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Abstract

In wild-type sequences of three paramyxoviruses (measles virus, mumps virus, and Newcastle
disease virus), nucleotide diversity at both non-coding sites and at nonsynonymous sites in coding
regions was significantly reduced in comparison to that at synonymous sites. Likewise, both the mean
and variance of gene diversity at nonsynonymous polymorphic sites were reduced in comparison to
non-coding and synonymous sites. Neither of these patterns, which reflect the action of purifying
selection against deleterious mutations at nonsynonymous and non-coding sites, was seen in the case
of live attenuated vaccine strains, implying that purifying selection has been substantially relaxed on
the latter, potentially affecting their biological properties, including antigenicity and vaccine
effectiveness. Since the accumulation of mutations increases as s a function of the number of
generations of replication, these findings highlight the utility of minimizing the number of
generations between the original vaccine master seed and the strains used in vaccination, along with
periodic monitoring of the extent of sequence evolution.

Keywords

live attenuated vaccine; measles virus; mumps virus; Newcastle disease virus; paramyxovirus;
purifying selection

1. Introduction

Beginning with Jenner’s use of cowpox virus as a vaccination for smallpox over 200 years ago
and Pasteur’s discovery of attenuation a century later, the use of live attenuated vaccines has
become an important weapon is the fight against a number of viral diseases [1]. Live attenuated
vaccines have the advantage over killed-virus vaccines that the former resemble a natural

infection and thus interact with all aspects of the host’s immune system; but there are challenges
associated with the use of live vaccines [2]. One set of challenges arises from the danger that
a live attenuated virus can cause disease in some recipients. For example, in a minority of cases,
vaccination with live attenuated virus has caused aseptic meningitis [3]. Likewise, in the case
of poliovirus, there is evidence that the live attenuated vaccine virus has mutated in such a way
as to regain virulence [4]. Another set of challenges relates to transmission of the live vaccine
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from a healthy person to one who is immunocompromised [5]. Moreover, studies of live
attenuated vaccines often reveal incomplete vaccine effectiveness [6-9].

Live attenuated viruses continue to mutate and thus to evolve. Particularly in the case of RNA
viruses, with their inherently high mutation rate, this evolution can be rapid. Evolution of the
live vaccine strains can lead to the reacquisition of a virulent phenotype, and evolutionary
changes may potentially play a role in the loss of vaccine effectiveness. Because of the
importance of these phenomena in the management of vaccination programs, it is important to
understand the population processes underlying the evolutionary changes in live attenuated
vaccine strains of viruses.

Sequences differences between vaccine strains and their wild-type relatives include those
responsible for the attenuated phenotype, which may have been discovered serendipitously
[10] or may have arisen after a deliberate series of passages designed to result in attenuation
[11]. In addition, there may be certain sequences changes in live attenuated viruses that have
been selected because they better adapt the virus to growth under culture conditions [12].
However, all genomes are exposed to deleterious mutations, which natural selection
(conservative or “purifying” selection) constantly acts to eliminate [13]. Under the conditions
in which live attenuated viruses are cultured, it might be expected that purifying selection will
be substantially relaxed, because these viruses are not exposed to many of the selection
pressures acting on a free-living virus; for example, the selection pressures arising from natural
virus transmission from host to host. In addition, because viruses in culture are expected to
have much lower effective population sizes than free-living viruses, it can be expected that
selection will be much less effective in removing slightly deleterious mutations in the former
than in the latter [14].

Evidence regarding the action of natural selection on protein-coding regions can be obtained
by estimating the number of synonymous substitutions per synonymous site (ds) and the
number of nonsynonymous (amino acid-altering) substitutions per nonsynonymous site (dyy).
In most protein-coding regions, dg substantially exceeds dy [15]. This pattern occurs because
most nonsynonymous mutations are deleterious to protein function and thus are eliminated by
purifying selection [15]. Furthermore, analysis of coding sequences reveals two distinct aspects
of purifying selection: (1) past selection against strongly deleterious mutations, which are
eliminated quickly; and (2) ongoing selection against slightly deleterious mutations, which
may be relatively inefficient if the effective population size is small or recombination is limited
[14,16]. The presence of slightly deleterious nonsynonymous variants, subject to ongoing
purifying selection, can be detected by comparing the population frequency patterns of variants
at synonymous and nonsynonymous sites [17-20].

