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The trivalent oral poliomyelitis vaccine (OPV) contains three different poliovirus serotypes. It use therefore
creates particularly favorable conditions for mixed infection of gut cells, and indeed intertypic vaccine-derived
recombinants (VdRec) have been frequently found in patients with vaccine-associated paralytic poliomyelitis.
Nevertheless, there have not been extensive searches for VdRec in healthy vaccinees following immunization
with OPV. To determine the incidence of VdRec and their excretion kinetics in primary vaccinees, and to
establish the general genomic features of the corresponding recombinant genomes, we characterized poliovirus
isolates excreted by vaccinees following primary immunization with OPV. Isolates were collected from 67
children 2 to 60 days following vaccination. Recombinant strains were identified by multiple restriction
fragment length polymorphism assays. The localization of junction sites in recombinant genomes was also
determined. VdRec excreted by vaccinees were first detected 2 to 4 days after vaccination. The highest rate of
recombinants was on day 14. The frequency of VdRec depends strongly on the serotype of the analyzed isolates
(2, 53, and 79% of recombinant strains in the last-excreted type 1, 2, and 3 isolates, respectively). Particular
associations of genomic segments were preferred in the recombinant genomes, and recombination junctions
were found in the genomic region encoding the nonstructural proteins. Recombination junctions generally
clustered in particular subgenomic regions that were dependent on the serotype of the isolate and/or on the
associations of genomic segments in recombinants. Thus, VdRec are frequently excreted by vaccinees, and the
poliovirus replication machinery requirements or selection factors appear to act in vivo to shape the features

of the recombinant genomes.

Genomic rearrangement by recombination during viral rep-
lication is a common mechanism of genetic variability and
evolution of many RNA viruses (see references 1, 32, 41 and 54
for reviews). The first genetic evidence for recombination of
RNA viruses was obtained with poliovirus (PV), the causative
agent of poliomyelitis (22, 33, 48). Biochemical evidence of
intermolecular recombination was reported subsequently from
studies of PV and foot-and-mouth disease virus, another virus
of the Picomaviridae family (27, 28, 46). Members of this fam-
ily, and in particular PV, are still suitable models for studying
genetic exchange between RNA viral genomes (2).

PV is a nonenveloped virus composed of an icosahedral
capsid made of 60 copies of four proteins (VP1 to VP4) sur-
rounding the single-stranded messenger-sense genomic RNA.
This genomic RNA is polyadenylated at the 3’ terminus and
covalently attached to a genome-linked protein (VPg) at the 5’
terminus. Two noncoding regions flank the single large open
reading frame, which is translated in the cytoplasm of infected
cells by a cap-independent mechanism. The resulting single
polyprotein is subsequently cleaved to yield the structural and
the nonstructural proteins including the RNA-dependent
RNA polymerase (3DP?"). The 5’ and 3’ noncoding (5'NC and
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3’NC) regions are involved in viral replication and translation
(reviewed in references 5, 6 and 52).

PV replicates in the human digestive tract and can induce
paralysis by infecting and destroying motor neurons. Attenu-
ated strains of all three serotypes have been selected by nu-
merous passages of wild-type strains in monkey tissues in vivo
and in vitro (47). These strains (Sabin 1, 2, and 3), which
replicate in the human gut and induce a strong immunity
including a local intestinal immunity, have been used as an oral
poliomyelitis vaccine (OPV). Because OPV acts against the
fecal-oral transmission of PV strains in humans, it has been the
tool of choice for the eradication of poliomyelitis. However, in
rare cases (1 case per 2.5 to 0.2 million doses), OPV strains
have been implicated in vaccine-associated paralytic poliomy-
elitis (VAPP). Phenotypic changes due to the genetic variabil-
ity of the Sabin strains are probably one of the main causes of
VAPP (38). This variability leads to the spread in the environ-
ment and possible circulation of vaccine-derived pathogenic
strains. This could make the final steps of the eradication of the
PV species more difficult to achieve. A poliomyelitis outbreak
due to vaccine-derived PV strains was recently reported (9).

