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There is a paradox between the remarkable genetic stability of measles virus (MV) in the field and the high mutation rates im-
plied by the frequency of the appearance of monoclonal antibody escape mutants generated when the virus is pressured to revert
in vitro (S. J. Schrag, P. A. Rota, and W. J. Bellini, J. Virol. 73:51–54, 1999). We established a highly sensitive assay to determine
frequencies of various categories of mutations in large populations of wild-type and laboratory-adapted MVs using recombinant
viruses containing an additional transcription unit (ATU) encoding enhanced green fluorescent protein (EGFP). Single and dou-
ble mutations were made in the fluorophore of EGFP to ablate fluorescence. The frequencies of reversion mutants in the popula-
tion were determined by measuring the appearance of fluorescence indicating a revertant virus. This allows mutation rates to be
measured under nonselective conditions, as phenotypic reversion to fluorescence requires only either a single- or a double-nu-
cleotide change and amino acid substitution, which does not affect the length of the nonessential reporter protein expressed
from the ATU. Mutation rates in MV are the same for wild-type and laboratory-adapted viruses, and they are an order of magni-
tude lower than the previous measurement assessed under selective conditions. The actual mutation rate for MV is approxi-
mately 1.8 � 10�6 per base per replication event.

Measles is still a leading cause of vaccine-preventable death
among children. The virus exhibits extremely high levels of

infectivity, witnessed by its ability to infect the rare susceptible
individuals present in highly vaccinated populations successfully
(1). Measles virus (MV) is a single-stranded RNA virus with a
genome of negative polarity, 15,894 nucleotides in length (2). It is
a typical member of the subfamily Paramyxovirinae, with a ge-
nome that encodes six transcription units expressing six structural
and at least two nonstructural proteins. The program of gene ex-
pression and the functions of the genes were well reviewed previ-
ously (3) and in essence do not differ from those of the well-
studied members of this group, such as Sendai virus and human
parainfluenza virus 5 (hPIV5).

The MV substitution rate has been much debated (4–7) be-
cause of the relative stability of MV in the field, but only a single
paper has made an estimate of the spontaneous mutation rate in
vitro (8). The high spontaneous mutation rates for RNA viruses
result in the generation of a viral quasispecies consisting of a
swarm of different viruses (9). This has important consequences
for the properties of these viruses, especially in relation to evolu-
tionary adaptability and their potential to make cross-species
jumps (9). It is thus important to assess the mutation rate of these
RNA viruses. Several methods have been employed to measure the
mutation rates, but it has generally not been recognized that the
determination of the actual mutation rates is impossible unless a
number of parameters that are difficult to establish have been
evaluated (10). In the case of MV, the spontaneous mutation rate
was reported to be 9 � 10�5 per nucleotide site per replication by
analysis of the frequency of monoclonal antibody-resistant
(MAR) mutants (8). This is at the higher end of the range of
mutation rates for RNA viruses (11). However, as argued previ-
ously (9, 12), measurements of mutation rates made under selec-
tive conditions and using variations of the fluctuation test provide
only an approximate average value for a mixture of transitions and
transversions, as often, mutations at various nucleotide residues

can contribute to the selection of the resistant phenotype. Further-
more, the measurements are also affected by phenotypic masking
of mutant genomes in wild-type envelopes and by the lower fitness
of the MAR mutants than the parental population from which
they were isolated (9, 13).

We have developed a new method for the measurement of
mutation rates in MV, but one that can be extrapolated to other
viruses, under what are ostensibly nonselective conditions by us-
ing the following design. We generated viruses with mutations in
the fluorophore of enhanced green fluorescent protein (EGFP),
expressed as a supernumerary protein in the virus genome, such
that the mutated viruses were nonfluorescent, and upon rever-
sion, the active fluorophore was regenerated and fluorescence was
restored. The required mutations were introduced into a wild-
type MV, rMVIC323EGFP (14), that has been extensively used for
studies of viral pathogenesis (15). This design has a further advan-
tage in that rates can be measured for specific transitions and
transversions required for the reconstitution of the fluorophore
coding sequence and the conversion of a virus which is nonfluo-
rescent (rMVIC323EGFPKO) to one that is fluorescent (revertant).