The present study uses statistical analysis of published sequences to test the hypothesis that
purifying selection has been relaxed in live attenuated vaccine strains. These analyses were
applied to three single-stranded RNA negative sense viruses belonging to the viral family
Paramyxoviridae: (1) measles virus (MeV; genus Morbillavirus), a pathogen of humans; (2)
mumps virus (MuV; genus Rubulavirus), a pathogen of humans; and (3) Newcastle disease
virus (NDV; genus Avulavirus), a pathogen of domestic poultry. Applying phylogenetic
methods, sequence changes ancestral to clades of vaccine sequences were reconstructed; and
patterns of nucleotide sequence polymorphism were compared between samples of wild-type
sequences (i.e., those collected from natural infections) and live vaccine sequences.
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2. Methods

2.1. Sequences Analyzed

Complete genome sequences of measles virus (MeV), mumps virus (MuV), and Newcastle
disease virus (NDV) were aligned using the CLUSTAL X program [21]. Phylogenetic trees
were constructed separately for the complete genomes of each of the three viruses by the
neighbor-joining (NJ) method [22] on the basis of the maximum composite likelihood (MCL)
distance [23]. The reliability of clustering patterns in phylogenetic trees was tested by
bootstrapping [24]; 1000 bootstrap pseudo-samples were used. Accession numbers of
sequences used in phylogenetic analyses are shown in Figures 1-3. The NDV sequence
AY562985, which was shown to be a naturally occurring recombinant by previous
phylogenetic analyses [25], was not included in the phylogenetic analysis; however, AY562985
was included in population genetic analyses, which unlike phylogenetic analyses did not
depend on the assumption of an absence of recombination between sequences.

For each of the three viruses, genomic sequences used in analyses were chosen to represent
both wild-type isolates —i.e., those collected from natural infections — and vaccine strains. The
latter were chosen so that they represented a single clade in each of the viral phylogenies, and
that clade received 100% bootstrap support in each case (Figures 1-3). In the case of MeV
(Figure 1), vaccine sequences used in analyses all belonged to the Edmondston lineage [26].
For MuV (Figure 2), only vaccine sequences belonging to the Urabe lineage [27] were used,;
sequences from the Jeryl Lynn vaccine strains were not used because fewer complete genomes
were available for the latter. In the case of NDV, naturally isolated strains are characterized as
velogenic (highly pathogenic), mesogenic (intermediate), or lentogenic (apathogenic; ref.
28). In analyses of NDV (Figure 3), the vaccine sequences used belonged to a clade including
both the B1 and LaSota strains. These two vaccine strains were isolated independently from
naturally occurring lentogenic strains [10, 29]. Lentogenic strains from outside this clade that
have been used for vaccination (e.g., Ulster and V4: ref. 30) were not included in analyses
because few genomic sequences were available.

In each of the three viruses, the genome encodes seven major proteins (listed in 5’ to 3” order):
NP; V/P; M; F, HN; and L. MuV also encodes SH between F and HN. In MeV and MuV, the
V/P gene expresses alternative products with the help of RNA editing. For the purposes of
analyzing the pattern of nucleotide diversity in coding sequences as described below, the coding
sequence of the longest non-edited open reading frame was analyzed.

