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Type 1 wild-vaccine recombinant polioviruses sharing a 367-nucleotide (nt) block of Sabin 1-derived se-
quence spanning the VP1 and 2A genes circulated widely in China from 1991 to 1993. We surveyed the sequence
relationships among 34 wild-vaccine recombinants by comparing six genomic intervals: the conserved 5�-
untranslated region (5�-UTR) (nt 186 to 639), the hypervariable portion of the 5�-UTR (nt 640 to 742), the VP4
and partial VP2 genes (nt 743 to 1176), the VP1 gene (nt 2480 to 3385), the 2A gene (nt 3386 to 3832), and the
partial 3D gene (nt 6011 to 6544). The 5�-UTR, capsid (VP4-VP2 and VP1), and 2A sequence intervals had
similar phylogenies. By contrast, the partial 3D sequences could be distributed into five divergent genetic
classes. Most (25 of 34) of the wild-vaccine recombinant isolates showed no evidence of additional recombi-
nation beyond the initial wild-Sabin recombination event. Eight isolates from 1992 to 1993, however, appear to
be derived from three independent additional recombination events, and one 1993 isolate was derived from two
consecutive events. Complete genomic sequences of a representative isolate for each 3D sequence class
demonstrated that these exchanges had occurred in the 2B, 2C, and 3D genes. The 3D gene sequences were not
closely related to those of the Sabin strains or 53 diverse contemporary wild poliovirus isolates from China, but
all were related to the 3D genes of species C enteroviruses. The appearance within approximately 2.5 years of
five recombinant classes derived from a single ancestral infection illustrates the rapid emergence of new
recombinants among circulating wild polioviruses.

Recombination is integral to poliovirus evolution. The first
indication of a role for recombination in the natural evolution
of polioviruses was the detection vaccine-related isolates with
chimeric sequences excreted by children exposed to the triva-
lent oral poliovirus vaccine (OPV). These isolates were de-
tected in patients with vaccine-associated paralytic poliomyeli-
tis (6, 9, 12, 16, 18, 21, 22, 25) and in healthy OPV recipients
(1, 3, 41). The heterologous sequences of most vaccine-related
isolates were derived from the other Sabin OPV strains, with
recombinants most frequently found among vaccine-related
isolates of serotypes 2 and 3 (3, 11, 22). A small proportion of
vaccine-related isolates have capsid sequences derived from
the OPV strains and noncapsid sequences derived from other,
nonvaccine viruses (10), a property consistently found among
circulating vaccine-derived poliovirus isolates (15, 36, 45; B.
Thorley, F. Paladin, and H. Shimizu, Abstr. XIIth Int. Congr.
Virol., abstr. V-508, 2002). Recombination among the OPV
strains is readily detectable because the sequences of the pa-
rental vaccine strains are well defined (42).

Recombination also occurs during the circulation of wild
polioviruses (5, 23). We recently described natural type 1 wild-
vaccine recombinants that circulated widely in China from
1991 to 1993 (23). These recombinants shared a 367-nucleotide
(nt) block of sequence derived from Sabin 1 that spanned the

VP1-2A gene junction. Phylogenetic analysis suggested that
the wild-vaccine recombinants emerged from a mixed type 1
wild Sabin 1 infection in northern China in early 1991. Se-
quences encompassing the 3� half of the 2A genes of the
wild-vaccine recombinants were derived from a third virus
(23), consistent with the active recombination found in the
noncapsid region of the indigenous wild polioviruses from
China (H.-M. Liu, L.-B. Zhang, O. M. Kew, and M. A. Pal-
lansch, Abstr. 20th Annu. Meet. Am. Soc. Virol., abstr. W34-
12, 2001). The generality of recombination in wild polioviruses
(21, 35) was supported by the recent description of high het-
erogeneity in the 3D noncapsid sequences of wild type 1 and
type 2 poliovirus isolates from India (5).

The existence of wild-vaccine poliovirus recombinants, de-
rived from a recent common ancestor and having transmissi-
bility properties indistinguishable from those of wild poliovi-
ruses, provided the opportunity to monitor the dynamics of
poliovirus recombination during the approximately 2.5-year
period of their circulation. We found evidence of four addi-
tional recombination events, which involved crossovers in the
noncapsid 2B, 2C, and 3D genes, following the initial genetic
exchange with Sabin 1 in 1991. Complete genomes of the five
different classes of wild-vaccine recombinant isolates con-
tained two to four discernible recombination sites relative to
the genome of a closely related “nonrecombinant” indigenous
type 1 wild poliovirus isolate. One class of recombinant was the
product of at least three successive rounds of recombination
estimated to have occurred between 1991 and 1993. The do-
nors of the heterologous noncapsid sequences were probably
not restricted to the polioviruses indigenous to China but ap-
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peared to include other species C enteroviruses related to the
polioviruses.

MATERIALS AND METHODS

Poliovirus isolates. The 34 type 1 wild-vaccine recombinant polioviruses (ge-
notype CHN-R91 [abbreviated R91]) isolated in China from 1991 to 1993 (Table
1) have been described previously (23). A wild poliovirus from genotype CHN-
JX89 (abbreviated JX89), Henan/91-3, which showed the highest nucleotide
identity with wild-vaccine recombinants in the wild VP1 gene interval, was
included as a reference strain. All isolates were obtained from children with
acute flaccid paralysis (AFP) as part of the national poliovirus surveillance
system in China (46). All of these viruses were isolated in the laboratories of the
provincial antiepidemic stations of the People’s Republic of China. Viruses were
further propagated in RD cell monolayers (human rhabdomyosarcoma cell line;
ATCC CCL 136).