The mutation frequencies were determined by counting the
number of revertants in rMVIC323EGFPKO populations grown
from single plaques of viruses “rescued” from a cDNA clone. The
reversion events were caused by single or double substitutions that
occurred by errors of the viral polymerase during replication of
the RNA genome at specific nucleotides in the mutated EGFP gene
(EGFPKO), changing the nucleotides back to those in the original
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fluorophore of EGFP. The MV genome length (15,894 nucleo-
tides) combined with the estimated mutation rate established pre-
viously by Schrag et al. (8) would give rise to the generation of 1.43
mutations per genome per replication. This rate is high but not
unprecedented among RNA viruses. We find a mutation rate
which is an order of magnitude lower than those from the previ-
ous estimate.

MATERIALS AND METHODS
Cell line and virus strains. Vero cells stably expressing canine CD150
(Vero-cCD150 cells) were used to propagate and titrate all viruses, as
described previously (16). The recombinant virus used in this study is
wild-type MV rMVIC323EGFP (14, 17). Nonfluorescent knockout (KO)
viruses were generated by the introduction of one or two mutations into
the fluorophore of the EGFP gene by mutagenesis (Fig. 1). Two additional

viruses, rMVEdtagEGFPstop1 and MVEdtagEGFPstop2, carrying EGFP
knockout mutations and based on the laboratory-adapted, Edmonston-
derived Edtag virus (18) were also generated. In these EGFPKO viruses, the
EGFP sequence was modified to introduce stop codons within the fluo-
rophore (position 67 tyrosine) by changing TAC to TAA (stop1) or TAG
(stop2).

Construction of KO viruses. Plasmid p(�)MV323-EGFP (14) was
digested with AscI and AatII to produce a vector into which were inserted
appropriately mutagenized EGFP open reading frames (ORFs) in which
the fluorophore was altered, as per design (Fig. 1B). The inserts were
generated by overlap PCR employing appropriate mutagenic inner prim-
ers (sequences are available on request) and outer primers incorporating
AscI and AatII restriction enzyme recognition sequences at the start and
end of the product, respectively. The forward primer also introduced a
SacI restriction enzyme recognition sequence by incorporating a synony-

FIG 1 Design of EGFPKO viruses. (A) Schematic representation of the genomes of the recombinant wild-type viruses encoding EGFP in an additional
transcription unit in position 1, i.e., before the gene encoding the nucleocapsid (N) protein. EGFPKO viruses for the laboratory-adapted strain expressed modified
EGFP proteins from an ATU in the same position. The genome order from the 3= end to the 5= end is as follows: EGFP-nucleocapsid protein gene (N)-
phosphoprotein gene (P/V/C)-matrix protein gene (M)-fusion protein gene (F)-hemagglutinin protein (H)-large protein (L). (B) Nucleotide (nt) and protein
sequences of the fluorophore in the EGFPKO viruses. aa, amino acids. (C) False-color images of green fluorescence detection in cell monolayers infected with
wild-type, EGFPKO, and revertant viruses. (D) Nucleotide and protein sequences of the fluorophore and genetic tag sequences of the wild type and a revertant
virus.
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mous mutation in codon 8 of the EGFP ORF. This single, silent mutation
(G139C) acts as a genetic tag to distinguish revertant KO viruses from the
wild type. The mutagenized PCR products were subcloned through the
pGEM-T Easy vector system (Promega), and the resulting plasmids were
sequenced to ensure that the appropriate restriction sites and mutations as
well as the SacI genetic tag were present. The subcloned inserts were re-
leased by restriction with AscI and AatII, and the purified inserts were
ligated with the prepared vector to generate plasmids that encoded the
full-length rMVIC323EGFPKO genome with the EGFP fluorophore
knocked out. Recombinant viruses were recovered from fowlpox virus
T7-infected Vero-cCD150 cells transfected with the full-length template
plasmids and plasmids expressing MV nucleoprotein (N), phosphopro-
tein (P), and large protein (L). Virus fitness of rMVIC323EGFP and
rMVIC323EGFPa315c was compared in growth curves (16).

