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Passage of foot-and-mouth disease virus (FMDV) in cell culture in the presence of the mutagenic base analog
S-fluorouracil or S-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 lO6-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 FMDV populations. As a result, nucleotide sequence heterogeneity for the
3D-coding region became very similar to that for the variable VPl-coding region in FMDVs multiply passaged
in the presence of chemical mutagens. The results s~est that strategies to combine reductions of viral load
and viral fitness could be el'ectively associated with extinction mutagenesis as a potential new antiviral strategy.

sage in human cells, in a process that has been termed lethal
mutagenesis of HIV-l (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
AZC, 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.

RNA viruses replicate and evolve as oomplex mutant distri-
butions termed viral quasispecies as a result of limited oopying
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
oopying fidelity during genome replication (11, 55, 58). An
increase in the average error rate above a critical threshold
during template oopying 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). H 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 oonoomitant with in-
creased levels of mutagenesis during RNA genome replication.
Ethyl methanesulfonate, nitrous acid, 5-fiuorouracil (FU), or
5-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-l) upon serial pas-

MATERIALS AND METHODS

Cells, viroses, and infedioos. The origin of baby bamster kidney 21 (BHK-21)
cells has been descn"bed previously (12, 57). ~lls were grown in Dulbecco's
modified Eagle's medium (DMEM) (Gibco) supplemented with nonessential
amino acids (Gt"bco) and 5% fetal calf serum (Gibco). A number of FMDV
clones have been used in studies with chemical mutagens. (i) FMDV c..S8c1 is a
plaque-purified derivative of natural isolate C,-Sta Pau-Spain 70, a representa-
tive of the European subtype C, FMDVs (57). (ii) MARl$ is a monoclonal
antibody escape mutant obtained from FMDV C-S8c1p213 (c..S8c1 pa_ged
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. Escarmfs, unpublished results). (iii) ~2 is a highly
debilitated clone derived from multiple plaque-to-plaque transfers of FMDV
c..S8c1 (19). The replicative fitness of ~2 in BHK-21 cells was about 10% that
of c..S8c1 (19, 20). (iv) A number of low-fitness subclones were obtained from
clone US (derived from c..S8c1g113 [19)) which was passaged 91 times in plaque-
to-plaque transfers (termed H9' [19; Sierra and Escarmfs, unpublished)). For
these subclones, relative fitne~ values were estimated on the basis of the number

.Corresponding author. Mailing addre~: Q:ntro de Biologia Mo-
lecular Severo Ochoa, Universidad Aut6noma de Madrid, Canto-
blanco, 28049 Madrid, Spain. Phone: 34-91-397 8485. Fax: 34-91-397
4799. E-mail: edomingo@cbm.uam.es.

12'11';

Influence of Viral Load and Fitness in Loss of Infectivity
SAIETA SIERRA, 1 MERCEDES DAVILA, 1 PEDRO R. LOWENSTEIN,2 AND ESTEBAN DOMINGO1*

Centro de Bioiogfa Molecular Severo Ochoa, Universidad Autonoma de Madrid, Cantoblanco,
28049 Madrid, Spain, 1 and Molecular Medicine Unit, Department of Medicine,

University of Manchester, Manchester MI3 9P1; United Kingdom2

Received 20 March 2(xx)/Accepted 20 June 2000



VOL 74, 200) FMDV MUTAG~IS 8317

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 nonnalized Shannon entropy, which is a measure of the
proportion of identical sequences in a distribution. The possible values of the
nonnalized 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

of infectious progeny produced per plaque; this estimate indicated that the
fitness of m, subclones was about 10'-fold lower than the fitne~ of q2 (19;
Sierra and Escarmis, unpublished). A good correspondence between relative
fitness values obtained in growth competition experiments and those estimated
on 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 a_ys in semisolid agar medium have been described
previously (1, 12, 57). The standard viral production assay consisted of the
infection of 4 X 100 BHK-21 cells with FMDV at a multiplicity of infection
ranging from 10-5 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 treabnents. 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 di~lved in the medium and sterilired 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 II.g of FU per ml or 6 h with 10 II.g of AZC per ml; then, the cells
were washed with DMEM, infected with FMDV (adsorption for 1 h at 31"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 (e.g., C-S8c1FUp15 is C-S8c1 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.

