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ABSTRACT We followed the dynamics of capsid amino acid replacement among 403
Nigerian outbreak isolates of type 2 circulating vaccine-derived poliovirus (cVDPV2) from
2005 through 2011. Four different functional domains were analyzed: (i) neutralizing an-
tigenic (NAg) sites, (ii) residues binding the poliovirus receptor (PVR), (iii) VP1 residues 1
to 32, and (iv) the capsid structural core. Amino acid replacements mapped to 37 of 43
positions across all 4 NAg sites; the most variable and polymorphic residues were in
NAg sites 2 and 3b. The most divergent of the 120 NAg variants had no more than 5 re-
placements in all NAg sites and were still neutralized at titers similar to those of Sabin 2.
PVR-binding residues were less variable (25 different variants; 0 to 2 replacements per
isolate; 30/44 invariant positions), with the most variable residues also forming parts of
NAg sites 2 and 3a. Residues 1 to 32 of VP1 were highly variable (133 different variants;
0 to 6 replacements per isolate; 5/32 invariant positions), with residues 1 to 18 predicted
to form a well-conserved amphipathic helix. Replacement events were dated by map-
ping them onto the branches of time-scaled phylogenies. Rates of amino acid replace-
ment varied widely across positions and followed no simple substitution model. Re-
placements in the structural core were the most conservative and were fixed at an
overall rate �20-fold lower than the rates for the NAg sites and VP1 1 to 32 and �5-
fold lower than the rate for the PVR-binding sites. Only VP1 143-Ile, a non-NAg site sur-
face residue and known attenuation site, appeared to be under strong negative selec-
tion.

IMPORTANCE The high rate of poliovirus evolution is offset by strong selection
against amino acid replacement at most positions of the capsid. Consequently, po-
liovirus vaccines developed from strains isolated decades ago have been used
worldwide to bring wild polioviruses almost to extinction. The apparent antigenic
stability of poliovirus obscures a dynamic of continuous change within the neutraliz-
ing antigenic (NAg) sites. During 7 years of a large outbreak in Nigeria, the circulat-
ing type 2 vaccine-derived polioviruses generated 120 different NAg site variants via
multiple independent pathways. Nonetheless, overall antigenic evolution was con-
strained, as no isolate had fixed more than 5 amino acid differences from the Sabin
2 NAg sites, and the most divergent isolates were efficiently neutralized by human
immune sera. Evolution elsewhere in the capsid was also constrained. Amino acids
binding the poliovirus receptor were strongly conserved, and extensive variation in
the VP1 amino terminus still conserved a predicted amphipathic helix.
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The World Health Organization Global Polio Eradication Initiative has brought wild
polioviruses to the threshold of eradication (1). Wild poliovirus type 2 (WPV2) was

last detected in 1999 (2) and WPV3 in 2012 (3), and since August 2014, WPV1 has been
detected only in parts of Pakistan, Afghanistan, and Nigeria (4–7) (for updates, see
http://www.polioeradication.org/polio-today/polio-now/this-week). Polioviruses (PVs)
are defined by two distinct properties residing with the capsid protein: (i) the neutral-
izing antigenic (NAg) sites distinguishing the three PV serotypes (8, 9) and (ii) the
capacity to enter human and simian cells via the poliovirus receptor (PVR), CD155 (10,
11). Genomic regions outside the capsid sequences, subject to frequent exchange
during transmission by recombination with other human enteroviruses (12–14), are not
PV specific and will persist in nature posteradication.

Immune protection against paralytic poliomyelitis is type specific (8). Although
antigenic variation within PV serotypes has long been recognized (15–19), it is normally
limited in extent, possibly because the steric requirements for efficient docking to the
PVR impose structural constraints on the virion surface (10, 11). An important public
health consequence is that antigenic variation is not an impediment to polio eradica-
tion (4), and immunization with vaccines (either inactivated poliovirus vaccine [IPV] or
oral poliovirus vaccine [OPV]) developed from PV strains dating back 60 to 75 years (20,
21) confers protective immunity to all WPVs (4). Indeed, until the advent of molecular
methods, comparison of antigenic properties was the mainstay for intratypic differen-
tiation between OPV-related isolates and WPVs (22–24).

The NAg sites of each PV serotype have been defined by mapping amino acid
replacements conferring resistance to neutralization by murine monoclonal antibodies
(MAbs) onto the X-ray crystallographic structure of the PV capsid (9, 25–29). Four NAg
sites (NAg1, NAg2, NAg3a, and NAg3b [alternatively designated NAg4]) have been
described (26, 30), most comprehensively for types 1 (9, 26, 31, 32) and 3 (9, 27). The
antigenic structure of PV2 has not been as extensively described but is similar overall
to those of the other types (28). X-ray crystallographic studies have shown that the
greatest structural differences in the capsids across PV serotypes reside in the exposed
loops that form the NAg sites (26–29). Amino acid variability within PV serotypes is
highest in the NAg sites and in the N terminus of VP1 (33–37).

