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Response of Foot-and-Mouth Disease Virus to Increased Mutagenesis:
Influence of Viral Load and Fitness in Loss of Infectivity
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Passage of foot-and-mouth disease virus (FMDV) in cell culture in the presence of the mutagenic base analog
§-fluorouracil or 5-azacytidine resulted in decreases of infectivity and occasional extinction of the virus. Low
viral loads and low viral fitness enhanced the frequency of extinction events; this finding was shown with a num-
ber of closely related FMDV clones and populations differing by up to 10%-fold in relative fitness in infections
involving either single or multiple passages in the absence or presence of the chemical mutagens. The muta-
genic treatments resulted in increases of 2- to 6.4-fold in mutation frequency and up to 3-fold in mutant spec-
trum complexity. The largest increase observed corresponded to the 3D (polymerase)-coding region, which is
highly conserved in nonmutagenized FMDYV populations. As a result, nucleotide sequence heterogeneity for the
3D-coding region became very similar to that for the variable VP1-coding region in FMDVs multiply passaged
in the presence of chemical mutagens. The results suggest that strategies to combine reductions of viral load
and viral fitness could be effectively associated with extinction mutagenesis as a potential new antiviral strategy.

RNA viruses replicate and evolve as complex mutant distri-
butions termed viral quasispecies as a result of limited copying
fidelity of viral replicases and retrotranscriptases (2, 11, 13, 16,
28, 49). Error-prone replication predicts the existence of an
error threshold for the maintenance of genetic information
(11, 16, 55, 58). The stability of a quasispecies is determined by
the selective superiority of the most fit and most abundant
genome—termed the master sequence (15, 17)—and by the
copying fidelity during genome replication (11, 55, 58). An
increase in the average error rate above a critical threshold
during template copying should result in the loss of genetic
information in a process that has been referred to as violation
of the error threshold or entry into error catastrophe (11, 15,
55, 58). Such a critical transition has been equated with “melt-
ing” of meaningful information through randomization of nu-
cleotide sequences (15, 55, 58). If applicable to viral infections,
violation of the error threshold should result in a loss of viral
infectivity.

In line with theoretical predictions, a number of studies have
documented decreases in viral infectivity concomitant with in-
creased levels of mutagenesis during RNA genome replication.
Ethyl methanesulfonate, nitrous acid, S-fluorouracil (FU), or
S-azacytidine (AZC) increased no more than 1.1- to 2.8-fold
the mutation frequencies at defined single base sites of polio-
virus and vesicular stomatitis virus, even with levels of virus
survival below 1% of the yield in the absence of chemical
mutagenesis (29). The high rate of mutation during a single
round of retroviral replication was increased up to 13-fold by
AZC (46). Although vesicular stomatitis virus readily gained
fitness upon large population passages in cell cultures (43),
such a gain was severely limited by the presence of mutagenic
agents (31). More recently, it was shown that mutagenic nu-
cleoside analogs produced a loss of replicative potential of
human immunodeficiency virus type (HIV-1) upon serial pas-
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sage in human cells, in a process that has been termed lethal
mutagenesis of HIV-1 (33, 34). These observations, together
with the generally high mutation rates during RNA genome
replication (2, 11, 13, 15, 28), have suggested that replication
fidelity of RNA viruses may already be close to the error
threshold and that such proximity may maximize virus adapt-
ability (13, 15, 28, 29, 31).

There is little information on the effects of viral load, viral
fitness, and the types and numbers of mutations associated
with a loss of viral infectivity of RNA viruses associated with
increased mutagenesis. Such information is needed to assess
the possible development of antiviral strategies based on virus
entry into error catastrophe. In the present report, we have
analyzed the effect of two mutagenic base analogs, FU and
AZ(, on the mutation frequency, mutant spectrum complexity,
and survival of the important picornavirus pathogen foot-and-
mouth disease virus (FMDV) (48, 51). Multiple virus passages
in the presence of mutagens resulted in increases of up to
6.4-fold in the mutation frequency at some genome segments.
Additionally, we document important effects of viral load and
viral fitness on virus extinction driven by increased mutagene-
sis.

