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When influenza virus monoclonal antibody-resistant (mar) mutants are selected by incubation in vitro with
excess antibody, 90 to 99% of the mutants are not detectable. This observation may be explained by
encapsidation of mar mutant RNAs within phenotypically wild-type envelopes. This phenotypic hiding can be
revealed by selection of mar mutants in vivo after virus uncoating. Using experimental procedures appropriate
to detect all viable mar mutants in a virus population, we determined precisely the mutation rates to the mar
genotype by the fluctuation test for two nonoverlapping monoclonal antibodies.

The production of monoclonal antibodies (MAbs) specific
for viral particles has allowed the detailed characterization
of the corresponding antigens (4, 6-8, 11, 12, 15, 21-28),
including the definition of the epitopes relevant for neutral-
ization (6, 11, 15, 22, 26), and has provided a means to study
the antigenic heterogeneity and evolution of virus popula-
tions (3, 16, 26, 28). The frequency with which MAb-
resistant (mar) mutants are isolated from cloned virus stocks
has been used to infer the genetic variability of the virus (19,
23). However, several caveats, both technical and theoreti-
cal, have to be taken into account in doing such extrapola-
tion (23). First, the concentration of MAb used must be
sufficient to completely block replication of wild-type virus
and should not inhibit replication of resistant variants.
Second, the possibility of an MAb-mediated inhibition of
phenotypically mixed virus replication has to be considered.
Third, ,different amino acid changes at a given epitope may
not be biologically equivalent; some may be lethal, whereas
others may be irrelevant for virus replication (10). Fourth,
the mutability at different gene positions may be different
(25), and it may be different for virus particles carrying
defective polymerase genes (20). In our approach to use the
mutation rate to the mar genotype as a means to compare the
genetic variability among influenza viruses, we observed
that most of the mar mutants were hidden by phenotypic
mixing, a result that may have important implications in the
maintenance of mutations in RNA viruses. These results and
their use in determining the mutation rate to mar genotypes
are the subject of this report.
To optimize the conditions for determining the presence of

mar mutants in a virus population, we used two alternative
experimental procedures. Procedure A included a neutrali-
zation step of the viral sample with the appropriate dilution
of MAb. The sample was then allowed to adsorb onto an
MDCK cell monolayer, and plaques were assayed as de-
scribed previously (24), except for the presence of MAb in
the agar overlay to ensure that the growing plaques were due
to mar mutants. Procedure B involved the infection of an
MDCK monolayer with an appropriate amount of virus. The
cultures were incubated for 2 h at 37°C, and then an agar
overlay containing the MAb was added. In each case, the
amount of MAb used was in excess and did not interfere with
the replication of a set of (previously isolated) mar mutants
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(data not shown). Influenza virus A/Victoria/3/75 (VIC) was
plaque purified twice and used to prepare virus stocks by
expansion from a single PFU to 2 x 105 to 2 x 109 PFU,
depending on the sample. The proportion of mar mutants in
each one was then determined by procedure A and/or
procedure B by using nonoverlapping MAbs M58/p7/c (p7)
and M234/2/G10 (G10) (13). A large proportion of the plaques
isolated by either procedure was characterized as mar by
plaque assay in the absence or presence of the MAb (data
not shown). The results (Table 1) indicate a systematic
difference in the proportions obtained by either procedure.
The essential difference between procedures A and B is

that the former screens the phenotype of the virions in the
population, whereas the latter detects the genotype of the
infectious virus in the sample. Hence, a possible explanation
for the differences shown in Table 1 is the presence of a large
proportion of mar mutants with a phenotypically mixed
envelope, which would be neutralized by procedure A but
not by procedure B, in spite of the fact that all virus stocks
tested were prepared at a low multiplicity of infection. In
fact, during the packaging of a mar mutant RNA, most of the
hemagglutinin molecules incorporated in the virion would be
wild type. If this virus particle does not enter a new cycle of
infection, or if it does so at high multiplicity, then the
mutation would remain hidden by the phenotypically mixed
envelope. To test this possibility, a reconstruction experi-
ment was performed in which MDCK cells were infected
with a mixture of VIC virus and p7RVI, a p7-specific mar

mutant, in a 104:1 proportion, and progeny virus was recov-
ered at several time points in the progression of cytopathic
effect. The proportion of mar mutant was determined by
either procedure A or B (Table 2). It is clear that procedure
A heavily underestimates the number of mar mutants in the
progeny, as compared with the results obtained with proce-
dure B. Furthermore, the values obtained by the latter fit
reasonably well with the proportion of mar mutants ex-
pected, on the assumption that neither genotype has a

selective advantage during expansion.
In view of the above results, we considered it technically

feasible to detect all mar mutants present in a given influenza
virus population; hence we applied the fluctuation test (14) to
determine the mutation rate to viable mar genotype. Statis-
tical analysis of the Poisson distribution predicts that using a

sample size of 10 virus stocks with P(0) = 0.5 the value
obtained for the mutation rate would be accurate within
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TABLE 1. Estimation of the proportion of mwar mutants in a
population of VIC influenza virus

Proportion of mtiar mutant" (avg ± SD)
MAb

Procedure A Procedure B

p7 5.4 x 10 6 9.1 X 10 3.3 x 10 5 2.5 x
G10 5.5 x 10-7 6.5 x 10-7d 3.3 x 10-5 + 1.6 x 10-- 5"

" Influenza virus VIC stocks were prepared by amplification of a single
PFU. For neutralization by procedure A, a sample of the stock (usually
2 x 107 PFU) was mixed with an equal volume of a 10-2 dilution of an ascites
fluid preparation of the MAb. After incubation for 30 min at 37aC. the mixture
was plated onto a MDCK monolayer, and an agatr overlay containing the MAb
preparation diluted to 10-3 was added. Procedure B involved the infection of
an MDCK monolayer with a sample of the virus stock (usually 5 x 104 to 5 x
105 PFU for a 100-mm petri dish). After incubation for 2 h at 37°C, an agar
overlay was added that contained a 10-3 dilution of the MAb preparation.
Virus plaques were either counted unstained and picked, or stained with
crystal violet and counted. Picked plaques were characterized as marl by
procedure B. For both procedures, the concentration of MAb used was in
excess and did not reduce unspecifically the titer of mar mutants.