Determination of mutation frequency. Each well in a 96-well tray was
seeded with about 50,000 Vero-cCD150 cells and infected at a multiplicity
of infection (MOI) of 0.2 with each of the EGFPKO viruses obtained by
picking a plaque from a well in which the recombinant virus was freshly
rescued from cDNA and amplifying this by maximally two passages on
Vero-cCD150 cells to a population size of �1 million PFU. Maximum
infection efficiency was attained by spinoculation of the viruses at 1,200
rpm for 10 min at 25°C. After infection, fusion-inhibitory peptide (FIP)
(Z-D-Phe-Phe-Gly-OH) (19) was added (to a final concentration of 200
��) to prevent fusion. The trays were incubated for 52 h at 37°C in an
atmosphere of 5% (vol/vol) CO2, and the monolayers were then observed
by using a UV microscope fitted with appropriate filter blocks (Leica
Microsystems). Single and paired green cells were counted, and the num-
bers were used to establish the mutation frequency, i.e., the number of
revertants divided by the total number of PFU in the population.

RESULTS
Rationale of the experiments and design of the KO mutants. In
order to determine mutation frequencies under nonselective con-
ditions, we generated a number of EGFPKO viruses, which express
mutated forms of EGFP that do not fluoresce (Fig. 1A). In order to
assess specific types of reversion frequencies, EGFPKO viruses were
designed with both single- and double-nucleotide replacements.
Only a reversion back to the original amino acid of the fluoro-
phore will result in the restoration of the fluorescent phenotype.
Hence, the mutations were designed in such a way that only the
direct back mutation to the wild-type nucleotide would restore
the amino acid and, hence, the fluorescence. The double replace-
ments were either adjacent or close together in the fluorophore of
the EGFP protein (Fig. 1B). For wild-type rMVIC323EGFP, four
viruses containing single substitutions were generated,
rMVIC323EGFPa315c and rMVIC323EGFPa315t, to examine rever-
tants resulting from C¡A and T¡A transversions, and
rMVIC323EGFPa315g and rMVIC323EGFPc312t, to examine rever-
tants resulting from G¡A and T¡C transitions. Three double
substitutions were generated to determine whether double muta-
tions occurred with similar or reduced frequencies compared to
single mutations and also to assess whether there were differences
in reversion frequencies when the two nucleotides were adjacent,
as in rMVIC323EGFPSii, or 2 to 3 nucleotides apart in the nucleo-
tide sequence, as in rMVIC323EGFPSA and rMVIC323EGFPAS.
MVEdtagEGFPstop1 and MVEdtagEGFPstop2 provided additional in-
formation for reversion frequencies of G¡C and A¡C transver-
sions for a laboratory-adapted strain. None of the EGFPKO mutant
viruses produced green fluorescence (Fig. 1C).

It was also important that we could demonstrate unambigu-
ously that green fluorescent revertants were indeed true revertants
and did not occur due to contamination. Therefore, we inserted a

genetic tag, consisting of a silent mutation in codon 8 of the EGFP
ORF, in the EGFPKO viruses, which generated a new SacI restric-
tion enzyme recognition sequence. This allowed revertants to be
distinguished from wild-type rMVIC323EGFP. A revertant virus of
rMVIC323EGFPa315c which had reverted to express green fluores-
cence (Fig. 1C) was isolated. Data from sequencing showed that
the mutation in the fluorophore (TCC) had reverted back to the
wild-type fluorophore sequence (TAC), as expected, and also that
the revertant fluorescent virus carried the genetic tag, demonstrat-
ing that it originated from the original EGFPKO virus (Fig. 1D).

Conditions for measurements of reversion frequencies are
nonselective. In order to assess whether an EGFPKO virus would
have a selective advantage or disadvantage over the parental
EGFP-expressing virus, we compared the growth characteristics
of rMVIC323EGFP with those of an EGFPKO virus. We did not
detect significant differences in the growth of rMVIC323EGFPa315c

and wild-type rMVIC323EGFP in the released or cell-associated
virus fractions (Fig. 2).