2.2. Statistical Analyses

The number of synonymous substitutions per synonymous site (ds) and the number of
nonsynonymous (amino acid-altering) substitutions per nonsynonymous site (dy) were
estimated by Nei and Gojobori’s [31] method. Estimation of these quantities by more complex
methods [32,33] yielded essentially identical results, as is expected because the number of
substitutions per site was generally low [34]; therefore, we used Nei and Gojobori’s method
because it has a lower variance [35]. The synonymous nucleotide diversity (symbolized =) is
defined as the mean of dg for all pairwise comparisons among a set of sequences, while the
nonsynonymous nucleotide diversity (symbolized zy) is the mean of dy for all pairwise
comparisons among a set of sequences. The Jukes-Cantor method [35] was used to estimate
the number of nucleotide substitutions per site (d) in non-coding regions; the mean of all
pairwise comparisons of d is the nucleotide diversity (). Ancestral nucleotide sequences were
reconstructed by the maximum parsimony method [36] on the basis of the NJ trees. In each
case, the tree was highly consistent, with consistency indices of 0.925 for MeV, 0.905 for MuV,
and 0.612 for NDV. By comparison of reconstructed ancestral sequences, ds, dy, and d were
estimated along branches within the tree. In each phylogeny, there was a wild-type sequence
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that formed a sister group to the vaccine clade: AF266288 in MeV (Figure 1); AY309060 in
MuV (Figure 2); and DQ060053 in NDV (Figure 3). Mean ds, dy, and d were estimated between
the members of each vaccine clade and the wild-type sister. The standard errors of mean
numbers of nucleotide substitutions, including both nucleotide diversity within sets of
sequences and comparisons of between sets of sequences, were estimated by the bootstrap
method implemented in the MEGA 4.0 program [23].

Gene diversity (“heterozygosity”) at individual polymorphic nucleotide sites (SNP sites) was
estimated by the formula:

n

1—Zx$

i=1

where n is the number of alleles and x; is the population frequency of the it allele (ref. 37, p.
177). In coding regions, single nucleotide polymorphisms were classified either as synonymous
or nonsynonymous depending on their effect of the encoded nucleotide sequence. Ambiguous
sites were excluded from these analyses; i.e., sites at which both synonymous and
nonsynonymous variants occurred or at which the polymorphism could be considered
synonymous or nonsynoymous depending on the pathway taken by evolution. Gene diversity
was not normally distributed. Therefore, in testing for differences in the mean and variance of
gene diversity among categories (synonymous, honsynonymous, and non-coding) of SNP sites,
randomization tests were used. In each test, 1000 pseudo-data sets were created by sampling
(with replacement) from the data; a difference between two categories was considered
significant at the a level if it was greater than the absolute value of 100(1-a) % of the differences
observed between the same categories in the pseudo-data sets.

3.1. Nucleotide Diversity

In the wild-type isolates of MeV, MuV, and NDV, both nonsynonymous nucleotide diversity
(zn) and nucleotide diversity in non-coding regions () were significantly lower than
synonymous nucleotide diversity (zs ; Table 1). In wild-type sequences of all three viruses,
the ratio zy : 75 was less than 1:10 (Table 1). This pattern is evidence of past purifying selection
both on the amino acid sequence of encoded proteins and on non-coding regions. By contrast,
in the vaccine sequences from MeV and MuV, neither zy nor z in non-coding regions
significantly lower than synonymous nucleotide diversity (zg ; Table 1). The ratio zy : 75 was
over seven times as high in the vaccine sequences of MeV as in wild-type MeV sequences
(Table 1). Similarly, the ratio zy : 75 was over 10 times as high in the vaccine sequences of
MuV as in wild-type MuV sequences (Table 1).