Extraction of RNA, RT-PCR, and sequencing. The methods used for poliovi-
rus viral RNA extraction, in vitro reverse transcription (RT) and PCR amplifi-
cation, and sequencing of RT-PCR amplicons have been described previously
(23). Two RT-PCR primer pairs, L1S (sense; positions 166 to 185, 5�-CACTTC
TGTCTCCCCGGTGA-3�) and L2A (antisense; 737 to 756, 5�-ACCTGAGCA
CCCATTATGAT-3�) and L3S (sense; 621 to 639, 5�-TTGGATTGGCCATCC
GGTG-3�) and L4A (antisense; 1177 to 1196, 5�-GTAGTTTCCACCACCACC
CT-3�) were used to amplify and sequence the 5�-untranslated region (5�-UTR)
and VP4 and partial VP2 genes (VP4-VP2 gene). RT-PCR primer pair L5S
(sense; 5756 to 5775, 5�-AGTAAGTACCCCAACATGTA-3�) and L6A (anti-
sense; 6921 to 6940, 5�-TAAATCTATGCCCTTGTAGG-3�) and inner sequenc-

ing primer L7A (antisense; 6563 to 6582, 5�-TGAAAAGCAGCATACAGGTT-
3�) were used to obtain the partial 3D gene sequences of seven wild-vaccine
recombinant isolates (Guangdong/92-1, Guangdong/92-2, Hainan/92-1, Hainan/
92-2, Hainan/92-3, Hainan/93-1, and Yunnan/92) and wild isolate Henan/91-3.
Primer pair L8S (sense; 5990 to 6009, 5�-GAGATTCAGTGGATGAGACC-3�)
and L9A (antisense; 6545 to 6561, 5�-CCAAAGGCCATTCTCAT-3�) was used
to amplify and sequence the PCR amplicons for the 3D region for the other 27
isolates. Additional amplification and sequencing primers were used to obtain
the complete genome sequences of wild-vaccine recombinants Fujian/93-8,
Guangdong/92-2, Hainan/93-2, Hebei/91-2, and Yunnan/92 and of wild poliovi-
rus isolate Henan/91-3. Terminal sequences were determined by using the 5� and
3� rapid amplification of cDNA ends system kits (Invitrogen, Carlsbad, Calif.)
according to the manufacturer’s instructions.

Sequence analysis. Sequence data were analyzed with programs in the Wis-
consin Sequence Analysis Package, version 10.2 (Accelrys Inc., Madison, Wis.).
Phylogenetic trees were constructed from the six different sequence intervals of
the 34 recombinant isolates or from the five recombinant complete genomes with
the DNA maximum-likelihood method (DNAML) (8) in the PHYLIP software
package, version 3.57 (J. Felsenstein, PHYLIP [phylogeny inference package],
version 3.5c, Department of Genetics, University of Washington, 1993). The
input transition/transversion (Ts/Tv) ratio for DNAML tree construction was
estimated from each sequence data set (conserved 5�-UTR, 5.8; variable
5�-UTR, 4.3; VP4-VP2, 12.8; VP1, 8.1; 2A, 7.7; partial 3D, 4.1; complete 3D, 2.8)
by the program TREE-PUZZLE, version 5.0 (37), applying the HKY model
of nucleotide substitution (13). Phylograms were displayed with the pro-
gram TreeExplorer, version 2.12 (Koichiro Tamura, Department of Biological
Sciences, Tokyo Metropolitan University [http://evolgen.biol.metro-u.ac.jp/TE

TABLE 1. Type 1 poliovirus isolates sequenced in this study

Isolate Laboratory no.a Location
Date (day mo yr) of:

R91 class Lineagea

Onset Sampling

Hebei/91-1 3648b Cixian, Hebei 30 Mar. 1991 19 Apr. 1991 R91-1 Root
Hebei/91-2 3645b Anxin, Hebei 15 Apr. 1991 24 Apr. 1991 R91-1 Root
Hebei/91-3 3646b Zaoqiang, Hebei 21 Apr. 1991 15 May 1991 R91-1 Root
Nei Mongol/91-1 3640b Wumeng, Nei Mongol 21 June 1991 2 July 1991 R91-1 E
Shanxi/91 3639b Datong, Shanxi 15 July 1991 15 July 1991 R91-1 F1
Nei Mongol/91-2 3641b Wumeng, Nei Mongol 10 June 1991 18 July 1991 R91-1 F1
Henan/91-1 3650b Kaifeng, Henan 28 Sept. 1991 1991 R91-1 A1
Henan/91-2 3651b Xinzhen, Henan 3 Oct. 1991 1991 R91-1 A1
Henan/91-3 3653b,c Zhenping, Henan 3 Oct. 1991 1991 JX89
Henan/91-4 3652b Fugou, Henan 10 Nov. 1991 1991 R91-1 A1
Fujian/91-1 6331 Pinghe, Fujian 1991 14 Nov. 1991 R91-1 G1
Fujian/91-2 6330 Pinghe, Fujian 1991 12 Dec. 1991 R91-1 G1
Henan/91-5 3649b Yuanyang, Henan 1991 1991 R91-1 D
Sichuan/92 5160 Naxi, Sichuan 24 Jan. 1992 1992 R91-1 F2
Fujian/92-1 6333 Jinjiang, Fujian 5 Nov. 1992 9 Nov. 1992 R91-1 F4
Fujian/92-2 6334 Jinjiang, Fujian 10 Dec. 1992 17 Dec. 1992 R91-1 F4
Guangdong/92-1 5158 Guangdong 1992 1992 R91-3 C1
Guangdong/92-2 5157 Guangdong 1992 1992 R91-3 C2
Hainan/92-1 5153 Haikou, Hainan 1992 1992 R91-3 C1
Hainan/92-2 5154 Dongfang, Hainan 1992 1992 R91-3 C2
Hainan/92-3 5730 Hainan 1992 1992 R91-3 C1
Yunnan/92 6421 Gengma, Yunnan 1992 1992 R91-2 A2
Fujian/93-1 6340 Zhangpu, Fujian 1 Apr. 1993 1993 R91-1 G1
Fujian/93-2 6337 Pinghe, Fujian 12 Apr. 1993 1993 R91-1 G2
Fujian/93-3 6339 Zhangpu, Fujian 24 Apr. 1993 1993 R91-1 G1
Fujian/93-4 6338 Zhangpu, Fujian 27 Apr. 1993 1993 R91-1 G1
Fujian/93-5 6335 Ningde, Fujian 29 Apr. 1993 1993 R91-1 F4
Fujian/93-6 6341 Fuding, Fujian 9 July 1993 1993 R91-1 F4
Fujian/93-7 5749 Fujian 1993 1993 R91-1 G1
Fujian/93-8 6343 Zhangpu, Fujian 23 Oct. 1993 1993 R91-5 G1
Guangdong/93-1 5738 Guangdong 1993 1993 R91-1 B
Guangdong/93-2 5739 Guangdong 1993 1993 R91-1 B
Hainan/93-1 5731 Hainan 1993 1993 R91-3 C1
Hainan/93-2 5732 Hainan 1993 1993 R91-4 C2
Qinghai/93 5742 Qinghai 1993 1993 R91-1 F3

a Laboratory numbers and lineage designations are from Liu et al. (23).
b Isolate contributed by Z.-Y. Fang, Institute of Virology, Chinese Center for Disease Control and Prevention, Beijing, China.
c Nonrecombinant wild poliovirus isolate closely related to recombinant group.
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/TE_man.html]). Radial trees were displayed with the program TreeView (32).
Plots of nucleotide similarity between poliovirus isolates were created by use of
the program SimPlot (24) to visualize the percentage of nucleotide sequence
identity between two poliovirus isolates along the complete genome with a sliding
window of 100 nt and moving 50 nt each step. Distances were corrected for
superimposed substitutions by the Jukes and Cantor method (14).