Most of the sequence comparisons with PV2s have been with genetically divergent
vaccine-derived polioviruses (VDPVs) (38–40), defined as having �1% nucleotide se-
quence divergence (types 1 and 3) or �0.6% (type 2) from their parental Sabin strains
in the �900-nucleotide (nt) region encoding the major capsid protein, VP1 (41). This
definition follows from the high rate of nucleotide sequence evolution in PV (�1% per
year) (35) and the normal period of PV excretion of less than 3 months (38, 42). VDPVs
are categorized as (i) circulating VDPVs (cVDPVs) from outbreaks; (ii) immunodeficiency-
associated VDPVs (iVDPVs), excreted over prolonged periods by persons with primary
immunodeficiencies; and (iii) ambiguous VDPVs (aVDPVs), which cannot be definitively
assigned to the other two distinct and well-defined categories (39, 41).

Starting in 2005, a large poliomyelitis outbreak associated with type 2 cVDPV (cVDPV2)
occurred in northern Nigeria, where immunization coverage with trivalent OPV (tOPV) was
low (41, 43, 44). Phylogenetic analysis of the capsid region sequences of 403 case isolates
from 2005 to 2011 resolved the outbreak into 23 independent VDPV2 emergences (named
2004-1 to 2010-2 according to the year and estimated order of emergence); at least 7 of the
emergences established circulating lineage groups (representing multiple chains of trans-
mission) (13). The largest lineage group (2005-8; 361 isolates through 2011) is estimated to
have circulated for nearly a decade (13, 41).

Although PVs have been the subject of intensive study for over a century (45, 46),
quantitative information on the dynamics of PV capsid protein evolution is limited, and
previous investigations have focused primarily on WPV1 (35), WPV3 (47), and iVDPVs
(34, 40, 48–50) rather than cVDPVs (14, 37). Sensitive PV surveillance conducted during
the cVDPV2 outbreak in Nigeria provided an opportunity for high-resolution studies of
the evolution of the outbreak virus. Similar detailed evolutionary studies had not been
possible for WPV2 because large WPV2 outbreaks were rare (51), and WPV2 circulation
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had stopped in many settings prior to the launch of regional (52) and global (1) polio
eradication activities and the accompanying implementation of sensitive global PV
surveillance. However, cVDPVs closely resemble WPVs in their biological properties (13,
39) and offer the additional advantage that the evolutionary pathways for each
emergence can be independently traced back to the well-defined parental Sabin strains
(53–55). In this report, we describe the multiple pathways of antigenic divergence
among Nigerian cVDPV2 lineages, compare the rates and patterns of amino acid
replacement in the NAg sites with those of other capsid domains, and show that all
cVDPV2 antigenic variants were efficiently neutralized by human immune sera.

RESULTS
Distribution of nucleotide substitutions and amino acid replacements in the

capsid region. The estimated 8,431 total nucleotide substitutions (total substitutions
[KT] � synonymous transitions [AS] � synonymous transversions [BS] � nonsynony-
mous transitions [AA] � nonsynonymous transversions [BA] [see Fig. S1 in the supple-
mental material]) across all 23 2005-to-2011 Nigerian VDPV2 emergences and lineage
groups were nearly uniformly distributed along the capsid region. In contrast, the
estimated 807 amino acid replacements (AA � BA) in the capsid protein mapped to 188
sites distributed in a more irregular pattern as short blocks of high variability (Fig. 1; see
Fig. S1 and S2 in the supplemental material).

Mapping amino acid replacements onto the branch structures of MCC trees.
NAg site replacements were mapped onto previously published maximum clade
credibility (MCC) trees (13) to visualize the number, temporal order, and approximate
dates of replacements along lineages (see Fig. S3 to S5 in the supplemental material).
Three sets of trees were constructed showing replacements in different capsid func-
tional domains (see below). Our approach rests on two basic assumptions: (i) the
branch structures of MCC trees accurately reflect the temporal patterns of divergence
of cVDPV transmission chains and (ii) the number of unobserved, superimposed,
nonsynonymous substitutions was negligible. The first assumption is supported by the
concordance of our Bayesian MCC assignments with those obtained by codon analysis
based on maximum likelihood (CODEML) (56) and, most critically, by the finding that
amino acid replacements fixed in isolates representing progenitor viruses were present
in the progeny until any subsequent superimposed replacement(s). In a small number of
instances (�20, representing �3% of replacements) the first assumption may not hold,
because nodes were closely spaced and the highest posterior density (HPD) intervals
overlapped (for example, H3077R in KTS09-13, KTS09-26, and NAS09-02; T2270A in
KTS09-08 and KNS09-36) (see Fig. S3B in the supplemental material), and single replace-
ments were probably counted more than once. In such instances, we accepted the trees as
close approximations of the “true” trees and made no attempt to correct for the small
potential overcount.

The second assumption could not be tested rigorously. However, of the estimated
807 total replacements, 47 (5.8%) were observed to be superimposed, 26 (3.2%) of
which restored the original Sabin 2 residue (see Fig. S3 to S5 in the supplemental
material). The relatively low frequencies of the observed superimposed replacements
and the long time intervals between replacement events at the same site suggested
that few superimposed replacements were missing from the annotated trees. There-
fore, we consider our assumptions to be generally valid and the effects of the infre-
quent violations to be small.