cDNA synthesis, PCR amplification, and nndeotide sequencing. Viral RNA
was extracted by mixing 150 11.1 of medium containing virus with 300 11.1 of Triawl
reagent (GIbco) and incubating the mixture for 5 min at room temperature.
Then, 100 11.1 of chloroform was added and mixed vigorously, and the mixture was
incubated for 10 min at room temperature. The RNA was recovered from the
aq"eous 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 desaibed (8, 9) using purified FMDV C-S8c1 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 oligonucleotide primers
used for PCR amplification and nucleotide sequencing are based on primers
which have been previously desaibed (1, 19) and which included restriction
enzyme sites for molecular cloning (Bamill and SacI for the VP1-codingregion
and BamHI and EcoRI for the 3D-coding region). Amplified DNAs were di-
gested with the appropriate restriction enzymes, ligated to plasroid 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-

Serial passage of FMDV in the presence of FU or AZC may
lead to viral extinction. In initial experiments, we monitored
cell viability and production of FMDV in a single round of
infection of BHK-21 cells with FMDV C-S8c1 in the presence
of increasing concentrations of FU or AZC (Fig. 1). Concen-
trations of FU of 100 to 1,000 lJ-g/mi resulted in a reduction in
virus progeny production of 50- to 100-fold (Fig. 1B), with a
BHK-21 cell viability of 75% after 36 h of exposure to the base
analog (Fig. 1A). A similar decrease in FMDV production was
obtained in the presence of 10 IJ-g of AZC per ml (Fig. 1D),
with a BHK-21 cell viability of 25% after 24 h of exposure to
the drug (Fig. 1C). To investigate whether additional losses of
infectivity could be induced by extended mutagenic treatments,
FMDV C-S8c1 was serially passaged in the presence or ab-
sence of FU or AZC and with or without a 1/10 dilution of viral
infectivity prior to each infection. The results (Fig. 2) show a
decline in virus titer and occasional episodes of viral extinction
when virus progeny were diluted to titers in the range of 103 to
104 PFU/mi. Viral extinction was dependent on the presence of
a mutagen, since the same preextinction ~pulations (Fig. 2)
survived and produced titers of 104 to 10 PFU/ml in parallel
infections in the absence of a mutagen. These results suggest
that a small population size contributes to FMDV extinction in
the presence of FU or AZC.

lAJW fitness favors extinction by increased mutagenesis. To
investigate the effect of viral fitness on FMDV production in
the presence of mutagens, clones ~2 and MARLS (both de-
rived from C-S8c1 and with fitnesses of 0.1 and 130 relative to
C-S8c1, respectively [19; Sierra and Escarmis, unpublished])
were compared with C-S8c1 with regard to virus production in
the presence or absence of FU or AZC. For the high-fitness
FMDV MARLS, the decrease in virus production attributable
to the mutagenic treatment was 2- to ll-fold, whereas for the
low-fitness C~ clone, the decrease was 87- to 446-fold (Fig.
3A). The effect of FU also was tested on preextinction popu-
lation C-S8c1FUp15 (described in Fig. 2) and on six highly
debilitated subclones of ml (Fig. 3B). Decreases in virus yield
of 102- to 104-fold were observed for four subclones, and an
irreversible loss of infectivity was seen for C-S8c1FUp15 (Fig.
3B).