Estimation of evolution rate in different genomic intervals. Rates of fixation of
synonymous base substitutions in the VP4-VP2 gene, VP1 gene, 2A gene, and
partial 3D gene were estimated as previously described (23), from the sequence
differences among 21 wild-vaccine recombinants for which the date of specimen
collection or onset of paralysis was available. The rate of evolution at all nucle-
otide positions was also estimated for the conserved and hypervariable regions of
the 5�-UTR and for the VP4-VP2 gene, VP1 gene, 2A gene, and partial 3D gene.
The genetic distances at all nucleotide positions were computed according to the
Kimura two-parameter model (17) of the Distances program in the Wisconsin
Sequence Analysis Package to correct for multiple substitutions at the same site.
Genetic distance values from the root sequence (that of Hebei/91-2) were plotted
as a function of the date of specimen collection (zero time: 24 April 1991). The
evolution rates at all nucleotide positions were estimated by linear regression of
genetic distance over the 2.5-year period. Isolate Fujian/93-8 was not included
for estimation of the 3D gene evolution rate because an additional recombina-
tion site is located in the sequence interval of its 3D gene.

Numbering of nucleotide and amino acid positions. The coding sequences of
all the poliovirus isolates in this study were colinear; however, some of the
5�-UTR sequences differed from one another by a small number of insertions or
deletions. To facilitate comparisons, numbering of the nucleotide positions of all
isolates followed that described for the Sabin type 1 strain (28). Amino acid
positions were indicated by the name of the viral protein and numbered consec-
utively from residue 1 of each protein. Amino acid substitutions were indicated
by the following convention: protein:original residue, position, substituted resi-
due(s). For example, VP4:F46L indicates a phenylalanine-to-isoleucine substi-
tution at amino acid position 46 of VP4.

Nucleotide sequence accession numbers. The complete genomic sequences of
five wild-vaccine recombinant polioviruses (Fujian/93-8, Guangdong/92-2,
Hainan/93-2, Hebei/91-2, and Yunnan/92) and the closely related wild poliovirus
(Henan/91-3) have been submitted to GenBank under accession numbers
AF111981, AF111961, AF111966, AF111953, AF111982, and AF111983, respec-
tively, which replace the previously submitted VP1-2A nucleotide sequences
(23). The nucleotide sequences of the other 29 wild-vaccine recombinant polio-
virus isolates were submitted to GenBank under accession numbers AF518078 to
AF518097 and AY017229 to AY017246 for the 5�-UTR–VP4–VP2 interval and

numbers AF518076 to AF518086 and AY017247 to AY017264 for the partial 3D
genes.

RESULTS

Comparison of complete genomic sequences of an early
wild-vaccine recombinant and a closely related indigenous
wild poliovirus. We had previously shown that the early wild-
vaccine recombinant isolate Hebei/91-2 had very high nucleo-
tide sequence identity (99.5%) with the indigenous wild polio-
virus isolate Henan/91-3 of genotype JX89 in the interval of the
VP1 gene (nt 2480 to 3270) derived from wild type 1 poliovirus
(23). The sequence identity was much lower (78.2%) across the
VP1-2A gene junction (nt 3271 to 3637), where a 367-nt block
of sequence derived from Sabin 1 (100% nucleotide identity to
Sabin 1) was found in the Hebei/91-2 genome. The sequence
identity between the two isolates was even lower (73.8%) in the
non-Sabin 1-derived sequences (nt 3638 to 3832) of the last 195
nucleotides of the 2A gene (23). To further investigate the
relationship between isolates Hebei/91-2 and Henan/91-3, we
compared the complete genomic sequences of both isolates by
plotting sequence identity in a sliding window of 100 nt (Fig.
1). Sequences upstream of the Sabin 1 interval (nt 1 to 3270)
were very similar to one another (98.8% nucleotide identity
overall; 99.2% in the 5�-UTR and 98.7% in the non-Sabin 1
capsid interval) (Table 2). The capsid proteins of isolates He-
bei/91-2 and Henan/91-3 differed at only 3 of 842 amino acid
positions (VP2:I165N, VP3:Q071R, and VP1:T121A). By con-
trast, the halves of the genome downstream from the Sabin 1
interval (nt 3638 to 7441) for Hebei/91-2 and Henan/91-3 were
markedly dissimilar (84.3% nucleotide identity) (Fig. 1; Table
2). Despite the extensive nucleotide sequence divergence in
the noncapsid region, the encoded amino acid sequences were
highly conserved (98.2% amino acid identity) (Table 2). Of the

FIG. 1. Nucleotide similarity plots comparing the complete genomic sequences of an early poliovirus type 1 wild-vaccine recombinant isolate
Hebei/91-2 (recombinant class R91-1) with those of a closely related type 1 wild isolate Henan/91-3 (genotype JX89) (top graph) and with those
of the Sabin type 1 OPV strain (bottom graph). The plots are aligned with a schematic of the organization of the poliovirus genome (top); the single
open reading frame is flanked by the 5�- and 3�-UTRs.
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22 total amino acid differences in the noncapsid protein inter-
val not of Sabin 1 origin, 6 mapped to 2A, 4 clustered near the
amino terminus of 3Dpol, and the remainder were scattered in
2B, 2C, 3A, 3BVPg, and 3Cpro. The complete genomic se-
quences of two other type 1 wild poliovirus isolates of genotype
JX89 from central and southeastern China (from the provinces
of Hubei in 1990 and Fujian in 1991) were very similar to those
of Henan/91-3 (Liu et al., Abstr. 20th Annu. Meet. Am. Soc.
Virol.), indicating that the 5�-UTR and capsid sequences of the
wild-vaccine recombinant Hebei/91-2 were derived from a rep-
resentative of a major indigenous type 1 wild poliovirus geno-
type (47).