Differential evolution of VDPV2 capsid functional domains. The X-ray crystallo-
graphic structure of the native poliovirion was solved 3 decades ago (25), and capsid
functional domains have been defined in three dimensions. The capsid proteins VP1,
VP2, and VP3 each contain a structurally conserved core (�329 residues) of eight-
stranded �-barrels and two �-helices (25, 27, 29). These regular secondary-structural
domains of the cores are joined by loops and flanked by terminal extensions (�273
residues, excluding the N-terminal extensions) (see Fig. S2 in the supplemental mate-
rial) (25, 29). VP4 and the N-terminal extensions of VP1, VP2, and VP3 (�277 residues
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in total) intertwine in a complex network, forming the inner surface of the capsid (25).
To evaluate the selective forces shaping the observed patterns of variability, we
grouped capsid protein residues into four functional domains: (i) the NAg sites, (ii) the
residues binding the PVR, (iii) the 32 hypervariable residues (1001 to 1032) at the N
terminus of VP1, and (iv) the structural core. The more conserved N-terminal residues
of VP2 and VP3 and all of VP4 were excluded from the analyses below because their
structures are not well defined (25).

(i) NAg sites. The NAg sites for PV2 have been previously defined by mapping MAb
escape mutants (28, 57, 58) to the PV X-ray crystallographic structure (25, 27, 29),
complemented by analysis of natural type 2 vaccine variants (34, 36, 40, 59) and by
analogy with types 1 and 3 (9, 26, 60). Considering these various observations, we
assigned PV2 NAg sites to the following amino acid positions: NAg1, 1095 to 1103,
1168, and 1169; NAg2, 1218, 1219, 1221 to 1223, 2161, 2166 to 2168, 2170, 2172, and
2270; NAg3a, 1287 to 1289, 1291, 2159, 3058 to 3062, 3071, 3073, and 3207; NAg3b,

FIG 1 (A) Numbers of independent amino acid replacements into each position of the capsid regions of all 403 Nigerian VDPV2 variants isolated from 2005
to 2011. VP4, shown joined with VP2 (as in its uncleaved precursor, VP0), is structurally homologous to the N termini of VP3 and VP1. Amino acid replacements
in NAg sites are shown in red. H.Var, the hypervariable N-terminal residues at VP1 positions 1 to 32 (1001 to 1032). (B) Detail of Fig. S3B in the supplemental
material mapping amino acid replacements in NAg sites onto the branch structure of the MCC tree (13) for lineage group 2005-8. Amino acid residues are
indicated by four-digit numbers; the first digit is the name of the viral protein (4, VP4; 2, VP2; 3, VP3; 1, VP1), followed consecutively from residue 1 of each
protein.
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FIG 1 (Continued)
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2072 and 3075 to 3080. Sites NAg3a and NAg3b (which span adjacent pentamers), in
structural proximity, have been antigenically linked by cross-neutralizing MAbs in types
1 (60) and 2 (28). Similarly, structurally adjacent parts of NAg2 and NAg3a have been
antigenically linked in type 2 (28, 40, 61).

Although the NAg sites as defined here constitute only 4.9% (43/879) of the total
capsid residues, 30% (231/778) of the observed amino acid replacements (excluding
VP1 143) mapped to them (Fig. 1; see Fig. S2 in the supplemental material). Most (37
of 43) positions within NAg sites were variable (Fig. 2), with 6.24 replacements per
variable residue (Table 1). The NAg sites accommodated a wider range (mean, 2.19) of
amino acid replacements per variable position than the more conserved structural core
(see below). Moreover, the NAg sites accommodated relatively high structural diversity
among amino acid residues. In our comparisons, we used two alternative indices of
amino acid exchangeability: (i) the Miyata distance (62), where lower values indicate
higher rates of exchangeability (implying greater structural and functional similarity),
and (ii) the LG amino acid replacement matrix (63), where higher values indicate higher
rates of exchangeability. The weighted average Miyata distance per variable NAg site
was 1.33 compared with 1.10 for the structural core, and the corresponding weighted
LG values were 2.75 (NAg sites) and 5.63 (structural core) (Table 1). The overall rate of
amino acid exchange in the NAg sites was 1.86 � 10�2 replacements/site/lineage/year,
17-fold higher than in the structural core and exceeded only by the rates in the
hypervariable N terminus of VP1 (Table 1). Despite the potential for variability within
the NAg sites, most isolates (98%; range, 0% to 90%) retained the parental Sabin 2
residue at each NAg site position (apart from position 3075), because 89% of the
replacements mapped to peripheral branches, indicating that the viruses mapping to

FIG 2 Numbers of independent amino acid replacements in NAg sites of all 403 Nigerian VDPV2 variants isolated from 2005 to
2011. The positions are ordered starting from the N terminus of the capsid, aligned with the corresponding residues of Sabin
2 and the consensus among 12 isolates representing distinct WPV2 genotypes. Amino acids are colored by physicochemical
properties according to the Amino/Shapely scheme (A [nonpolar, small aliphatic], dark gray; C and M [nonpolar, sulfur-
containing], yellow; D and E [charged, acidic], bright red; F and Y [polar and nonpolar aromatic], mid-blue; G [nonpolar, no side
chain], light gray; H [charged, imidazole], pale blue; I, L, and V [nonpolar, aliphatic], green; K and R [charged, basic], blue; N and
Q [polar, amide], cyan; P [nonpolar, cyclic imino], flesh; S and T [polar, hydroxyl], orange; W [nonpolar, aromatic, indole], pink)
(http://acces.ens-lyon.fr/biotic/rastop/help/colour.htm#shapelycolours).