In the case of NDV, the vaccine sequences showed a distinctive pattern (Table 1). In the coding
regions, iy was significantly lower than zs, although the ratio zy : 75 was greater (0.17) than
that seen in wild-type NDV (0.07; Table 1). On the other hand, = in the non-coding regions
did not differ significantly from zg in the case of NDV vaccine strains (Table 1). However,
when nucleotide diversities were computed separately for the B1 and LaSota strains, although
the numbers of sequences were small, the pattern was similar to that seen in vaccine strains of
MeV and MuV (Table 1). For comparisons within B1 and LaSota strains, neither zy nor z in
non-coding regions significantly lower than synonymous nucleotide diversity (zs ; Table 1).
Likewise, the ratios zy : 75 computed within B1 and LaSota, were much greater than those for
wild-type NDV (Table 1).
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3.2. Ancestral Sequence Comparisons

The pattern of nucleotide substitution along the branch ancestral to the clade of vaccine
sequences was examined within each of the three viruses. In MeV, dy was actually greater than
ds on the ancestral branch, although the difference was not significant due to the small number
of substitutions (Table 2). In MuV, dg was slightly greater than dy on the ancestral branch, but
the difference was not significant (Table 2). In both MeV and MuV, d in non-coding regions
on the ancestral branch was slightly but not significantly greater than dg (Table 2). NDV showed
a striking difference from the other two viruses, with both dy in coding regions and d in non-
coding regions significantly lower than dg and on the ancestral branch (Table 2).

In the case of MeV, mean dy did not differ significantly from mean dg in comparisons between
the members of the vaccine clade and a wild-type sister sequence (Table 2). Likewise, mean
d in non-coding regions of MeV did not differ significantly from mean dg in coding regions in
comparisons between the vaccine clade and wild-type sister (Table 2). Likewise in MuV, mean
dn was slightly but not significantly greater than mean dg in comparisons between the members
of the vaccine clade and the wild-type sister sequence (Table 2). On the other hand, meand in
non-coding regions of MuV was actually significantly greater than mean dg in coding regions
in comparisons between the vaccine clade and wild-type sister (Table 2). As with the pattern
of reconstructed sequence evolution on the ancestral branch, NDV differed from the other two
viruses in the comparison with the nearest wild-type sister sequence, with both dy in coding
regions and d in non-coding regions significantly lower than dg (Table 2).

3.3. Analysis of SNPs

Gene diversity was computed at individual polymorphic sites in order to test for ongoing
purifying selection. In the wild-type populations of MeV, MuV, and NDV, both mean and
variance of gene diversity were significantly lower at nonsynonymous SNP sites than at
synonymous SNP sites or at non-coding SNP sites (Table 3). In the case of the vaccine strains
of MeV and MuV, there was not a significance difference in mean or variance of gene diversity
between nonsynonymous SNPs and synonymous or non-coding SNPs (Table 3). In the case
of NDV, by contrast, the vaccine strains, like wild-type strains, showed significantly lower
mean and variance of gene diversity at nonsynonymous SNPs than at either synonymous or
non-coding SNPs (Table 3).

In coding regions of MeV, of 1182 sites that were polymorphic in wild-type sequences but not
in vaccine sequences, 296 (25.0 %) were nonsynonymous. By contrast, of 123 sites that were
polymorphic in vaccine sequences but not in wild-type sequences, 83 (67.5%) were
nonsynonymous. The difference in proportions was highly significant (x2 = 97.36; 1 d.f.; P <
0.001). There was a similar pattern in the case of MuV, although the number of polymorphic
sites in the vaccine sequences was small. Of 1413 coding sites polymorphic in the wild-type
but not the vaccine MuV sequences, 210 (14.9%) were nonsynonymous. But 13 of 17 (76.5%)
coding sites polymorphic in vaccine but not in wild-type sequences were nonsynonymous.

In MeV, 25 coding sites that were polymorphic in both wild-type and vaccine sequences, 13
(52.0%) were nonsynonymous. The latter proportion differed significantly from that found
among coding sites polymorphic only in wild-type sequences (y- = 9.34; 1 d.f.; P <0.002). In
the case of MuV, there were only 6 coding sites (only one of which was nonsynonymous) that
were polymorphic in both wild-type and vaccine sequences; so comparison with sites
polymorphic in wild-type sequences only was not meaningful.