Phylogenetic analysis of the nucleotide sequences from wild-
vaccine recombinants in six genomic intervals. A total of 34
wild-vaccine recombinant viruses (genotype R91) isolated
from polio patients in China from 1991 to 1993 were analyzed.
In addition to the previous analysis of VP1 and 2A genes (23),
sequence comparisons of these 34 isolates were extended to
include part of the conserved sequences (nt 186 to 639) and all
of the hypervariable sequences (nt 640 to 742) in the 5�-UTR,
an interval encoding VP4 and part of VP2 (nt 743 to 1176), and
an interval encoding part of 3D (nt 6011 to 6544). Phylogenetic
trees were constructed from the sequences in these six genomic
intervals with the maximum-likelihood algorithm (8) (Fig. 2).
Isolates were assigned to lineages (A1 to G2) based on the
sequence relationships previously described for the VP1 and
2A genes (23). Apart from that for the 3D region tree (Fig.
2F), the branch topologies of the five other trees are similar
(Fig. 2A to E), and the lineage assignments are consistent with
the VP1 and 2A relationships. Among the five trees with sim-
ilar topologies, which are compared on the same scale, it is
evident that genetic distances are generally substantially
greater in the 5�-UTR hypervariable region (Fig. 2B) than in
the other genomic intervals but that the tree topology is still
conserved. The most likely explanation for this pattern is that
the rate of nucleotide substitution in the hypervariable region
is severalfold higher than those for the other intervals (see
below). By contrast, genetic distances are shortest in the 5�-
UTR conserved region, and the topology of the tree (Fig. 2A)
is not fully congruent with those of the trees of the hypervari-
able and coding region sequences. The short branch lengths
are a consequence of the relatively low evolution rate in this
region, probably due to functional constraints, and the lack of
comparable tree topologies is likely due to the small number of
substitutions supporting the specific clustering, which is rein-

forced by low bootstrap values for many of the branches in this
tree (data not shown). Trees comparing combined conserved
and hypervariable sequences within the 5�-UTR (nt 186 to 742)
have topologies very similar to those of coding region trees B
to E (data not shown).

The lack of congruence of the 3D tree topology (Fig. 2F)
with those of the other trees (Fig. 2A to E) has a different
explanation. The topology and branch lengths of the 3D tree
for most (25 of 34) of the isolates are similar to those for the
other intervals. Nine 3D gene sequences, however, are much
more divergent from the main group, as indicated by the long
branches separating their sequences from the others. This dis-
continuity in 3D gene sequence relationships is most likely the
result of recombination. A total of five distinct classes of 3D
gene sequences were observed (defined as R91-1, R91-2,
R91-3, R91-4, and R91-5; Fig. 2; Table 1).

Location of recombination sites in the five recombinant
classes. Complete genomic sequences were determined for a
representative isolate of each inferred recombinant class (He-
bei/91-2 [R91-1], Yunnan/92 [R91-2], Guangdong/92-2 [R91-
3], Hainan/93-2 [R91-4], and Fujian/93-8 [R91-5]) (Fig. 3 and
4). Similarity plots of the complete genome sequences of these
five isolates identified the approximate locations of the sites of
recombination between the parental and recombinant viruses
(Fig. 3A). Relative to the root genomic sequence (R91-1),
recombination sites mapped to the 2B (R91-2), 2C (R91-3 and
R91-4), and 3D (R91-5) genes (Fig. 3A). The upstream recom-
bination sites for isolates Guangdong/92-2 (R91-3) and
Hainan/93-2 (R91-4) mapped to similar locations within the 2C
gene, but the sequences downstream from that site were quite
dissimilar (84.8% nucleotide sequence identity; nt 4873 to
7441), indicating that they were derived from different donor
viruses (Fig. 3A).

Alignment of sequences in the vicinity of the recombination
sites facilitated localization of the likely sites of genetic ex-
change (Fig. 3B). The precise locations of the sites could not
be determined unambiguously because the isolates available
for comparison had also accumulated point nucleotide substi-
tutions within those intervals. To better define the boundaries
of the transitions, we aligned sequences of the most closely
related pairs of isolates (on the basis of the trees in Fig. 2A to
E) from AFP cases that occurred before and after the recom-
bination event (data not shown). We identified the right
(downstream) boundaries of the recombination sites at the
positions of transition from high to low nucleotide sequence

TABLE 2. Nucleotide and amino acid sequence identity upstream and downstream of the predicted recombination sites in the complete
genome sequences, comparing parent and its recombinant progeny for different groups of wild-vaccine recombinant poliovirus R91

Parent group (isolate)/progeny group (isolate) Recombination site(s)
% Identity (5�/3�)

Nucleotide Amino acid

JX89 (Henan/91-3)/R91-1 (Hebei/91-2)a 3263–3270 (VP1) and 3638–3639 (2A) 98.8/84.3 99.6/98.2
R91-1 (Hebei/91-2)/R91-2 (Yunnan/92) Before 4009 (2B)b 97.7/84.1 99.5/98.1
R91-1 (Hebei/91-2)/R91-3 (Guangdong/92-2) Before 4843 (2C)b 97.9/85.8 99.5/98.0
R91-1 (Hebei/91-2)/R91-4 (Hainan/93-2) Before 4843 (2C)b 97.0/85.1 99.4/97.9
R91-3 (Guangdong/92-2)/R91-4 (Hainan/93-2) Before 4873 (2C)b 97.8/84.8 99.5/97.6
R91-1 (Hebei/91-2)/R91-5 (Fujian/93-8) Before 6379 (3D)b 96.9/87.5 99.2/99.4

a Because there is a Sabin 1 sequence interval in VP-2A junction region in wild-vaccine recombinant poliovirus, only the non-Sabin 1 sequences in R91-1 were
compared with those of the wild parent.

b Only the right boundary of the recombination site was identified.
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identity relative to the Hebei/91-2 or corresponding parental
sequences (Table 2). The left (upstream) boundaries of the
recombination sites were indeterminate because the parental
sequences are not available for comparison. The predicted
locations of the recombination sites relative to Hebei/91-2
were (i) before nt 4009 in Yunnan/92 (R91-2), (ii) before nt
4843 in Guangdong/92-2 (R91-3) and Hainan/93-2 (R91-4),
and (iii) before nt 6379 in Fujian/93-8 (R91-5) (Fig. 3B and 4).
Alignment of the Guangdong/92-2 and Hainan/93-2 sequences
suggested that two successive recombination events had oc-
curred in the 2C gene region. The earlier upstream crossover
(before nt 4843) generated the R91-3 class of recombinants,
represented by six isolates (Table 1; Fig. 2), and a subsequent
nearby downstream crossover (before nt 4873) generated the
R91-4 class of recombinant (represented by Hainan/93-2).

The recombination site in Fujian/93-8 (R91-5) occurred
within the 534-nt interval used to compare 3D gene sequences.
Only the downstream 166 nt of the Fujian/93-8 sequences
within this interval are recombinant (relative to the R91-1
sequences), which explains the intermediate position of the

Fujian/93-8 sequence in the tree of partial 3D gene sequences
(Fig. 2F).