Development of the reversion frequency detection assay. As-
sessment of the frequency of revertant viruses in a specific viral
population requires detection of a very small number of “green”
viruses against the background of a large number of “nongreen”
viruses. A single cell containing a fluorescent virus can readily be
visualized (data not shown) against thousands of nonfluorescent
EGFPKO viruses if syncytium formation is prevented by the use of
FIP (19). Wild-type rMVIC323EGFP was used to demonstrate that
FIP restricts virus infection to a single cell by preventing fusion
(Fig. 3A). Pairs of green cells that were extremely close to each
other were observed at a higher magnification (�200). Their spa-
tial arrangements suggested that these were caused by the division
of single infected cells rather than by cell-to-cell virus spread (17).
These rare occurrences were therefore counted in the revertant
frequency assay as single events (Fig. 3A).

We mimicked the likely outcome of the reversion frequency
detection assay by mixing small amounts of wild-type
rMVIC323EGFP with a much larger amount of EGFPKO virus. The
result showed that one fluorescent cell derived from 1 PFU of

FIG 2 Replication kinetics of the wild type and a representative EGFPKO

virus. Virus titers (50% tissue culture infective dose [TCID50]) were mea-
sured in the supernatant (SN) and cell-associated (CA) fractions of Vero-
cCD150 cells infected with wild-type rMVIC323EGFP and the EFGPKO virus
rMVIC323EGFPa315c.
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wild-type virus can be detected easily among 1,000 nonfluorescent
viruses, proving that the use of FIP allowed the detection of very
small numbers of revertants under the assay conditions. This ex-
periment also established that it took 52 h before the number of
“green” cells detected equated exactly to the number of wild-type
PFU added (data not shown). Hence, this incubation time was
used for the assay. This incubation time also allows only preexist-
ing revertant virus in the starting population to be detected, while
longer incubation times would potentially allow the detection of
cells in which the reversion event occurred during replication of
the EGFPKO virus in the cell during the assay. Cells in which a
reversion event took place during the assay would have low levels
of intensity of green fluorescence depending on when the rever-
sion took place in the growth cycle of the virus. Green fluorescent
cells observed in the assay were of fairly uniform intensity, indi-
cating that the assay conditions allowed detection of preexisting
mutants in the population and that reversion during the assay was
below detection levels.

In order to obtain information on the upper limit of the
amount of virus which could be assessed on one plate, it was par-
amount to determine the highest MOI that could be used in one
well of a 96-well plate. Each well contains approximately 50,000
Vero-cCD150 cells when grown to confluence. Monolayers of
Vero-cCD150 cells were infected at high MOIs with wild-type
rMVIC323EGFP, and FIP was added to prevent fusion (Fig. 3B). It
was determined that at an MOI of 0.2 the number of infected cells
counted was directly proportional to the amount of input virus,
indicating that there was a negligible chance of coinfection of cells.
At an MOI of 0.5, we counted fewer infected cells than the input
PFU would have predicted (presumably due to coinfections), and
hence, we used an MOI of 0.2 for the assay. This allowed approx-
imately 10,000 PFU of EGFPKO virus to be screened per well of a
96-well plate, thus allowing revertant frequencies to be measured
in a population of almost 1 million PFU per plate.

Determination of the reversion frequency in viral popula-
tions. Three independent populations were screened for each
EGFPKO virus. Plaques were picked from the initial primary syn-
cytia generated by recovery of the virus from a cDNA clone in
Vero-cCD150 cells. Each of these plaques was expanded to a pop-
ulation of �1 million PFU by propagation in Vero-cCD150 cells
at low MOIs. Depending on the titer of the virus stock, between 1
million and 8 million PFU of these populations were screened in
the assay, as described above. For each well, the number of cells
displaying green fluorescence was determined (data not shown).
Replicate experiments with rMVIC323EGFPa315c demonstrated the
reproducibility of the assay (data not shown), even though the
generation of revertants is a chance event and therefore suscepti-
ble to stochastic variation.

Average frequencies of single-nucleotide substitutions in
rMVIC323EGFP ranged from 1.3 � 10�6 substitutions per nucle-
otide (s/n) for the T¡A transversion to 21.3 � 10�6 s/n for the
G¡A transition. The G¡C and A¡C transversions occurred at
similar frequencies of 5.0 � 10�6 s/n and 8.7 � 10�6 s/n, respec-
tively, in laboratory-adapted strain rMVEdtagEGFPstop (Fig. 4).