MATERIALS AND METHODS

Cells, viruses, and infections. The origin of baby hamster kidney 21 (BHK-21)
cells has been described previously (12, 57). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) supplemented with nonessential
amino acids (Gibco) and 5% fetal calf serum (Gibco). A number of FMDV
clones have been used in studies with chemical mutagens. (i) FMDV C-S8¢cl is a
plaque-purified derivative of natural isolate C,-Sta Pau-Spain 70, a representa-
tive of the European subtype C, FMDVs (57). (ii) MARLS is a monoclonal
antibody escape mutant obtained from FMDV C-S81p213 (C-S8cl passaged
213 times in BHK-21 cells {1, 4]); MARLS includes substitution Leu-144 — Ser
at antigenic site A located within the G-H loop of capsid protein VP1 (40). The
replicative fitness of MARLS in BHK-21 cells is about 130-fold higher than that
of C-S8c1 (4; S. Sierra and C. Escarmis, unpublished results). (iii) C3, is a highly
debilitated clone derived from multiple plaque-to-plaque transfers of FMDV
C-S8c1 (19). The replicative fitness of C3, in BHK-21 cells was about 10% that
of C-$8¢c1 (19, 20). (iv) A number of low-fitness subclones were obtained from
clone H5 (derived from C-SSc1g113 [19]) which was passaged 91 times in plaque-
to-plaque transfers (termed H3; [19; Sierra and Escarmis, unpublished]). For
these subclones, relative fitness values were estimated on the basis of the number
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of infectious progeny produced per plaque; this estimate indicated that the
fitness of H3, subclones was about 10°fold lower than the fitness of C3, (19;
Sierra and Escarmfs, unpublished). A good correspondence between relative
fitness values obtained in growth competition experiments and those estimated
zm the basis of infectious progeny production has been previously documented
19).

Procedures for infection of BHK-21 cell monolayers with FMDV in liquid
medium and for plaque assays in semisolid agar medium have been described
previously (1, 12, 57). The standard viral production assay consisted of the
infection of 4 X 10° BHK-21 cells with FMDV at a multiplicity of infection
ranging from 10~% to 10 PFU per cell. DMEM used for FMDV infections
contained 2% fetal calf serum. Infections were allowed to proceed until cytopa-
thology (cell detachment) was nearly complete (6 to 24 h postinfection). To
control for the absence of contamination, parallel passages of supernatants of
mock-infected cells were carried out throughout the experiments, with no signs
of infectivity or cytopathology in the cultures.

Mutagenic agents and mutagenesis treatments. FU (Sigma) and AZC (Sigma)
were used as mutagenic base analogs. Both can be incorporated into DNA and
RNA, and both interfere with RNA processing and translation (5, 21, 44, 45).
They have been shown to be mutagenic for a number of RNA viruses (14, 23, 26,
29, 32, 46, 50). To prepare DMEM containing FU or AZC, the appropriate
amount of analog was dissolved in the medium and sterilized by filtration to yield
solutions of 2.5 mg/ml, which were diluted as needed. Medium with FU was
stored at 4°C for a maximum of 15 days; medium with AZC was freshly prepared
for each experiment.

The effects of a number of doses and times of exposure to mutagens on
BHK-21 cells and FMDV production were tested in a series of preliminary
experiments. In the standard assay for mutagenesis (used for all experiments,
except when indicated otherwise), confluent cell monolayers were pretreated for
13 h with 200 pg of FU per ml or 6 h with 10 pg of AZC per ml; then, the cells
were washed with DMEM, infected with FMDV (adsorption for 1 h at 37°C),
washed for 1 min with 0.1 M phosphate buffer (pH 6.0) (to inactivate unadsorbed
virions), and washed again extensively with DMEM. The infection was allowed to
proceed in the presence of the same concentration of either FU or AZC for 20
to 24 h.