Noncapsid nucleotide sequences downstream of each re-
combination site were divergent across recombinant classes
(Fig. 3C and 4; Table 2). Despite the diversity of the recom-
binant nucleotide sequences, the encoded amino acid se-
quences were very similar (97.6 to 99.4% amino acid identity).
The nonrecombinant amino acid sequences (i.e., those derived
from the parental root sequence, represented by Hebei/91-2)
were generally even more closely related to each other (99.2 to
99.5% amino acid identity), reflecting their close evolutionary
relationship.

The 3�-UTR sequences (nt 7370 to 7441) were nearly iden-
tical across all recombinant classes, as the maximum number of
differences among the five representative isolates was only two
base substitutions (97.2% nucleotide sequence identity).

Source of newly incorporated noncapsid region sequences.
To identify the source of the recombinant noncapsid region
sequences, we sequenced the partial 3D gene regions (nt 6011
to 6054) of 53 isolates representing type 1 wild polioviruses

FIG. 2. Maximum-likelihood trees of 34 wild-vaccine recombinant poliovirus isolates from China, constructed from nucleotide sequences of six
genomic intervals. (A) 5�-UTR conserved region (nt 186 to 639); (B) 5�-UTR hypervariable region (nt 640 to 742); (C) complete VP4 and partial
VP2 gene interval (nt 743 to 1176); (D) complete VP1 gene (nt 2480 to 3385); (E) complete 2A gene (nt 3386 to 3832); F, partial 3D gene sequence
interval (nt 6011 to 6544). Each tree was rooted to the sequence of Hebei/91-2. Brackets, lineages (A to G) and sublineages (e.g., C1 and C2),
labeled as previously described for the VP1 and 2A gene regions (23). Isolates representing each class of new recombinant 3D gene sequences are
identified by symbols (R91-2, solid square; R91-3, solid circle; R91-4, open triangle; R91-5, solid triangle).

10998 LIU ET AL. J. VIROL.



FIG. 3. Mapping of recombination junction regions in representatives of each of the five R91 3D gene recombinant classes. (A) Nucleotide
similarity plots comparing the complete genomic sequences of poliovirus type 1 wild-vaccine isolates representing each recombinant class: R91-1,
Hebei/91-2; R91-2, Yunnan/92; R91-3, Guangdong/92-2; R91-4, Hainan/93-2; R91-5, Fujian/93-8. The similarity plots are aligned with a schematic
of the poliovirus genome. The four intervals below the schematic (a, nt 1 to 4008; b, nt 4009 to 4842; c, nt 4843 to 6378; d, nt 6379 to 7441)
correspond to genomic intervals bounded by recombination sites. The reference sequence in four plots is the early recombinant isolate Hebei/91-2,
and the location of the crossover site in the sequence of the later recombinant isolate is in parentheses. Sequences of the closely related cluster
C2 isolates Guangdong/92-2 and Hainan/93-2 were also directly compared. (B) Nucleotide sequence alignments of the sequences surrounding the
predicted recombination sites in the nonstructural protein genes of wild-vaccine recombinant polioviruses. Newly incorporated nucleotide
sequences derived from unknown sources are shaded and define the right (downstream) boundaries of crossover sites. Darker shade indicates
nucleotide sequence derived from consecutive recombination in the 2C gene in group R91-4. (C) Unrooted maximum-likelihood trees summarizing
sequence relationships across four genomic intervals bounded by recombination sites. The interval between the two recombination sites in the 2C
gene was not included because it is too short for meaningful phylogenetic analysis. The input Ts/Tv ratios were estimated from program
TREE-PUZZLE, version 5.0, to be 7.50, 3.40, 3.30, and 2.70 for the four intervals. The trees are plotted to the same scale, indicated by the scale
bar at lower left.
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found in China from 1977 to 1994. No close matches to any of
the recombinant 3D gene sequences were found (range: 78.1 to
90.6% nucleotide sequence identity) (data not shown). Be-
cause the number of distinct 3D gene sequences found to be
associated with type 1 wild poliovirus isolates far exceeded the
number of distinct type 1 wild poliovirus genotypes found in
China (47) (H.-M. Liu, unpublished results), we reasoned that
nonpolio enteroviruses (NPEVs) might be the source of the
recombinant noncapsid sequences. We constructed a phyloge-
netic tree of the complete 3D gene sequences from a repre-
sentative of each of the five wild-vaccine recombinant classes,
a nonrecombinant type 1 wild poliovirus from China (Henan/
91-3), the three reference OPV strains (Sabin 1 [28], Sabin 2
[42], and Sabin 3 [39, 42]), and 26 reference NPEVs (Fig. 5).
The 3D gene sequences of the Chinese isolates clustered with
those of the Sabin vaccine strains and members of human
enterovirus (HEV) species C and were much more distantly
related to the 3D gene sequences of viruses representing HEV
species A, B, and D (Fig. 5). Phylogenetic analysis of the amino
acid sequences encoded by these 3D gene sequences yielded a
similar phylogenetic tree (data not shown). All five classes of
3D gene sequences of R91 viruses clustered most closely with
each other and with those of Henan/91-3. It is likely that the
donors of these new sequences are from other wild poliovi-
ruses or species C NPEVs circulating in China in 1991 to 1993.

Patterns of nucleotide variation within different genomic
regions. The patterns of nucleotide variation underlying the
topologies of trees A to F (Fig. 2) were analyzed in more detail.
All coding region and 3�-UTR sequences were colinear, sug-
gesting that all genetic differences were base substitutions and
that recombination did not alter the total number of noncapsid
region codons. By contrast, variation in the 5�-UTR involved
both substitution and insertion-deletion of bases.

(i) 5�-UTR. Variation within the conserved 5�-UTR interval
(nt 186 to 639) was primarily by fixation of point mutations. All
34 wild-vaccine recombinant isolates had �95.8% sequence
identity in this interval, and the Ts/Tv ratio was estimated to be

�5.8. Nucleotide substitutions occurred at only 64 different
positions distributed across the 454-nt interval, and all were
outside of the domains known to be invariant (data not
shown). Three isolates (Shanxi/91 and Nei Mongol/91-2 [lin-
eage F1] and Nei Mongol/91-1 [lineage E]) had a 1-nt deletion

FIG. 4. Approximate location of crossover sites of the five different classes of wild-vaccine recombinant polioviruses found in China from 1991
to 1993. Black bars, sequences derived from the indigenous type 1 wild poliovirus genotype JX89; white bars, Sabin 1-derived sequences; other
patterns, sequences derived from enteroviruses other than the Sabin OPV strains. The bars symbolize the derivation of sequences of the wild
parent, Henan/91-3 (genotype JX89), and representatives of each of the five 3D recombinant classes: R91-1, Hebei/91-2; R91-2, Yunnan/92; R91-3,
Guangdong/92-2; R91-4, Hainan/93-2; R91-5, Fujian/93-8.