In serial passages in the absence or presence of mutagens
(Fig. 4), extinction of low-fitness ~ was more frequent than
extinction of high-fitness MARLS. In particular, extinction of
~ in FU was rapid even with undiluted virus. Again, when a
preextinction population was used to infect BHK-21 cells in
the absence of a mutagen, 103 to 106 (depending on fitness
values) PFU of progeny virus were produced. Thus, low fitness
contributes to FMDV extinction in the presence of FU or
AZC.



8318 SIERRA ET AL. J. VIROL.

108

107

=- 106
.e
::>
U-~ 105
II:
w
!= 104
f-
CI)

~ 103
:;;

102

10

0 6 12 18

HOURS POST INFECTION

24

108
100

107

75

~
(/)

:!
w
(.)

W
-J
CD<
>

50

_106

~
:>
u. 105
e:.
a:
~ 104
i=
C/)
:> 103

a:

>
10225

10

0
0 6 12 16 24 30 0 6 12 18 24

HOURS OF EXPOSURE TO AZC HOURS POST INFECTION

FIG. 1. BHK-21 cell viability and FMDV c.S8c1 production in the presence of FU (A and B) and AZC (C and D). The origin of BHK-21 cells and FMDV C-S8c1
and procedures for cell growth, mutagenesis treatment, quantification of cell viability, and infection with FMDV are detailed in Materials and Methods. Percent
viabilities are calculated relative to those in parallel untreated BHK-21 cell cultures. Absolute viabilities for untreated BHK-21 cells were at least 95%. Time in the
cell viability panels (A and C) refers to the time elapsed between the addition of a mutagen to cells and the determination of cell viability. In the experiments with FU,
cell viability was quantitated by FACS analysis (5,00) events per sample); in the experiments with AZC, trypan blue exclusion (100 to 500 cells per sample) was used.
Control assays showed that diJIerences in percentages of viable cells after exposure to the same doses of mutagens in independent experiments and with the two
procedures to determine cell viability did not exceed 20%.

V, and G ~ A). With AZC treatment, preextinction popula-
tion C-S8clAZCplO preferentially showed transitions C ~ V,
G ~ A, and A ~ G (Table 2). Thus, increases in mutation
frequency and in mutant spectrum complexity which were non-
uniformly distributed along the FMDV genome were observed
in FMDV populations that were passaged in the presence of
chemical mutagens and that underwent occasional extinction.

Treatment of FMDV with FU and AZC results in nonuni-
form increases in mutation frequency. Consensus nucleotide
sequences and sequences from molecular clones (mutant spec-
trum) were determined for FMDV C-S8c1 at passages 1 and 25
in the absence or presence of FU and at passages 1 and 10 (a
preextinction population) in the presence of AZC. The maxi-
mum increase in the mutation frequency (Table 1) was 6.4-
fold, observed for the 3D-coding region of virus passaged in
FU relative to the population passaged in the absence of the
mutagen; for other populations and genomic regions, the in-
crease in the mutation frequency ranged between 2- and 4-fold.
Shannon entropies of 1 or near 1 were attained in populations
subjected to multiple mutagenesis passages, indicating an in-
creased algorithmic complexity of the mutant spectrum (see
Discussion). The most abundant types of mutations after mul-
tiple passages in FU were base transitions (mainly U ~ c, C ~

DISCUSSION

Nature and location of chemically induced mutations in the
FMDV genome. In the present study, we have reported the
effect of two mutagenic base analogs, FU and AZC, previously
used to generate mutants of other RNA viruses (14, 23, 29, 32,
46, 50), on genomic sequences and infectivity of FMDV. With
FU, the most abundant mutation type found in the mutant



VOL 74, 200) FMDV MUTAGENF$IS 8319

~
:Ju.
e,.
a:
w
f-
i=
(/)
:J
a:
:;:

§u.~
a:
UJ
I-
i=
(/)
::>
a:
>

0 5 10 15 20 25 0 5 10 15 20 25

PASSAGE NUMBER PASSAGE NUMBER

FIG. 2. Infectivity values upon passage of FMDV GS&1 in the absence or presence of FU or AZc. Conditions for mutagenic treatment and for determination
of FMDV infectivity are detailed in Materials and Methods. Filled circles indicate passages of undiluted virus in the presence of mutagens, and squares correspond
to passages in whiCh the virus was diluted 1o-fold prior toeam infection (to a titer 1/10 the one indicated on the ordinate), irrespective of the virus titer obtained. Empty
circles indicate serial passages of undiluted virus in the absence of mutagens (the same experimental series plotted on the two panels). No extinction of FMDV GS&1
has ever been observed in serial passages of viruses, even with 100- or 1,OOO-fold dilutions intervening between passages, in the absence of mutagens (56). Preextinction
populations are indicated by arrows. The preextinction population GS&1AZCp10 was split into two sublineages; one was extinguished at passage 11, and the other
could be further passaged and was extinguished at passage 21. Lolli of infectivity was ascertained by three additional blind passages, with no evidence of infectivity or
RT-PCR-amplifiable FMDV RNA in the culture supernatant from the third passage. Preextinction populations were tested in infections of BHK-21 cells in the absence
of a mutagen; in all instances, titers produced were 1ff to 100 PFU/mI. All titrations were done in triplicate. Standard deviations (not included in the plots) never
exceeded 50%.

spectrum of treated populations was transition U ~ C, which
affected a total of 11 sites; only 1 site in untreated populations
included this mutation (Table 2). This mutation is expected
from the ambiguous reading of fluorouridine (as complemen-
tary to adenosine) once incorporated into plus-strand RNA
molecules acting as replicative intermediates (52, 63). The
second most abundant transitions (C ~ U and G ~ A) are

expected to occur when fluorouridine takes the place of cyti-
dine, often when concentrations of cytidine are low (63). In
AZC-treated populations, the most frequent mutations were A
~ G, G ~ A, and C ~ U transitions. Transition G ~ A was
also reported as an abundant type of AZC-induced mutation in
a retroviral vector (47). However, in the latter study, as well as
in bacteria (7, 10), C ~ G and G ~ C transversions were the
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most frequent AZC-induced mutations, while in our analyses,
these transversions were infrequent (Table 2). The Pfu poly-
merase used for the RT-PCR procedure is about 10 times
more accurate than the Taq polymerase, an enzyme which
yielded a basal error rate of <10-4 substitution per nucleotide
in a similar number of amplification cycles with FMDV RNA
as a template (41). Therefore, although the possibility cannot
be excluded that one particular mutation could be due to
misincorporation during the in vitro RT-PCR amplification
rather than to spontaneous or chemical mutagenesis during
FMDV replication, the mutation frequency values observed
(Table 1) ensure that the vast majority of mutations were
present in FMDV RNA

Two complementary types of measurements have been car-
ried out to characterize the extent of heterogeneity in the
mutant spectra of FMDV quasispecies: mutation frequencies
and normalized Shannon entropies (60). The former describes
the numbers of mutations present in the mutant spectrum,
without attending to their distribution among individual ge-
nomes. The latter is a measure of algorithmic complexity in
that it reflects the number of genomes with a different nucle-
otide sequence in a given mutant spectrum. We chose to com-

pare two regions of the FMDV genome: the capsid protein
VP1- and the 3D-coding regions (Table 1). In the VP1- and
3D-coding regions, 59% (excluding two point deletions; Table
2) and 36%, respectively, of mutations found in populations
treated with FU or AZC were nonsynonymous (led to an ami-
no acid replacement; Table 3). A comparison of these nonsyn-
onymous replacements with those found among natural FMDV
type C isolates and laboratory variants indicated that most
replacements found in populations treated with FU or AZC
were unique to mutagenized populations (Table 3). Except for
3D substitution 1-334 -+ M, which affected ~-strand 2 (located
within motif C, three residues before the catalytic triad GDD
[25)), all other 3D substitutions were located in loops linking a
helices and ~ strands, assuming that amino acids assigned to
structural motifs in poliovirus 3D (25) are located in the equiv-
alent amino acids of aphthovirus 3D (37).