For serial passages in the presence of a mutagen, viral progeny were used
either undiluted or diluted 10-fold before the next infection. Virus was titrated
after each passage. When no cytopathology was observed, at least three serial
blind passages were carried out in the absence of a mutagen prior to viral
detection tests. We define extinction as the situation in which no infectivity and
no reverse transcription (RT)-PCR-amplifiable material are detected in the
culture supernatant after these three blind passages. Populations passaged in the
presence of a mutagen are indicated with the abbreviation of the mutagen and
passage number (¢.g., C-S8c1FUp1S5 is C-S8cl passaged 15 times in the presence
of FU).

The toxicity of mutagenic agents for confluent BHK-21 cell monolayers was
monitored by determining cell viability either by fluorescence-activated cell
sorter (FACS) analysis using propidium iodide (61) or by trypan blue exclusion
after exposure to the base analogs. Cells were detached by trypsin treatment and
added to the culture medium (which contained cells detached during culturing)
prior to centrifugation and viability measurements. Viable cells comprised at
least 75% of the total under the doses and times of exposure to mutagens used
prior to infection.

¢DNA synthesis, PCR amplification, and nudeotide sequencing. Viral RNA
was extracted by mixing 150 .l of medium containing virus with 300 pl of Triazol
reagent (Gibco) and incubating the mixture for 5 min at room temperature.
Then, 100 pl of chloroform was added and mixed vigorously, and the mixture was
incubated for 10 min at room temperature. The RNA was recovered from the
aqueous phase by ethanol precipitation. cDNA synthesis and PCR amplification
(RT-PCR) were performed as previously described (19). Prior to RT-PCR am-
plification, the amount of FMDV-specific RNA was quantitated by dot blot
hybridization as previously described (8, 9) using purified FMDV C-S81 RNA
as a standard. The same amount of viral RNA (0.5 to 2 ng) was used for each
RT-PCR amplification to ensure an excess of template molecules for copying by
avian myeloblastosis virus reverse transcriptase and amplification by Pfu DNA
polymerase (Promega) (6). For each RNA sample, one or several independent
amplification reactions were carried out, including a negative control RT-PCR
(excluding viral RNA). Two FMDV genomic regions were subjected to RT-PCR
amplification: residues 3193 to 3869 (spanning the VP1-coding region) and
residues 6609 to 8035 (spanning the entire 3D [polymerase]-coding region).
Numbering of residues is that used in reference 20. The oligonucieotide primers
used for PCR amplification and nucleotide sequencing are based on primers
which have been previously described (1, 19) and which included restriction
enzyme sites for molecular cloning (BamHI and Sacl for the VP1-coding region
and BamHI and EcoRI for the 3D-coding region). Amplifiecd DNAs were di-
gested with the appropriate restriction enzymes, ligated to plasmid pGEM-4Z
(Promega) digested with the same restriction enzymes, and cloned in Escherichia
coli DH5a. White colonies were grown in Luria-Bertani medium, and plasmid
DNA was obtained using a Wizard SV Minipreps kit (Promega). DNA manip-
ulations and cloning techniques were carried out using standard procedures (53).
Nucleotide sequences were determined with PCR-amplified DNA or plasmid
DNA using a Big Dye Terminator Cycle Sequencing kit (Abi Prism; Perkin-
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Elmer) and an automated sequencer (ABI373). Sequences were analyzed with a
DNA Star 4.0 pack.

The heterogeneity of the mutant spectrum of viral quasispecies was quanti-
tated by use of the mutation frequency, which is the number of mutations found
relative to the number of nucleotides sequenced. The mutation frequency is
calculated by dividing the number of different mutations found in a set of
genomes (when compared with the consensus nucleotide sequence) by the total
number of nucleotides sequenced (11, 15). Another parameter used to quantitate
heterogeneity is the normalized Shannon entropy, which is a measure of the
proportion of identical sequences in a distribution. The possible values of the
normalized Shannon entropy range from zero to one. For example, a set of 20
identical genomic sequences is defined by the minimum normalized Shannon
entropy of zero. A set of 20 genomes, each one differing in nucleotide sequence
from any other genome in the set, is defined by the maximum normalized
Shannon entropy of one, irrespective of the number of mutations distinguishing
each sequence from the others (reviewed in reference 60).

RESULTS