The reversion frequencies for the EGFPKO viruses with double
mutations, which required two substitutions for the restoration of
the green phenotype, were below the lower detection limit, which
was established by the population sizes that were entered into the
assays, since, with one exception (discussed below), we did not
observe any revertants in the populations of these EGFPKO vi-
ruses. This applied both to the situation of two substitutions ad-
jacent to each other, which might potentially revert by a connected
or dependent event, and when two substitutions within a 2- to
3-nucleotide distance from each other were required for rever-
sion, possibly resulting from independent events.

DISCUSSION

On a theoretical basis, the conditions used in this assay are
nonselective. The revertant mutations occur in an additional
transcription unit (ATU) encoding the EGFP gene. Although
there are some data which indicate that the presence and posi-
tion of the ATU have an effect on the growth of recombinant
viruses (16, 17), this is irrelevant, as the neutrality in the assay
is determined by potential differences in growth parameters
between the EGFPKO and revertant viruses. Both express the
complete 239 amino acids of the EGFP protein, even though
the mutations in the reporter lead to an observable phenotypic
difference. Analysis of the growth kinetics demonstrated no

FIG 3 Development of the assay. (A) Effect of the fusion-inhibitory peptide
(FIP). In the absence of FIP, syncytia form in Vero-cCD150 cell monolayers,
which prevents enumeration of the revertant viruses. With FIP, the dynamic
range for the measurement of revertant frequency is 1 to 1,000. At a higher
magnification, paired green cells (the result of cell division) are detected. These
are counted as single events in the measurement of mutation frequency in
virus populations. (B) Establishment of the maximum MOI that results in
discrete, countable infectious centers, reflecting the actual number of PFU
used for the initial infection. Wells of a 96-well plate containing approximately
40,000 cells per well were infected at the indicated MOIs.
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differences in the growth of rMVIC323EGFPa315c and
rMVIC323EGFP, thus providing experimental evidence that the
single-nucleotide change in the EGFP gene did not affect rep-
lication ability and fitness. The two laboratory-adapted
EGFPKO viruses rMVEdtagEGFPstop1 and rMVEdtagEGFPstop2

have a premature stop codon in the EGFP fluorophore se-
quence and therefore express only a truncated 66-amino-acid
protein. This may theoretically provide a selective advantage
over revertants that express the entire EGFP protein. Neverthe-
less, this difference did not lead to a change in the order or
magnitude of the reversion frequencies. Thus, both theoreti-
cally and on the basis of the evidence supplied, it appears that
the conditions of this assay are nonselective.

Population history is considered to be one of the important
factors that affect mutation rate estimations but is difficult to con-
trol for. Therefore, independent plaques of virus rescued from

cDNA were propagated to establish the virus stocks used in these
experiments. Presumably, the resulting populations assayed in
these experiments started as a homogeneous set of genomes with
the same sequence. After two rounds of infection and replication,
the population size of the stocks had been expanded to an ade-
quate size for determination of the mutation frequency; we con-
sidered this to be 1 million to 10 million PFU based on the ex-
pected rates of mutation. We observed only single green cells per
well of a 96-well plate in most assays, with the exception of the
rMVIC323EGFPa315g, where a very large population size and a
slightly higher rate of mutation led to the occasional observation
of 2 to 3 green cells per well. An exceptional “jackpot” event oc-
curred in only one of the three populations of rMVIC323EGFPSii

that was assayed. This EGFPKO virus contains two adjacent muta-
tions in the fluorophore, but since no revertant mutants were
found in any of the populations of the other viruses that required

FIG 4 Mutation frequencies. (A) Mutation frequencies of specific transitions and transversions. Closed circles refer to the rates found with the rMVIC323EGFPKO

viruses. Open circles refer to mutation frequencies established for the rMVEdtagEGFPstop viruses. (B) Tabulated data for reversion of a range of EGFPKO mutant
viruses.
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two substitutions to restore the fluorescent phenotype, namely,
rMVIC323EGFPAS and rMVIC323EGFPSA (data not shown), or in
the other two rMVIC323EGFPSii populations, we have not counted
the jackpot event in our calculations, and thus, it appears unlikely
that the chance for the polymerase to make a second mistake im-
mediately after a first one is not higher than it making two separate
independent mistakes.