The 3D-coding region is very conserved among aphtho-
viruses and did not show any increase in mutation frequency
after FMDV C-S8c1 was subjected to 25 passages in the ab-
sence of mutagens (Table 1). Treatment with FU resulted in an
interesting equalization of mutation frequencies for the VP1-
coding region (2.4 X 10-3 substitutions per nucleotide) and
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TABLE 1. Quantification of genetic heterogeneity in the mutant
spectrum of FMDV progeny in the absence or presence

of the mutagenic base analog FU or AZC'

populations always yielded large numbers of progeny virus in
the absence of a mutagen. Furthermore, extinction was very
unlikely even after many serial plaque-to-plaque transfers of
C-S8cI (16; C. Escarmis et al., unpublished results).

A second, important influence on FMDV extinction was
viral fitness. Low fitness favored viral extinction by increased
mutagenesis (Fig. 3 and 4). This information on the effects of
viral load and viral fitness is relevant to a potential application
of extinction mutagenesis as an antiviral strategy in vivo. Ad-
ministration of antiviral inhibitors often results in a decrease in
viral load that may be sustained in the case of combination
therapy, as documented in many studies on HIV-I (18,22,24,
54). Also, selection of inhibitor-resistant variants may involve
transient decreases in viral fitness (42). Viruses would appear
to be vulnerable to extinction mutagenesis at these low viral
loads and low fitness intervals. Our results with a number of
FMDV clones and populations suggest that FU was more
efficient than AZC in driving viral extinction (Fig. 4), in agree-
ment with its increased mutagenic potential, with respect to
AZC, reported for other viruses (14, 50). Although FU is used
in anticancer therapy (45), it would be desirable to design new
drugs to target the fidelity properties of RNA replicases or
retrotranscriptases, a notion supported by mounting evidence
that structural alterations of these enzymes may increase or
decrease their copying fidelity properties (e.g., references 38
and 62). In spite of obvious difficulties in the implementation
of extinction mutagenesis as a valid antiviral strategy (11),
nonretroviral riboviruses would seem to be the most vulnerable
to enhanced mutation rates, since their replication and survival
depend on an RNA-dependent RNA replication process in
infected organisms, with no insertion of DNA copies of the
viral genome into cellular DNA In this respect, studies done
with additional RNA viruses to find parallels or differences

Proteinb Mutagen Passage

VPl None 1
25
1
25
1
10

25
5

25
5
5
5

4.7>
5.9 >
8.3 >
24>
8.9 >
21>
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28>
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1.4 >
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16,925
3,385

16,925
3,385
3,385
3,385

7,025
7,025
7,025
7,025
7,025
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0.38
0.42
0.65
1.00
0.83
0.83

Fl

AZC

3D None 1
25
1
25
1
10

5
5
5
5
5
5

0.59
0.59
0.59
1.00
0.31
1.00

FU

AZC

a Populations analyzed and conditions of chemical mutagenesis are deSCrIbed

in Materials and Methods and in the legend to Fig. 2. FU passage 25 is the
undiluted population shown in Fig. 2. AZC passage 10 is the preextinction
population indicated with an arrow in Fig. 2 (right panel). Changes in the
consensus nucleotide sequences (relative to the sequenre of C-S8c1) were ob-
served in passage 25 with no mutagen (one replarement-G-3656 --A-which
leads to T -150 --K in VP1) and in passage 25 with FU (six replarement&-A-
3328 --G and K-41 --E [VP1], A-3530 --G and H-108 --R (VP1], G-3706 --
A and &167 --K [VP1], A-6734 --G and K-42 --R [3D], T-7275 --C
[synonymous], and T-6777 --C and T [mixture, synonymous]). The list of
mutations observed in the different populations is given in Table 2, and nonsyn-
on~ous replarements are given in Table 3.