Of coding sites polymorphic in wild-type but not vaccine sequences of NDV, 1255 of 4455
(28.2 %) were nonsynonymous. By contrast, 54 of 82 (65.9 %) coding sites polymorphic in
vaccine but not wild-type NDV sequences were nonsynymous. The difference in proportions
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was highly significant (32 = 55.70; 1 d.f.; P < 0.001). In this respect, NDV resembled MeV
and MuV. On the other hand, of 111 coding sites polymorphic in both wild-type and vaccine
sequences of NDV, only 19 (17.1%) were nonsynonymous. The latter proportion was actually
lower than that in coding sites polymorphic in wild-type but not vaccine sequences of NDV
(Figure 7A); and the difference was statistically significant (x2 = 6.58; 1 d.f.; P = 0.01).

4. Discussion

Analysis of the patterns of nucleotide sequence polymorphism in wild-type isolates of three
species of Paramyxoviridae showed reduced nucleotide diversity at nonsynonymous sites in
comparison to synonymous sites in coding regions, as is seen in most genes [15]. This pattern
is evidence of the action of purifying selection against a substantial fraction of nonsynonymous
mutations. In addition, nucleotide diversity in non-coding regions was reduced in comparison
to synonymous sites in coding regions, implicating purifying selection on the former. In vaccine
strains of measles virus (MeV) and mumps virus (MuV), there was no evidence of reduced
nucleotide diversity at either nonsynonyous sites in coding regions or at noncoding sites. Thus,
there was evidence that a striking characteristic of the vaccine strains of these viruses is
relaxation of purifying selection.

Examination of gene diversity at polymorphic nucleotide sites showed that, in the case of wild-
type MeV and MuV, both the mean and variance of gene diversity at nonsynonymous SNP
sites was reduced in comparison to that at either synonymous SNP sites or those in non-coding
regions (Table 3). This pattern is indicative of ongoing purifying selection on nonsynonymous
sites because it shows that there are few nonsynonymous polymorphisms occurring at high
frequency [8]. Again, no such pattern was seen in the case of the vaccine strains of MeV and
Muv (Table 3). Since the polymorphic variants currently found in a vaccine strain must have
arisen after the most recent common ancestor of that strain, it is significant that there is evidence
of a relaxation of purifying selection against such newly arisen variants. Thus, the relaxation
of purifying selection did not simply occur during the attenuation process that gave rise to the
vaccine strains of MeV and MuV, but rather it is ongoing.

The results obtained for Newcastle disease virus (NDV) differed from those for MeV and MuV;
but these differences are easily explainable by the fact that the NDV vaccine sequences
analyzed were derived from two related but independent field isolates, B1 and LaSota [10,
29]. When analyses included both B1 and LaSota strains, they did not reveal evidence of a
relaxation of selection (Table 1 and 3). This result can be explained by the fact that the original
B1and LaSota, lineages evolved independently in a natural environment since their most recent
common ancestor, prior to the separate isolation and maintenance of each lineage in culture as
a vaccine. Thus, sequence comparisons between B1 and LaSota should be expected to show
the effects of purifying selection that occurred in the natural state, whereas sequence
comparisons within each strain should reveal the relaxation of purifying selection after each
lineage was cultured as a vaccine. Consistent with this interpretation, when NDV vaccine
sequences were analyzed within strains, they showed a pattern of nucleotide diversity
indicating a relaxation of purifying selection similar to that seen in vaccine strains of MeV and
MuV (Table 1). Given the independent isolation of the NDV vaccine strains, the observed
differences between NDV and the other two viruses strongly support the hypothesis that the
relaxation of purifying selection occurs as a consequence of culture of a live vaccine and not
for some other reason.

Vaccine strains of MeV, MuV, and NDV all showed an excess of polymorphic nonsynonymous
sites in comparison to wild-type sequences, and the bulk of these nonsynonymous
polymorphisms were unique to the vaccine strains. This pattern provides further evidence in
support of the hypothesis that purifying selection is relaxed in the vaccine strains. Moreover,
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because the polymorphisms involved introduced numerous amino acid substitutions unique to
the vaccine strains, they suggest that the latter are capable of following evolutionary trajectories
substantially different from those of the ancestral viruses.