Two previous studies estimated MV mutation rates. Kalland et
al. (20) previously looked at mutations in the P gene of MV after
100 passages of the virus and suggested that the mutation rate was
1.4 � 10�6 per base per replication. However, these data do not
allow the number of genome replications to be determined or
estimated. The second paper, by Schrag et al. (8), established the
frequency of appearance of neutralizing monoclonal antibody es-
cape (MAR) mutants on cloned populations of MV. The mutation
frequency was estimated in what is called the Edmonston wild-
type strain. However, this strain had already been passed in several
nonhuman cells lines and is already adapted to growth on Vero
cells. To address this issue, we used both CD150-using viruses and
CD46-using laboratory-adapted viruses. rMVIC323EGFP uses
CD150 as a receptor. We also applied our assay system to Edtag
laboratory-adapted strain rMVEdtagEGFP (18) and found that
there was no significant difference of the spontaneous mutation
frequencies between the wild-type and laboratory-adapted
strains. Therefore, it is assumed that the data for these two strains
of MV probably reflect the fundamental situation for the species as
a whole.

The spontaneous mutation rate measured previously by
Schrag et al. (8) was estimated under selective conditions, which,
as described in the introduction, affects the estimated rates (9, 13).
MAR mutants that arose were sequenced, and four different nu-
cleotide changes and amino acid changes that led to the oblitera-
tion of the ability of the antibody to neutralize the MAR mutants
were found, and therefore, Schrag et al. (8) divided the rate esti-
mated from the fluctuation tests by 4 after multiplying the raw
rates by a factor of 3 to take account of the fact that there are 3
unique changes per site. The determination of mutation rates was
critically reassessed in a paper by Sanjuán et al. (10). Taking ac-
count of the fact that the mutation rates determined by measuring
the rate of appearance of neutralizing monoclonal antibody-resis-
tant mutants in a population are neither neutral nor lethal, San-
juán et al. (10) applied a correction to the mutation rate deter-
mined by Schrag et al. (8) to be 9 � 10�5 substitutions per
nucleotide site per replication. This correction for selection bias
was based on empirical information about the distribution of mu-
tational fitness effects previously obtained for several viruses (10),
and when applied, the mutation rate of MV was converted to
4.4 � 10�5 substitutions per nucleotide per strand copying, indi-
cating that the use of selective conditions increased the estimation
of the mutation rate by a factor of 2 (10). This reduces the reported
genome mutation rate for MV from 1.43 to 0.7 nucleotide substi-
tutions per replication.

The present study used mutations in an ATU containing a
reporter gene in which revertant point mutations lead to an ob-
servable phenotype. This provides a novel and, in our opinion,
optimal assay system, as it is nonselective, making the conversion
from mutation frequencies to mutation rates straightforward. By
definition, the number of copying cycles is maximal under binary
replication. Under binary replication, progeny strands immedi-
ately serve as templates for further replication, and the number of