VP1 and 3D, products of genomic regions at positions 3193 to 3869 and 6609
to 8035, respectively.

C Number of cDNA clones in E. coli (see Materials and Methods) analyzed.
d Total number of nucleotides sequenred for each genomic region.

.Number of different mutations found divided by the number of nucleotides
sequenred (given for each population and genomic region), expressed as substi-
tutions per nucleotide. Mutations were counted by comparing sequence of ge-
nomes of a mutant spectrum with the consensus sequence of the corresponding

pofulation.The normalized Shannon entropy is calculated as -IJ(Pi x InpJ/lnN] in
which P, is the frequency of each sequence in the quasispecies and N is the total
number of sequences compared (60). TABLE 2. Types of mutations in the mutant spectrum of FMDV

C-S8cl progeny in the absence or presence of the
mutagenic base analog FU or AZC'

No. of mutations in the FMDV C-S8cl population at
the indicated pa$age in the presence

of the following mutagen:Mutation
typeb None FU AZC

25 25 1 10

A~C 0 1 1 0 0 0
A~G 1 0 3 3 2 3
A~U 1 0 0 0 0 0
C~A 3 1 3 1 1 1
C~G 0 0 0 0 1 1
C~U 3 0 1 5 0 3
G~A 1 1 0 5 0 3
G~C 0 0 0 0 0 0
G~U 1 0 1 0 0 0
U~A 0 0 1 0 0 0
U~C 0 1 4 7 0 2
U~G 0 0 0 0 0 0
Deletionsc 0 0 2 0 0 0
Total 10 4 16 21 4 13
No. of mutations 0.00042 0.00038 0.00068 0.0020 0.00038 0.0012

per nucleotide

the 3D-coding region (1.8 X 10-3 substitutions per nucleo-
tide). These comparisons (summarized in Table 1) led to sim-
ilar conclusions when mutation frequencies were calculated
relative to the consensus sequence of each particular popula-
tion or to the sequence of the initial C-S8c1 clone. Therefore,
rather than large increases in average mutation frequencies,
the mutagenic treatment was noted as inducing increases in
mutation frequencies in a genomic region (encoding 3D) which
generally undergoes little variation and which maintains a mu-
tant spectrum of limited complexity. Modest increases in mu-
tationalload in otherwise conserved regions may be critical to
drive the virus to extinction. Mutagenic treatments may over-
ride mechanisms that normally tend to reduce the heteroge-
neity of particular genomic regions. This point is currently
under further investigation.

Prospects for viral extinction as a therapeutic tool. The
results of increased mutagenesis and loss of infectivity reported
here for FMDV indicate that extinctions were stochastic, not
systematic. This conclusion is illustrated by both extinction and
survival after identical passages of C-S8c1AZCp10 (Fig. 2).
Low viral loads favored a loss of infectivity of FMDV popula-
tions which had already accumulated mutations due to a his-
tory of passage in the presence of a mutagen (Fig. 2). Extinc-
tions were not due exclusively to small population sizes, since
passage of small FMDV C-S8c1 populations in the absence of
a mutagen did not lead to extinction (56) and preextinction

.Populations, numbers of clones and nucleotides analyzed, and conditions of
clIemical mutagenesis are described in Materials and Methods and in Table 1,
footnotes a and c, and the legend to Fig. 2.

b Mutations are those scored in the VP1- and 3D-coding regions.
C Deletion of a G (corresponding to the last triplet of VP1), observed in two

clones, whicll should correspond to defective genomes. Only one accompanying
mutation was found in these clones; exclusion of these mutations does not alter
the calculations and conclusions reported in this table, in Table 1, and in the text.
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TABLE 3. Amino acid replacements found in VPl and 3D of
the mutant spectrum of FMDV populations subjected

to chemical mutagenesis

Presence (+) or absence
(-) of replacements in the

following populationc:
Amino acid

replacement"
Structural
elemenfProtein