Shaw et al. Journal of Virology

May 2018 Volume 92 Issue 9 e01949-17 jvi.asm.org 6

http://acces.ens-lyon.fr/biotic/rastop/help/colour.htm#shapelycolours
http://jvi.asm.org


the branch tips had no observed progeny. The notable exception was T3075M, which
was fixed early in lineage groups 2005-8, 2005-10, and 2007-10 and remained fixed in
most progeny virus despite the occurrence of 11 subsequent replacements, 10 of which
mapped to peripheral branches (Fig. 2; see Fig. S3B to D in the supplemental material).

(ii) PVR-binding sites. Capsid residues interacting directly with the PVR have been
mapped by X-ray crystallography and cryoelectron microscopic reconstruction of virus-
receptor complexes (10, 11, 64). A total of 25 different PVR-binding site sequence
variants (1 to 2 differences from Sabin 2) were observed (see Fig. S6 and S7 in the
supplemental material). Most (30 of 44) PVR-binding site positions were invariant, and
the most variable residues also formed parts of NAg sites 2 and 3a (Fig. 3). The K1109R
replacement mapped to the same position as a Sabin 2 mutant selected for resistance
to neutralization by a human MAb that complexes with the PVR-binding site (58). It has
been suggested that the steric requirements for efficient binding to the PVR may limit

TABLE 1 Amino acid replacements by capsid functional domain

Capsid region

Proportion
of variable
residue
positions

No. of
replacements/
variable
residue
positiona

No. of
alternative
replacement
residues/variable
residue position

Weighted avg
Miyata distance/
variable residueb

Weighted avg
LG distance/
variable
residuec

Replacement
rate (no. of
replacements/
site/lineage/
yr) (10�3)

Relative
replacement
rate

Total capsid 0.217 4.07 1.60 1.32 3.86 3.06 2.88

Capsid without N termini 0.200 3.82 1.51 1.34 3.86 2.64 2.48

Structural core 0.125 2.46 1.10 1.06 5.63 1.06 1.00
�-Strands 0.127 1.97 1.13 1.07 6.15 0.95 0.89
�-Helices 0.115 4.11 1.00 1.05 4.63 1.64 1.54

Loops and C termini 0.271 4.58 1.74 1.42 3.33 4.29 4.04
NAg sites 0.860 6.24 2.19 1.33 2.75 18.57 17.47
PVR-binding sites 0.318 3.21 1.57 1.35 3.56 4.76 4.47
PVR-binding sites without

NAg sites
0.231 1.67 1.11 1.36 5.07 1.81 1.70

VP1 1–32 0.844 8.11 2.59 1.36 3.67 23.66 22.25
aMixed-base positions were counted as a single replacement.
bTheoretical range, 0.47 to 5.38 (mean, 2.256); observed range, 0.47 to 2.69; a low value indicates frequent replacement.
cTheoretical range, 0.008705 to 10.64911 (mean, 1.022213); observed range, 0.037967 to 10.64911; a high value indicates frequent replacement.

FIG 3 Frequencies and identities of amino acid replacements in residues binding the PVR aligned to the
Sabin 2 residues.
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the evolution of the PV surface and restrict PV to three serotypes (11). When the NAg
site residues are excluded, the PVR-binding site residues were nearly as well conserved
as those of the structural core, with infrequent exchanges among a limited set of similar
amino acids (Table 1).

(iii) Hypervariable residues 1 to 32 of VP1. As previously observed with wild PV1
(35), 28% (219/778) of all capsid amino acid replacements mapped to the hypervariable
(53) N-terminal residues 1001 to 1032, which constitute only 3.6% of the total capsid
residues. A total of 133 different sequence variants (1 to 6 differences from Sabin 2)
were observed for residues 1001 to 1032 (see Fig. S8 and S9 in the supplemental
material). Included among the 5 invariant residues was G1001 of the absolutely
conserved Q/G dipeptide forming the VP3/VP1 cleavage site (65) (see Fig. S2 in the
supplemental material); the remainder had an average of 8.11 replacement events, with
2.59 alternative replacement residues (Table 1). The amino acid replacement rate was
�22-fold higher than in the structural core. During the early stages of viral infection,
the N-terminal VP1 residues are externalized to form a predicted amphipathic helix (66).
Despite the high variability and rapid evolution of this domain (Table 1), the amphi-
pathic properties of the first 5 turns (residues 1001 to 1018) of the predicted helical
wheel were conserved (Fig. 4). Like the NAg sites, most replacements mapped to
peripheral branches. The main exception was a P1021L replacement that occurred early
in the evolution of lineage group 2005-8 and remained fixed in most progeny, but with
7 secondary replacements (including back-replacements) mapping primarily to periph-
eral branches (see Fig. S4B in the supplemental material).