6 Value for five determinations.
Value for 14 determinations.

" Value for seven determinations.
e Value for 24 determinations.

+50%, with a 90% confidence interval. Therefore we ex-
panded 10 independent PFU of VIC virus to develop a
plaque (stock size, i105 PFU) and determined the presence
or absence of mar mutants by procedure B. The results
obtained in five such tests for the site defined by MAb G10
and three tests for that defined by MAb p7 are presented in
Table 3. The mutation rates obtained, 3.15 x 10-5 + 0.93 x
10-5 for site G10 and 5.83 x 10-6 ± 1.22 x 10-6 for site p7,
show a dispersion that conforms to the statistical predictions
and are clearly distinguishable. This is not surprising, since
the probability of mutation to resistance may differ among
two different MAb-binding sites according to the number and
affinity of the protein-protein contacts, the mutational pos-
sibilities at each amino acid position, the effect of each
amino acid change on the neutralization by the MAb, the
viability of the mutant, etc.

It should be stressed that the measured mutation rates are
not rates per nucleotide position and therefore cannot be
compared with other values reported previously for RNA
virus systems: total mutation rate for a given position in
bacteriophage QF RNA (1) and viable mutation rate for
influenza virus and poliovirus genes (18). To estimate the
mutation rate per nucleotide position, the number of nucle-
otides whose change may lead to resistance should be
determined. Experiments are in progress with such an aim.

TABLE 2. Estimation of the proportion of Inaia mutants in the
progeny of a mixed infection with VIC and

p7RVI influenza viruses"

Cytopathic Proportion of mnar, mutants
effect (%) Predicted Procedure A Procedure B

5 8.8 x 10-5 2.8 x 10-6 1.6 x 10-4
40 8.8 x 10-5 1.4 x 10-6 1.5 x 10-4
100 8.8 x 10-5 2.0 x 10-6 2.9 x 10-4

"An MDCK monolayer containing 107 cells was infected with a mixture of
1.7 x 105 PFU of VIC virus and 15 PFU of p7RVI virus, and samples were
taken at the indicated levels of cytopathic effect. Total virus was determined
by plaque assay, and titers of mnar mutants were determined by procedures A
and B as described in footnote a of Table 1. The predicted proportion of mar
mutant was calculated from the input virus, assuming no selective advantage
of either wild-type or msar- virus.

TABLE 3. Determination of mutation rate to mari genotype at
sites defined by MAbs GIO and p7

MAb Virus population PtO)Ysize (PFU)

G10 2.5 x 104 0.4 2.77 x 10-5
2.5 x 104 0.6 2.04 x 10-5
3.5 x 104 0.2 4.60 x 10-5
3.0 x 104 0.4 3.05 x 10-5
2.7 x 104 0.4 3.30 x 10-5

p7 5.0 x 104 0.8 4.5 x 10-6
1.0 x 105 0.5 6.9 x 10-6
1.5 x 105 0.4 6.1 x 10-6

Determined by procedure B on 10 stocks of virus generated from a single
PFU to the size of a plaquLe.

6 Calculated from ,u = -InP(0)/N, assuming that N (number of replication
rounds) is approximately equal to the final number of virions. If an amplifi-
cation of 100 PFU per infective particle occurs in each replication cycle, the
number of replicattion rounds before the last viral generation is -1% of total
replication rounds.

In addition, it should be determined whether any of the
possible changes would be lethal and whether the viable
mutations are neutral. In this respect, it is worth mentioning
that many of the amino acids located in the regions important
for neutralization (26) have changed in the course of evolu-
tion of the H3 subtype in nature or through in vitro selection
(2), suggesting that the viability of mar mutants would not be
significantly impaired. Furthermore, using experiments sim-
ilar to that of Table 2 and serial passage at low multiplicity of
infection, we analyzed the progeny of mixed infections with
wild-type virus and each of a panel of p7 and G10 mar
mutants. In most instances, the wtlmar mutant ratio re-
flected the input ratio (data not shown). These results
suggest that the mar genotype is not systematically associ-
ated with a decrease in fitness. It could be argued that the
mutation rate is in fact higher than was determined but that
most of the mar mutants are lost by competition in the
amplification process. However, most of the mar mutants
would be produced in the last replication cycle during the
development of a plaque, and therefore they would not have
had the opportunity to compete further.

In conclusion, we have shown that most of the inar
mutants in an influenza virus stock are hidden within phe-
notypically mixed envelopes. Although in the case of a mnar
mutation this situation leads to the elimination of the virus in
an immune environment, most other mutations would be
carried over to the next host cell. This phenomenon may be
at the basis of the genetic polymorphism of influenza viruses
(17) and RNA viruses in general (5, 9). Using experimental
conditions that presumably allow detection of all viable mar
mutants in an influenza virus population, we measured the
mutation rate to the mar genotype by the fluctuation test.
Although they do not represent mutation rates per nucleo-
tide position, the values are accurate and reproducible
enough to allow faithful comparison of genetic variability
among influenza viruses.
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ADDENDUM IN PROOF

Similar phenotypic hiding of marti) mutants has been ob-
served in the vesicular stomatitis virus system by J. Holland
and colleagues (J. Holland et al., submitted for publication).
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