FIG. 5. Unrooted maximum-likelihood tree summarizing complete
3D gene sequence relationships among poliovirus and NPEV isolates
and reference strains. In addition to the 3D gene sequences of the
nonrecombinant JX89 isolate Henan/91-2 and of representative iso-
lates of wild-vaccine recombinant classes R91-1 to R91-5 determined
in this study, 3D gene sequences of the following reference strains were
obtained from GenBank (accession numbers in parentheses): coxsack-
ievirus A1 (CAV1; AF499635), CAV9 (D00627), CAV11 (AF499636),
CAV13 (AF499637), CAV15 (AF499638), CAV16 (NC001612),
CAV17 (AF499639), CAV18 (AF499640), CAV19 (AF499641),
CAV20 (AF499642), CAV21 (D00538), CAV22 (AF499643), CAV24
(D90457), CBV1 (M16560), CBV2 (AF085363), CBV3 (M88483),
CBV4 (X05690), CBV5 (X67706), CBV6 (AF105342), echovirus 5
(ECV5; AF083069), ECV9 (X92886), ECV11 (X80059), ECV12
(X79047), enterovirus 70 (EV70; D00820), EV71 (U22521), EV71
(China strain SHZH98; AF302996), Sabin 1 (Sab 1; J02285), Sab 2
(X00595), and Sab 3 (X00596).
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(U) in the U-rich loop (box A) of domain VI in the conserved
part of the 5�-UTR (nt 569 to 572), relative to the other
isolates (33, 40). Base substitutions occurred in both the pre-
dicted loop and stem regions, and compensating mutations to
maintain base pairing were generally not found when substi-
tutions occurred in stem structures.

The much greater variation within the hypervariable interval
of the 5�-UTR (nt 640 to 742) also occurred primarily by
fixation of point mutations. Nucleotide sequence identities
within this interval were as low as 73.1% among the 34 isolates.
Nucleotide substitutions occurred at 55 of 104 positions
(52.9%), and the Ts/Tv ratio was estimated to be �4.3. Two
closely related lineage G1 isolates (Fujian/91-1 and Fujian/
91-2) had the same 16-nt deletion (nt 718 to 734), located 8 nt
upstream of the initiation codon. All recombinant isolates de-
scribed here (except Fujian/91-1 and Fujian/91-2) had the 1-nt
insertion (U) between positions 728 and 729 in the hypervari-
able 5�-UTR interval found in the indigenous wild poliovirus
isolate Henan/91-3 (and three other closely related JX89 iso-
lates), which distinguished these viruses from most of the other
type 1 polioviruses circulating in China from 1977 to 1994 (47;
Liu et al., Abstr. 20th Annu. Meet. Am. Soc. Virol.).

(ii) Capsid region. Capsid region sequences of all 34 isolates
were very similar. Nucleotide sequence identities were �94.8%
in the VP4-VP2 gene interval (nt 743 to 1176) and �93.5% in
the VP1 gene (nt 2480 to 3385) (23). The large majority of the
observed substitutions generated synonymous codons. The es-
timated Ts/Tv ratios for the capsid region (�12.8 for the VP4-
VP2 gene interval; �8.1 for the VP1 gene) were about twofold
higher than those for the 5�-UTR. There is no evidence to infer
recombination between the two sequenced portions of the
capsid (nt 1177 to 2479), as indicated by the congruent trees for
the VP4-VP2 and VP1 gene intervals in all isolates. Nucleotide
sequence identities within the VP2-VP3 gene interval were
high (�95.8%) among the five representative isolates that were
completely sequenced (Fig. 3A).

(iii) Noncapsid region. As expected from previous findings
(23, 42), noncapsid amino acid sequences were well conserved
within and across recombinant classes (Tables 2 and 3). Within
the R91-1 class, partial 3D gene (nt 6011 to 6544) nucleotide
identities ranged from 94.4 to 100%, and the corresponding
amino acid identities ranged from 94.9 to 100% (Table 3). The
six class R91-3 isolates were also very similar to one another in
the partial 3D gene interval (�95.3% nucleotide sequence
identity, �97.2% amino acid sequence identity). Across re-

combinant classes, partial 3D gene nucleotide identity ranged
from 77.7 to 85.5%, but the corresponding amino acid identi-
ties remained high, varying from 93.8 to 99.4% (Table 3). The
number of variable amino acid residues in the noncapsid pro-
teins appears to have been strongly restricted, and saturation
of variable sites had already begun within the R91-1 class
during the �2.5 years of circulation (23).

(iv) Rates of nucleotide substitution. We had previously
estimated the rate of fixation of synonymous substitutions in
the VP1 and 2A genes of the wild-vaccine recombinants to be
(3.45 � 0.57) � 10�2 and (4.40 � 0.70) � 10�2 synonymous
substitutions per synonymous site per year, respectively (23).
Different regions of the genome, however, evolved at different
rates, as indicated by the variation in the mean branch lengths
of nonrecombinant sequences in trees A to F (Fig. 2). Branch
lengths in the coding region trees C (VP4-VP2 gene; average
genetic distance, 0.028 nucleotide substitutions per site), D
(VP1 gene; average genetic distance, 0.031), E (2A gene; av-
erage genetic distance, 0.028), and F (partial 3D gene; average
genetic distance, 0.031; excluding branches representing the
additional recombinant 3D gene sequences) were very similar,
suggesting similar rates of base substitution for these different
coding region intervals. Compared with the coding region
trees, the mean branch lengths were shorter for tree A (5�-
UTR conserved region; average genetic distance, 0.018) and
much longer for tree B (5�-UTR hypervariable region; average
genetic distance, 0.088) (Fig. 2). When evolution rates were
estimated by linear regression, the rate of fixation of synony-
mous substitutions in the VP4-VP2 gene and partial 3D gene
sequences were (4.23 � 0.82) � 10�2 and (4.68 � 1.32) � 10�2

synonymous substitutions per synonymous site per year, re-
spectively (Table 4). When the evolution rates were expressed
as variation in both synonymous and nonsynonymous sites, the
four coding region intervals evolved at similar rates, ranging
from (1.28 � 0.21) � 10�2 to (1.84 � 0.47) � 10�2 substitu-
tions per site per year. By contrast, the evolution rate at all
sites for the conserved 5�-UTR interval was (0.87 � 0.27) �
10�2 substitutions per site per year, about 60% of the mean
rate observed for the coding region intervals, whereas the
evolution rate at all sites for the hypervariable 5�-UTR interval
was a very high (3.86 � 1.03) � 10�2 substitutions per site per
year, over 2.5 times higher than the mean rate observed for the
coding region intervals (Table 4). Although the evolution rate
values are consistent with the genetic distances illustrated by
trees A to F, the precision of the estimates is limited by the