molecules doubles in each cycle of strand copying, increasing geo-
metrically (10). In contrast, under linear replication, multiple
copies are made sequentially from the same template, and the
resulting progeny strands do not become templates until the prog-
eny virions infect another cell. In the replication cycle of MV, the
negative-sense genome in the ribonucleoprotein complex
(�RNP) is replicated by the viral RNA polymerase into positive-
sense RNA, which is also encapsidated into RNPs (�RNP). Both
�RNP and �RNP serve as templates for further replication
events, and transcription of the �RNPs, after expansion of their
numbers, is required for virus growth. We are not aware of any
evidence in the literature on MV which would contradict the as-
sumption of binary replication in this system (3). Assuming bi-
nary replication, the formulae developed by Sanjuán et al. (10)
give the lower limit estimate of the mutation rate as min[�] �
3f/lnN, where � refers to the mutation rate (substitutions per nu-
cleotide site per strand copying [s/n/r]), f is the mutation fre-
quency (per nucleotide site), and N represents the population size
(number of PFU). The multiplication factor 3 is introduced be-
cause there are three possible unique substitutions at any given
site, assuming that all three possible base substitutions occur at
equal frequencies. The upper limit estimate is max[�] � 3f (10).
The unit here is substitutions per nucleotide per cell infection
(s/n/c) and is equivalent to the rate per nucleotide per strand
copying if replication is linear. However, as single-stranded RNA
viruses produce an intermediate strand of opposite polarity, full
linear replication is certainly not the case in MV. Thus, the actual
mutation rates should be lower than the maximum derived from a
linear replication model and is probably closer or equal to the
minimum rate estimated from the formula � � 3f/lnN (Table 1).
As all possible reversion mutations for the nucleotide at position
315 in the EGFP ORF were determined, the mutation rate could be
obtained by averaging the three values, giving an interval with a
maximum limit of 2.78 � 10�5 substitutions per nucleotide per
cell infection and a minimum limit of 1.84 � 10�6 substitutions
per nucleotide site per strand copying. If one assumes that the
mutation rates determined for this nucleotide apply to all nucle-
otides in the 15,894-nucleotide-long MV genome, the genome
mutation rate is �0.44 nucleotides per cell infection and could be
as low as 0.03 nucleotides per strand copying if the replication
mode is completely binary. These figures are substantially lower
than those measured previously (10) for vesicular stomatitis virus
(genome size of 11.2 kb and mutation rate of 3.5 � 10�5 s/n/c) and
influenza A virus (total segmented genome size of 13.6 kb and
mutation rate of 2.3 � 10�5 s/n/c) and more in line with data
reported for influenza B virus (genome size of 14.5 kb and muta-
tion rate of 1.7 � 10�6 s/n/c). These three negative-stranded RNA
viruses have genome sizes similar to that of MV.

Misincorporation rates have not been measured directly for

TABLE 1 Maximum and minimum mutation rates

Nucleotide
Type of
mutation Max[�] limit (s/n/c) Min[�] (s/n/r)

315 C¡A 1.56 � 10�5 1.08 � 10�6

G¡A 6.38 � 10�5 4.18 � 10�6

T¡A 0.39 � 10�5 0.27 � 10�6

312 T¡C 1.38 � 10�5 0.90 � 10�6
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MV as for poliovirus and vesicular stomatitis virus (21, 22), as
appropriate in vitro replication systems have not yet been devel-
oped. Studies using deep sequencing of populations of viral RNA
molecules extracted from human tissues have not yet been re-
ported, and hence, in vivo mutation fixation rates and the direct
observation of quasispecies compositions have not been made.
Interestingly, a recent study reported the in vivo mutation rate
estimates for hepatitis C virus to be approximately 100� lower
than what would be expected from mutation rates measured in
vitro reflecting the pressure of selection (23). A similar argument
can be applied to MV. The mutation rate for MV measured here is
still high enough to provide a paradox with the low replacement
rate for the H gene of MV from isolates in the field (24, 25). The
number of replications involved in the transmissions of virus be-
tween at least 26 infected patients in an outbreak sustained over 1
year must be in the order of trillions, and multiplying this with the
lowest rate determined here of 0.03 per genome replication still
indicates the tremendous selection pressure that is required to
explain the low replacement rate for MV in the field. Replacement
rates for other RNA virus genomes, such as those of influenza A
virus, foot-and-mouth disease virus, and poliovirus, are between
10�2 and 10�3 per site per annum (9). In comparison, MV is
much more stable in the field, and a substitution rate of approxi-
mately 4 � 10�4 per annum per nucleotide position was estimated
for a single outbreak in Spain (24). These observations would
place MV in a class of viruses with a relatively low mutation rate on
a relatively flat fitness surface (26) and could explain the stability
of the over 23 different genotypes that have been described (27), in
addition to other factors contributing to this stability, including a
lack of recombination in morbilliviruses, strict constraints on in-
sertions and deletions due to the need to comply with the rule of
six, the limited host range of MV, and functional constraints due
to the use of protein receptors by the virus (8). In the context of
MV elimination efforts, a relatively low mutation rate reduces the
possibility of strains that may escape neutralization by vaccine. It
is also consistent with the fact that no vaccine escape mutants have
been seen to date.
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