(iv) Structural core. The structural core constitutes 37% (329/879) of capsid resi-
dues, but only 12% of its amino acid positions were variable, with a mean of 2.46
replacements per variable position (Table 1). Most variable positions had only 1
alternative residue (see Fig. S2 in the supplemental material), and the replacements
tended to be structurally conservative (for example, 28% of replacements were I↔V
exchanges). The overall rate of amino acid exchange in the structural core was 1.06 �

10�3 replacements/site/lineage/year, with a �2-fold difference between the evolution
rates for �-strands (76% of the structural core) and �-helices (24% of the structural core)
(Table 1).

(v) VP1 143. Excluded from the above-mentioned analyses was an important capsid
determinant of the attenuated and temperature-sensitive phenotypes of Sabin 2 (55,
67), I1143. This residue in the D-E loop (see Fig. S2 in the supplemental material) is

FIG 4 Proportions of isolates with Sabin 2 amino acid residues (shown inside each circle) or replacement
residues (colored sectors) in the helix wheel of hypervariable positions 1001 to 1018. The numbers
correspond to VP1 residue positions; the letters indicate the most frequently detected residue at each
position. The numbers outside the circles are the numbers by position of each residue among the 403
cVDPV2 isolates analyzed.
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exposed on the virion surface but is not known to contribute to the NAg sites. Residue
I1143, which is unstable to replication in the human intestine (67), had reverted in all
Nigerian VDPV2 isolates, and the reversions remained fixed in all but 2 of the progeny
(13) (see Fig. S5 in the supplemental material).

Differential evolution of amino acid positions within functional capsid do-
mains. Although the mean amino acid replacement rates in Table 1 provide an approxi-
mate guide to the differential evolution of the four functional domains, they do not reflect
the wide differences in replacement rates at specific positions. Unlike synonymous substi-
tutions in the capsid region, which could be modeled as a Poisson process (35), nonsyn-
onymous substitutions did not follow a simple substitution model (Fig. 5). For example,
among the 43 amino acid positions forming the NAg sites, 6 were invariant (1095 to 1097,
2167, 3060, and 3061), while 2 (3075 and 3080) had 21 independent replacement events
each (Fig. 2 and 5A). In the PVR-binding sites, 68% of positions had no replacements, but
2 positions (1222 and 1223; both part of NAg2) had 15 and 7 replacements, respectively
(Fig. 3 and 5B). Similarly, among positions 1001 to 1032, 5 were invariant and 1 (1019) had
25 replacements (Fig. 5C; see Fig. S2 in the supplemental material). Some positions (e.g.,
1004 and 1021) had frequent fluctuations between 2 alternative amino acids (see Fig. S2
and S5 in the supplemental material). Of the remaining 804 amino acid positions (excluding
1143), 671 (84%) were invariant, 67 (8.4%) had 1 replacement, and 22 (2.8%) had 2
replacements. However, 3 positions (2045 and 3041 [both internalized N-terminal exten-
sions] and 1171 [a partially exposed E-F �-helix adjacent to part of NAg1]) were outliers,
with 13 to 15 independent replacements (Fig. 5D; see Fig. S2 in the supplemental material).

Intensity of selection at individual capsid amino acid positions. The high
conservation of most capsid amino acid positions during widespread circulation is
indicative of strong selection against replacements at those sites. One measure of the
intensity of selection at a site is the ratio (�) of nonsynonymous to synonymous

FIG 5 Numbers of independent amino acid replacements per site by functional domain for NAg sites (A); PVR-binding sites (B);
residues 1001 to 1032 (C); and the remainder of the capsid, including the structural core (D).
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substitutions (KA/KS or dN/dS) (35, 37, 68). When � is �1, the site is inferred to be under
positive selection; when � is equal to 1, the site is inferred to be under no selection
(neutral change); and when � is �1, the site is inferred to be under negative (purifying)
selection. Global � values differed among functional domains estimated for the main
emergences; � estimates for the structural core had the lowest values (range, 0.01 to
0.02), whereas NAg sites had the highest values (range, 4.37 to 51.6). The PVR-binding
sites and the hypervariable residues had similar global � values, ranging from 0.67 to
3.84. Estimates of � values were significantly influenced by site-to-site variation of both
synonymous and nonsynonymous rates within the capsid region. Rate variation be-
tween the structural core domain and the NAg sites was slightly higher for increased
nonsynonymous substitutions than for decreased synonymous substitutions. When the
capsid sequences of isolates from the main lineage groups were analyzed under 6
different models of codon evolution (68), only 3 Sabin 2 positions showed evidence of
positive selection, although it was not significant (3077 [NAg3b], � � 1.47 to 1.66; 3080
[NAg3b], � � 1.68 to 1.82; 1222 [NAg2], � � 1.65 to 1.75), and 6 other sites (2159, 2170,
2172, 3075, 1100, and 1221; all within NAg sites) were inferred to be under no selection
(� � 0.91 to 1.13). All the other sites, including 1143 and 1001 to 1032, were initially
found to be under negative (purifying) selection. However, � values obtained over the
entire period of observation could underestimate the intensity of selection if a posi-
tively selected residue was fixed early in the evolutionary pathway, as was the case for
the genetically unstable Sabin 2 residue I1143 (67). All of the original Sabin 2 I1143
residues were exchanged for threonine, valine, or asparagine during the estimated time
between the initiating tOPV dose and the first isolate (3 to 21 months) or earliest
diverging node (2 to 6 months) of each VDPV2 emergence (13). The estimated
branch-specific � values for 1143 were initially very high (�mean was equal to 43 across
all emergences at the earliest Sabin 2 branch) but fell to �0.8 in subsequent lineages,
as synonymous substitutions accumulated with no observed replacements back to
I1143, and only 2 superimposed replacements (T1143A and T1143N) were fixed in 2
divergent isolates (13). Replacements at another position, 3075, were also fixed early
(13) in 7 emergences (T3075M, within 2 to 21 months in 4 emergences; T3075A, within
3 to 10 months in 2 emergences; T3075S, within 21 months in 1 emergence), but the
Sabin 2 T3075 residue was retained in the 16 other independent emergences. Unlike
the early replacements at position 1143, which remained fixed in nearly all progeny,
numerous superimposed replacements occurred at position 3075 (Fig. 2), consistent
with no selection.

