind heparin and in-
fect CHO cells (2). These substitutions affect a capsid region
around the G-H loop of VP1, away from the fivefold axis (34).
Comparison of results with MARLS and the C;-Rb viruses
reinforces the view that the FMDYV capsid is an important de-
terminant of virulence for BHK-21 cells (2) and that increased
affinity for heparin and alterations in cell tropism may be
mediated by a number of independent sites on the viral cap-
sid (2). The systematic selection of the same types of variant
C;Arg/85 in BHK-Rb cells shows that when selective forces are
strong and the genetic modifications needed to respond to a
selective constraint are attainable within the sequence space
available to the virus (23, 24), phenotypic shifts can be repro-
ducible and rapid (31).

The repeated selection of two capsid mutations was also
observed during persistent infections of poliovirus in primary
cultures of human fetal brain cells (42). de la Torre et al. (10)
found that transfection of HeLa cells with independent clones
of a temperature-sensitive poliovirus mutant resulted not only
in the expected transition that eliminated temperature sensi-
tivity but also in four additional silent substitutions that pre-
cisely reverted the mutant sequence to that of the wild-type
poliovirus. The results with FMDYV prove that the replication
of viruses in partially permissive cells may promote the selec-
tion of genetic and phenotypic variants, including viral mutants
with an altered host range. This selection need not be the
result of a prolonged persistent infection but can occur during
the short-term survival of a virus with a partially permissive
host cell. The results of the present study illustrate the impres-
sive adaptive potential of viral quasispecies.
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