TABLE 3. Pairwise comparison of nucleotide and amino acid sequence identities of the partial 3D gene among the five 3D sequence classes
of wild-vaccine recombinant poliovirus isolates

Recombinant
class

% Nucleotide sequence identity (amino acid sequence identity)

R91-1 R91-2a R91-3 R91-4a R91-5a,b

R91-1 94.4–100 (94.9–100) 81.3–83.5 (96.1–98.3) 77.9–81.3 (93.8–97.8) 79.4–81.5 (94.4–96.6) 81.3–85.5 (96.4–98.2)
R91-2 79.6–81.1 (96.6–98.3) 80.2 (97.2) 81.9 (98.2)
R91-3 95.3–98.9 (97.2–99.4) 81.1–83.0 (97.8–99.4) 77.7–78.3 (94.6–96.4)
R91-4 80.1 (96.4)
R91-5

a Recombinant class R91-2 is represented by the single isolate Yunnan/92, R91-4 is represented by the single isolate Hainan/93-2, and R91-5 is represented by the
single isolate Fujian/93-8.

b Because the recombination site in R91-5 is within the 3D interval sequencing window, only the 3� 166 nt of this 3D interval were compared with those of other
poliovirus R91 classes.
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small number of isolates (n � 21) for which the dates of onset
or sample collection were known and by the short time (�2.5
years) for observing the evolution of the recombinant lineages.

Approximate times of occurrence of subsequent recombina-
tion events. We had previously estimated that the recombina-
tion event generating the first wild-vaccine recombinants (class
R91-1) occurred in early 1991 (23). The approximate dates of
the subsequent recombination events generating the four ad-
ditional recombinant classes, R91-2 to R91-5, were estimated
from the branch topology of trees A to E (Fig. 2) and the
available epidemiologic record (Table 1). By this approach, we
estimate the dates of the recombination events leading to the
different recombinant classes to be between mid-1991 and the
end of 1992 for R91-2 and R91-3, from the beginning of 1992
to the end of 1993 for R91-4, and in 1993 for R94-5. We are
unable to estimate the dates more precisely because the num-
ber of isolates available for sequence analysis was small and the
specific dates of onset or specimen collection for many isolates
were unavailable (Table 1).

DISCUSSION

The appearance and spread of a type 1 wild-vaccine polio-
virus recombinant in China provided a unique opportunity to
investigate the nature of poliovirus recombination during wide-
spread circulation in human populations (23). We had previ-
ously estimated that recombination between Sabin 1 and an
indigenous wild-type 1 poliovirus from China occurred in early
1991, consistent with the findings that the earliest wild-vaccine
recombinants (from April 1991) had no nucleotide substitu-
tions in the rapidly evolving 367-nt block of sequences derived
from Sabin 1 (23). From this single recombination event, at
least four additional progeny lineages with differing noncapsid
sequences emerged during the subsequent 2 to 3 years of
transmission within China.

Our studies of natural recombination in poliovirus were fa-
cilitated by several factors. First, because type 1 poliovirus
circulated widely in China in the early 1990s, the number of
potential mixed poliovirus-NPEV infections was probably very
large. A portion of these mixed poliovirus infections would
have been with NPEVs of species C, some of which can ap-
parently exchange noncapsid sequences with polioviruses (2).
Moreover, enterovirus carriage rates were probably high in
most of the provinces where the recombinants were found
(total population, 450 million) because high population densi-
ties favor person-to-person contact and the prevailing tropical-
to-subtropical conditions favor efficient enterovirus transmis-

sion during much of the year (23, 27). Second, because
sensitive poliovirus surveillance had been implemented in
China in support of polio eradication, numerous poliovirus
clinical isolates were available for analysis (44). Third, because
all recombinants described here were derived from a discrete
1991 recombination event (23), it was possible to estimate the
timing of subsequent genetic exchanges leading to newly emer-
gent recombinant lineages. Fourth, because the 367-nt block of
sequence derived from Sabin 1 was conserved in subsequent
recombinant genomes, all R91 isolates could be readily iden-
tified by the presence of this stable natural genetic marker (23).

Our studies, however, were also limited by several factors,
the most important of which was the unavailability of poliovi-
rus isolates from several populous provinces where the disease
was endemic (Fig. 6). AFP surveillance was not established in
all provinces of China until 1993, and there were numerous
gaps in the national polio surveillance system in the preceding
years (46). Consequently, many circulating polioviruses, in-
cluding type 1 wild-vaccine recombinants, were probably
missed in China during 1991 and 1992. Moreover, only single
recombinant isolates were available from the large provinces of
Sichuan (population, �110 million) and Yunnan (population,
�40 million) and from the smaller province of Qinghai (pop-
ulation, �4.5 million). The genetic distances on trees A to E
between the sequences of these single isolates and those of the
most closely related isolates from other provinces were rela-
tively large, suggesting the existence of gaps in surveillance for
polioviruses of recombinant lineages A2, F2, and F3. Accord-
ingly, other recombinant lineages that are not represented in
our study may have emerged. Although a more comprehensive
collection of isolates may have yielded new classes of R91
recombinants, it may also have revealed the existence of addi-
tional R91 lineages within which no new recombinants
emerged, and as a result the observed frequency of emergence
of recombinants might be essentially unchanged. We were
unable to monitor the evolution of the R91 recombinants after
1993 because their spread occurred during a time of sharply
declining polio incidence in China in response to rapidly rising
rates of polio immunization, leading to the eradication of all
indigenous poliovirus lineages by early 1994 (44). The spread
of the R91 lineages was probably also limited by competition
with cocirculating nonrecombinant type 1 lineages during these
last years of polio endemicity in China (20, 47). Recombinants
could also have been missed due to upstream crossovers that
would obscure all evidence of crossovers downstream, poten-
tially leading to an underestimate of the total number of re-
combination events.