Multiplicity of antigenic variants among VDPV2 isolates. The NAg sites changed
continuously as the cVDPV2 spread through the Nigerian population. A total of 231
independent amino acid replacements, incorporating 86 alternative residues, mapped
to the 37 variable positions in the NAg sites (Fig. 2). Only �8.7% (20/231) of the
replacements restored the consensus residue of WPV2 isolates (Fig. 2) (34, 69), and
none of the VDPV2 variants had overall NAg sequences matching the WPV2 consensus
or MEF-1, the WPV2 component of conventional IPV (20). Although some recently
emergent isolates from 5 independent emergences and 3 lineage groups (2004-1 [2 of
3 isolates], 2005-5 [1 of 2 isolates], and 2007-5 [2 isolates]) had apparently not
accumulated NAg site replacements, no reversions back to the Sabin 2 NAg sequences
were observed among the other isolates.

The 403 Nigerian VDPV2 isolates from 2005 to 2011 comprised 120 different variants
(see Fig. S10 in the supplemental material) of replacement in the four NAg sites, each
of which is represented on a maximum-parsimony tree (Fig. 6). Although 15 amino acid
positions were highly polymorphic and variable, having 3 to 7 different alternative
replacements (including back-replacements), the most divergent individual VDPV2
variants differed from Sabin 2 at no more than 5 NAg site positions (Fig. 6; see Fig. S10
in the supplemental material). The high diversity of NAg site variants and the star-like
shape of the NAg site tree underscore the point that evolution of the NAg sites occurs
primarily by genetic drift along multiple pathways rather than by positive selection for
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particular antigenic variants with increased fitness for transmission. The star-like topol-
ogy of the cVDPV2 NAg site tree contrasts with the tree of the HA1 domain of influenza
A virus, which has a strong central trunk with limited branching, indicative of antigenic
selection (70). The trees for the PVR-binding sites (see Fig. S7 in the supplemental
material) and for positions 1001 to 1032 (see Fig. S9 in the supplemental material) were
also star-like.

We mapped the NAg sites onto the crystal structure of the poliovirion (see Fig. S11 in
the supplemental material) and color-coded individual positions in structural heat maps
according to the frequency of amino acid replacement (Fig. 7A) or the number of alterna-
tive replacements (Fig. 7B). Replacements were most frequent (�10 independent events/
position) in NAg sites 2 (positions 2159, 2170, 2172, 1221, and 1222), 3a (3075), and 3b
(3080) (Fig. 2 and 7A). The most polymorphic positions (�4 alternative replacements) were
in NAg sites 2 (1221 and 1223), 3a (3075), and 3b (3080) (Fig. 2 and 7B).

Neutralization of VDPV2 antigenic variants by immune human sera. We se-
lected 10 isolates with the most divergent NAg site sequences, in addition to Sabin 2

FIG 6 Maximum-parsimony tree of amino acid sequences within all 4 NAg sites (see Fig. S1 in the supplemental material) of Sabin 2 and representatives of
the 120 distinct NAg site variants among the 403 cVDPV2 isolates (see Fig. S10 in the supplemental material). Isolates used in serologic assays are shown in
boldface.
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and MEF-1, for serologic testing (Fig. 6; see Fig. S10 in the supplemental material).
Because the maximum-parsimony algorithm may occasionally count the same replace-
ment twice and some sites are noninformative (71), branch distances between some
sequence pairs on the NAg site tree were not strictly proportional to the pairwise
differences indicated in the difference table (see Table S1 in the supplemental material).
Nonetheless, the most divergent isolates mapped to the periphery of the tree (Fig. 6)
and differed from Sabin 2 at 2 to 5 positions and from each other at 4 to 8 positions
(see Table S1 in the supplemental material). Median neutralizing titers against cVDPV2s
in 95 serum samples collected from infants in Kano state, northern Nigeria, in 2011 were
comparable to those against Sabin 2 (7.00 log2; P � 0.05) and MEF-1 (6.83 log2; P �

0.05). Seropositivity rates against all cVDPV2s ranged from 71.9% to 77.1% compared to
70.8% for both Sabin 2 and MEF-1 (see Table S2 in the supplemental material).