In the case of MeV, a wild-type sequence close to the Edmonston strain ancestor (AF266288;
ref. 38) enabled reconstruction of the small number of changes ancestral to the vaccine clade.
A total of six changes were reconstructed, five nonsynonymous and one synonymous; all of
these changes corresponded to differences between the Edmondson strain and its wild-type
sister sequence that were previously described [38]. Of the five amino acid substitutions, four
were fixed in all available sequences in the vaccine clade and in none of the wild-type
sequences. These four changes involve the substitutions E—K at position 89 of the M protein;
S—G at position 211 and N—Y at position 481 of the H protein; and D—A at position 1717
of the L protein. Because the latter four amino acid changes were fixed in the vaccine clade,
they appear likely to contribute to the phenotypic properties selected for during the attenuation
process. There were just two reconstructed changes in the non-coding region on the branch
ancestral to the MeV vaccine clade, both 5’ to the start site of the NP gene: A —T at site 23
and C—A atsite 43. Since these changes also were fixed in all available members of the vaccine
clade, they also are candidates for contributing to the attenuated phenotype.

However, the sequence changes apparently fixed during the attenuation process of MeV
vaccine were far fewer in number than the polymorphic sites unique to the vaccine sequences.
This implies that most of the evolutionary change observed in the vaccine sequences is due to
mutations that occurred after the vaccine strain was established, including many mutations that
would be deleterious in a free-living virus and are found in the vaccine strain only because of
the relaxation of purifying selection. Thus, the relaxation of purifying selection is likely to be
the primary factor giving rise to sequence diversity in the vaccine strain of MeV.

In MuV, nucleotide substitutions in non-coding regions were significantly elevated in
comparison to those at synonymous sites in the comparison between vaccine sequences and
the nearest wild-type sister sequence (Table 2). This suggests that certain changes in non-
coding regions may have been selectively favored during the attenuation process. In contrast
to MeV, the nearest available wild-type sister sequence to the MuV vaccine sequence clade
was not very closely related; and all available sequences from the MuV Urabe vaccine lineage
were very closely related to one another (Tables 1 and 2). Nonetheless, in the vaccine strains
of MuV, there were several nonsynonymous polymorphisms unique to the vaccine strains,
implying that the relaxation of purifying selection has played a role the diversification of MuV
vaccine strain sequences.

In conclusion, the present analyses demonstrate that the extent of continuing molecular
evolution in live attenuated vaccine strains of MeV, MuV, and NDV has been substantial.
Obviously, empirical studies will be required to test for phenotypic effects of any individual
mutation occurring in vaccine lineages. However, the present analyses demonstrate that, as a
consequence of the relaxation of purifying selection, vaccine strains can accumulate numerous
amino acid sequence differences from free-living strains, thereby potentially affecting their
biological properties, including antigenicity and vaccine effectiveness. The accumulation of
selectively neutral or nearly neutral mutations increases with the number of generations of
replication that the virus undergoes [13]. Therefore, minimizing the number of generations
between the original vaccine master seed and the strains used in vaccination would seem a
practical step to minimize the accumulation of mutations in vaccine strains, along with
monitoring of evolutionary change in live attenuated vaccines by periodic sequence analysis
[39].
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NJ tree based on MCL distance at 15887 aligned nucleotide sites in selected wild-type and
vaccine measles virus (MeV) complete genomes. Numbers on the branches represent the
percentage of 1000 bootstrap samples supporting the branch; only values > 95% are shown.
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Figure 2.

NJ tree based on MCL distance at 15376 aligned nucleotide sites in selected wild-type and
vaccine mumps virus (MuV) complete genomes. Numbers on the branches represent the
percentage of 1000 bootstrap samples supporting the branch; only values > 95% are shown.
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