TABLE 4. Evolution rate of type 1 wild-vaccine recombinant poliovirus in different genomic intervals

Genomic interval
Evolution rate (substitutions/nt/yr) at:

All sites (R2)a Synonymous sites (R2)

5�-UTR conserved region (0.87 � 0.26) � 10�2 (0.71)
5�-UTR hypervariable region (3.86 � 1.00) � 10�2 (0.79)
VP4–VP2 (1.33 � 0.28) � 10�2 (0.83) (4.23 � 0.80) � 10�2 (0.86)
VP1 (1.28 � 0.21) � 10�2 (0.89) (3.45 � 0.57) � 10�2 (0.89)
2A (1.57 � 0.27) � 10�2 (0.88) (4.40 � 0.70) � 10�2 (0.90)
3D (1.84 � 0.46) � 10�2 (0.79) (4.68 � 1.29) � 10�2 (0.75)

a R2, linear correlation coefficient.
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In view of the likely wide distribution of both wild-type 1
poliovirus and species C NPEVs in China from 1991 to 1993, it
may seem surprising that only five R91 recombinant classes
were observed and that most of the later R91 recombinants
showed no evidence of additional genetic exchange. Although
the conditions permitting emergence of poliovirus recombi-
nants are unknown, random events appear to be significant
contributors to the frequency of their emergence. The epide-
miologic record revealed no evident differences among the
recombinant lineages in their capacities to circulate and cause
paralytic disease. Major differences in replicative capacity
across recombinant lineages would predict that some lineages
would rapidly displace others. What is observed instead is a
pattern of cocirculation of different recombinant lineages
within the same province. Only limited conclusions, however,
can be drawn from the epidemiologic data, and systematic
studies of the replicative fitness of different recombinants un-
der natural conditions are not feasible. While recombination is
unlikely to promote a net increase in poliovirus replicative

fitness under natural conditions, it is possible that it could
offset the effects of accumulation of deleterious mutations aris-
ing in some lineages (7, 26). Recombination appears to be a
normal part of the evolution of circulating polioviruses (5, 15;
Liu et al., Abstr. 20th Annu. Meet. Am. Soc. Virol.), and the
likelihood of its occurrence along any chain of transmission
increases with time (3, 5, 15, 23; Liu et al., Abstr. 20th Annu.
Meet. Am. Soc. Virol.).

Unlike the initial R91 crossover event, which spanned the
capsid-noncapsid junction (23), all of the subsequent cross-
overs occurred in the P2 and P3 noncapsid regions. Natural
intertypic genetic exchange within the capsid region appears to
be rare (1, 10, 25), probably because structural incompatibili-
ties restrict the fitness of most intertypic recombinants. By
contrast, recombination within the noncapsid region appears
to be relatively common (3, 5, 6, 9, 12, 15, 18, 21, 22, 25, 36, 41).
The high degree of similarity in noncapsid amino acid se-
quences among polioviruses and many species C NPEVs may
favor intertypic recombination across homologous regions (2).

FIG. 6. Geographic distribution of the 34 type 1 wild-vaccine poliovirus recombinant isolates that evolved to five different recombinant classes
in China from 1991 to 1993. Province abbreviations: AN, Anhui; FJ, Fujian; GD, Guangdong; GS, Gansu; GX, Guangxi; GZ, Guizhou; HA,
Hainan; HB, Hebei; HE, Henan; HL, Heilongjiang; HN, Hunan; HU, Hubei; JL, Jilin; JS, Jiangsu; JX, Jiangxi; LN, Liaoning; NM, Nei Mongol;
NX, Ningxia; QH, Qinghai; SA, Shaanxi; SC, Sichuan; SD, Shandong; SX, Shanxi; XJ, Xinjiang; XZ, Xizang (Tibet); YN, Yunnan; ZJ, Zhejiang.
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Recombination within the conserved interval of the 5�-UTR
has also been observed (45) but is less frequent, possibly be-
cause crossovers are less likely to occur over the shorter
(�640-nt) conserved 5�-UTR interval than over the approxi-
mately sixfold-longer (3,984-nt) noncapsid sequence interval,
as would be predicted if the poliovirus recombination map (4)
is proportional to the physical map (43).

We cannot identify which serotypes of HEV species C were
the donors of the recombinant noncapsid sequences. Because
of dynamic recombination in the noncapsid region, both for
polioviruses and for species C NPEVs (2), the linkage between
specific capsid and noncapsid lineages is transient. Thus, the
patterns of poliovirus (23, 35, 38) and NPEV (29–31) circula-
tion can be monitored unambiguously from comparisons of
VP1 or other capsid sequences but not from comparisons of
noncapsid sequences.

In addition to finding frequent recombination in the non-
capsid region, we also found sharp differences in the rates of
nucleotide substitution in different functional domains of the
poliovirus genome. Substitution rates in the various coding
region intervals sampled were similar. The conserved se-
quences in the 5�-UTR evolve more slowly than the coding
region sequences. By contrast, the last 100 nt in the 5�-UTR
are not only highly variable (34, 42) but also very rapidly
evolving. The estimated rate of substitution for this interval is
among the highest observed for any genetic sequence. Unlike
the conserved 5�-UTR, where the primary sequence (34, 42)
and secondary structure are both well conserved (33), or the
coding region, whose encoded amino acid sequences are con-
served, evolution of the hypervariable 5�-UTR is much less
constrained, and both nucleotide substitutions and insertions-
deletions appear to be common. Although this interval is dis-
pensable for growth in cell culture (19), its retention in clinical
isolates suggests that it contributes in some way to poliovirus
replication in humans.

The pattern of natural poliovirus recombination described in
this report is relatively simple and amenable to analysis. All
recombinants were derived from a common 1991 recombina-
tion event, and all subsequent exchanges occurred indepen-
dently along different evolutionary pathways or serially along a
single evolutionary pathway. The characteristic block of Sabin
1-derived sequences was present in all isolates, as all observed
subsequent crossovers occurred downstream from that block.
Consequently, most, if not all, of the recent genetic record of
the exchanges was preserved. A much more complex pattern of
recombination in the noncapsid region is observed among
other type 1 wild polioviruses previously indigenous to China
(Liu et al., Abstr. 20th Annu. Meet. Am. Soc. Virol.). Taken
together, our observations demonstrate that recombination be-
tween polioviruses and species C NPEVs is a normal feature of
poliovirus evolution in nature.

ACKNOWLEDGMENTS

We thank the virologists from the National Polio Laboratory Net-
work of China for sharing their isolates with us, Jaume Jorba for
helpful discussions on phylogenetic and statistical analyses, and Larry
Anderson for review of the manuscript. The technical advice of Kaija
Maher and Betty Brown (CDC) and the excellent technical assistance
of Hong Zheng (Chinese CDC) and Naomi Dybdahl-Sissoko, Mary R.
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