DISCUSSION

Despite many decades of PV research, information remains limited on the rates,
patterns, and dynamics of PV capsid protein evolution during person-to-person trans-
mission (34, 35). Intensive PV surveillance conducted during a large, prolonged, and
widespread outbreak, coupled with application of a robust molecular clock (13), set the
stage for our high-resolution evolutionary studies. The mapping of individual amino
acid replacement events to time-scaled MCC trees illustrated the evolutionary trajec-
tories of different capsid functional domains. In many instances, the dates of fixation of
new amino acid residues could be estimated with an accuracy of a few months by
inspection of the MCC trees. Furthermore, the likely geographic settings for replace-
ment events could often be localized to particular Nigerian states. However, the timing
and locations of the earliest replacement events (72, 73), such as the I1143T reversion,
could not be estimated with precision because they occurred during the initial stages
of emergence, before circulating lineages could be clearly distinguished from vaccine
virus progeny with more limited spread. The resolving power of our analyses was also
limited by the inherently low paralytic attack rate of PV2 infections (74), compounded
by some gaps in case-based surveillance. Nonetheless, the genetic data were suffi-

FIG 7 Heat maps illustrating the frequency of NAg amino acid replacements (A) and the number of alternative amino acid residues (B) in the NAg sites of all
403 cVDPV2 isolates mapped to the X-ray crystallographic structure of the poliovirus type 2 capsid pentamer. Capsid proteins (see Fig. S7 in the supplemental
material) are shaded as follows: VP1, dark gray; VP2, white; VP3, light gray.
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ciently robust to permit critical evaluation of key assumptions underpinning our
replacement rate data. While our analyses covered the peak periods of the outbreak,
less intense transmission of the major lineage group, 2005-8, continued at least until
March 2015, when an isolate of that lineage group was last detected, during which time
an additional 138 cVDPV2s from 2005-8 were detected (19 from poliomyelitis patients
and their contacts; 119 from environmental samples) (13, 41), including new NAg site
variants. Low-level transmission of more recently emergent cVDPV2 lineages continued
in northern Nigeria at least until November 2016 (41, 75).

A remarkable finding from this study was the large number of distinct NAg site
variants that emerged during the cVDPV2 outbreak in Nigeria. Extensive NAg site
evolution for WPV was first described for WPV3 variants that circulated during the
1984-1985 outbreak in Finland (47). However, the Finnish outbreak took place within a
population that had high rates of poliovirus vaccine coverage but had been vaccinated
with a weakly immunogenic IPV preparation, conditions that might have accelerated
the rate of antigenic evolution (76). In contrast, in Nigeria, the cVDPV2 circulated in
settings of deficient OPV coverage and low population immunity to PV2 (43, 44), similar
to prevaccine era WPV2 outbreaks, and selection by preexisting anti-PV2 neutralizing
antibodies probably played at most a limited role in antigenic evolution.

Our studies have confirmed and extended those of previous investigations into the
variability of PV NAg sites (34, 37, 40, 47, 48, 50). The 6 invariant NAg positions in our
set have been found to be variable in other Sabin 2-derived viruses (28, 33, 34, 36). On
the other hand, 37 NAg site replacements were first described here, while �50
previously described replacements were not found in our set (33, 34, 36, 40, 58, 59). The
observed replacements in NAg1 (K1099E/Q and R1100L/S) and NAg2 (G1219S/D and
T1223A/I) were identical to those described for PV2 MAb escape variants (28). As first
reported by Macadam et al. (67), the non-NAg site surface residue I1143 is subject to
the strongest selective pressure for change in Sabin 2 (13, 72).

Antigenic evolution of cVDPVs appears to be slower and less extensive than that of
iVDPVs (and environmental aVDPVs that are probably iVDPVs) (37, 39, 77). Apart from
single codon deletions found in some iVDPVs (36, 40), the NAg sites of both cVDPV and
iVDPV isolates accommodate similar alternative amino acid residues. However, the NAg
sites of individual cVDPV2 isolates described here incorporated no more than 5
replacements, unlike the more highly divergent NAg sites of iVDPV isolates with similar
degrees of nucleotide divergence (36, 38, 40). The differences in the extent of NAg site
divergence between cVDPVs and iVDPVs may provide further insights into the epide-
miological significance of environmental aVDPVs in settings where the source patient(s)
remains unidentified (33, 39, 40, 77–80).

As observed with the capsids of WPV1 and aVDPV2 (35, 37), most cVDPV2 NAg sites
were under strong purifying selection, with no clear directionality to their evolution.
Although the rate of PV nucleotide evolution is similar to that of influenza A virus (35),
structural protein evolution during infections of humans, including that of the NAg
sites, is much slower. Many of the replacements in the cVDPV2 NAg sites were
back-mutations to the preceding residue, suggesting that the antigenic repertoire
within a PV serotype, while wide, is nonetheless constrained. In agreement with
previous reports (34, 40), both cVDPVs and WPVs are efficiently neutralized by human
immune sera, and their transmission can be effectively controlled by high rates of OPV
coverage (41). Accordingly, the geographic range of individual WPV genotypes and
cVDPV outbreaks is circumscribed (39, 81), and no pandemic antigenic variants have
ever been observed. Although long-range importations of WPV have occasionally
occurred (81), further spread can be prevented by high rates of population immunity,
especially mucosal immunity (82), even for antigenically divergent WPVs (21, 47).

Detailed understanding of the structural and functional rules governing capsid
protein evolution, especially of the NAg sites, may offer critical insights into why some
viral vaccines, such as OPV and IPV, are broadly protective whereas others, such as
those for another picornavirus, foot-and-mouth disease virus, require frequent updat-
ing (83). It may also be possible to apply these rules to construct more accurate PV
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protein molecular clocks (35, 84), using more slowly evolving variable positions to
probe deeper into the relationships among WPV genotypes and thus obtain a wider
overview of the evolutionary history of three serotypes of human viruses now ap-
proaching extinction (2–4, 21, 46).

MATERIALS AND METHODS
Virus isolation and characterization. The 2005–2011 Nigerian VDPV2 isolates were isolated from

the stools of patients with acute flaccid paralysis and characterized by capsid region nucleotide
sequencing, as previously described (13).

Phylogenetic analysis. Sequence relationships (all nucleotide substitutions [KT]) in the capsid region
(nt 748 to 3384) among all VDPV2 isolates (GenBank accession numbers JX274980 to JX275382) were
summarized in Bayesian MCC trees constructed by Bayesian Markov chain Monte Carlo (MCMC) analysis
implemented in BEAST v. 1.7, as described previously (13, 85). Site- and branch-specific selection analyses
were performed in likelihood calculations under the random-sites models (86) and the fixed-effects
models (87) implemented in PAML (56) and HyPhy (88), respectively.

Pattern and distribution of substitutions. Capsid nucleotide substitutions by category (total
substitutions [KT], synonymous transitions [AS], synonymous transversions [BS], nonsynonymous transi-
tions [AA], and nonsynonymous transversions [BA]) along all branches of the phylogenetic trees were
calculated as described previously (35). Inferred amino acid replacements were mapped and labeled onto
corresponding branches of the MCC trees. The first digit of a residue position identifies the viral protein
(4, VP4; 2, VP2; 3, VP3; 1, VP1), followed consecutively from residue 1 of each protein. Original and
replacement amino acids are indicated at the beginning and at the end of the 4-digit number, respectively.

Estimation of the frequency of amino acid replacements in NAg sites. Rate estimates were
performed for the well-defined cVDPV2 lineage groups described previously (13). The overall rate of
fixation of replacements in NAg sites was calculated by dividing the total number of NAg replacements
by the total branch lengths of all the trees (estimated using the program TreeStat v. 1.2 [http://tree.bio
.ed.ac.uk/software/treestat/]) based on the estimated dates of the initiating tOPV dose (13).

Mapping replacement frequencies and diversity in the NAg sites of the crystal structure of PV2.
To map the NAg sites, homology modeling was performed by using Modeller (v. 9), since the Sabin 2
structure is not deposited in the Protein Data Bank (PDB). Modeller implements comparative protein
structure modeling by satisfaction of spatial restraints (89, 90), and it requires a structural template and
a target protein sequence. A pentamer from the X-ray crystallographic structure of poliovirus type 2
strain MEF-1 (frequently described as Lansing; PDB no. 1EAH) with a resolution of 2.9 Å (29) was used as
the template. In-house Perl scripts were developed for data processing (e.g., preparing the input PDB file
and sequence alignment data) required by Modeller. Although Modeller embeds with the structure
refinements and loop optimizations (91), the calculated structure was further checked by ProCheck (92)
for the stereochemical (e.g., Ramachandran plot) quality of the structure and was visually inspected, as
well. The all-atom root mean square deviation between the calculated Sabin 2 structure and the MEF-1
template was 0.257, which implies that there are no significant conformational differences between the
two. PyMol (version 1.1) was used for visualizing the structure and mapping the NAg sites onto the
structure. The frequency of NAg amino acid replacements and the number of alternative amino acid
residues in the NAg sites were illustrated in heat maps projected onto the Sabin 2 capsid pentamer.

Neutralization assays with human immune sera. Human sera were collected in 2011 from children
aged 6 to 9 months or 36 to 47 months in Kano, Nigeria (n � 95) (93). Deidentified (coded) specimens
were tested for neutralizing antibodies against a panel of 10 Nigerian cVDPV2 isolates and two control
antigens (MEF-1 and Sabin 2) by microneutralization assay (94, 95). Briefly, 50 to 150 50% cell culture
infectious doses (CCID50) of each poliovirus and 2-fold serial dilutions of serum were combined and
preincubated at 35°C for 3 h before the addition of HEp-2(C) cells. After incubation for 5 days at 35°C and
5% CO2, the plates were stained with crystal violet and cell viability was measured by optical density in
a plate spectrophotometer. Each specimen was run in triplicate, and neutralization titers were estimated
by the Spearman-Kärber method (96). Seropositivity was defined as a log2 neutralization titer of �3 log2

(1:8 serum dilution). Statistical comparisons of neutralization titers against cVDPV2s to the control
antigens were performed using a nonparametric one-way analysis of variance (ANOVA) test with Dunn’s
posttest (GraphPad [La Jolla, CA] Prism v. 6). The project was reviewed and did not constitute human
subject research for CDC.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
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