PV genomes with deletions in defective interfering particles,
and deletions and insertions in the genomes of PV pseudo-
revertants, have been described (31, 44). Additionally, in vitro
transduction of human rRNA by PV has also been described
(10). Nevertheless, PV genome rearrangement frequently takes
place through homologous RNA recombination involving ac-
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curate substitution of a similar genomic region without inser-
tion, deletion, or mismatch such that the genetic organization
is unchanged (1). It is generally accepted that RNA recom-
bination in PV occurs by a copy-choice mechanism in which
the viral RNA polymerase switches templates during nega-
tive-strand synthesis (29). However, other possible mecha-
nisms have recently been proposed. Premature termination
of transcription could generate RNA fragments of variable
lengths which could subsequently be aligned to and extended
on a different template (43). A nonreplicative RNA recombi-
nation model has also been proposed: recombining RNAs are
cleaved, and the exposed termini are cross-ligated (20).

Although PV recombination has been evidenced and studied
mostly in the laboratory, PV has been shown to recombine in
nature. The ability of Sabin PV strains in vaccinees to exchange
genetic material was first described by Kew and Nottay in 1984
(25). Since then, there have been extensive searches for similar
PV intertypic vaccine-derived recombinants (VdRec), mostly
in patients with VAPP. Such recombinants were found to ap-
pear very frequently (11, 13, 14, 18, 19, 34, 36). In some cases,
recombinants between Sabin and wild strains have also been
isolated from VAPP cases (13, 21, 45).

VdRec have also been reported in healthy vaccinees (7, 13,
36, 39). By introducing three different PV serotypes simulta-
neously, OPV creates particularly favorable conditions for
mixed infection of the gut cells. Nevertheless, there have been
no extensive searches for VdRec in vaccinees following immu-
nization with trivalent OPV. In particular, neither the inci-
dence of VdRec in primary vaccinees nor the general genomic
features of the corresponding recombinant genomes have been
established.

This report presents the characterization of the genomes of
PV Sabin isolates excreted by 67 vaccinees following primary
immunization with OPV during a mass campaign (23). Recom-
binant strains were identified by multiple restriction fragment
length polymorphism (RFLP) assays (3, 14, 21). The localiza-
tion of junction sites in recombinant genomes was also deter-
mined. VdRec appeared early after vaccination and were ex-
creted by many of vaccinees. We found that there were both
preferred associations of genomic segments and preferred re-
combination sites in the genomes. This indicates that mecha-
nistic or selective factors acting in vaccinees and possibly in
host cells determine the characteristics of VdRec genomes.

MATERIALS AND METHODS

Cells and viral reference strains. HEp-2c and Vero cells were grown in
monolayers in Dulbecco modified Eagle’s medium (DMEM) supplemented with
5% newborn calf serum.

The attenuated PV Sabin 1, 2, and 3, were obtained from the World Health
Organization master seeds [Behringwerke (SO+1)] for OPV preparation. The
second passage at 34°C in HEp-2c cells of the seed was used to prepare viral
stocks.

Study group and specimen collecting. The vaccine-derived PV isolates char-
acterized in this study were isolated from a group of 67 healthy 2- to 5-month-old
children and vaccinated with their first dose of OPV (10°, 10°, and 10°7 tissue
culture infective dose units of Sabin 1, 2, and 3 strains, respectively; Sclavo,
Siena, Italy). None of the children had received either OPV or inactivated
poliomyelitis vaccine prior to immunization. The vaccine was administered as
part of a mass campaign in spring 1993 in Bucharest, Romania (23).

Virus isolation, identification, and serotyping. The primary isolation of en-
teroviruses from stool specimens was performed on Vero cells using standard
procedures (53). Type-specific PV-neutralizing antisera produced at the Can-
tacuzino Institute were used for serotyping. Strains were isolated from mixtures

VACCINE-DERIVED POLIOVIRUS RECOMBINANTS 5741

of PV of different serotypes by neutralization tests with these sera. Viral stocks
were obtained after a second passage on Hep-2c cells at 34°C to increase viral
titers. RFLP assays were used for intratypic differentiation between wild-type
and vaccine-derived viruses (see below) (3).

In some cases, to separate mixtures of viruses of the same serotype but
different genotypes, viruses were plaque purified under agar overlay. Briefly,
infected Hep-2c cells in six-well plates were maintained under 0.9% agarose in
DMEM supplemented with 2% fetal calf serum and 50 mM MgCl,. After 72 h
of incubation at 34°C, cells were stained with neutral red, and then individual
plaques were picked and used to inoculate fresh cells.

Reverse transcription (RT) and PCR. These techniques were used for various
investigations: to confirm the presence of vaccine-derived viruses of a given
serotype with a serotype-specific PCR assay, to synthesize amplicons for RFLP
assays, and for sequencing.

Viral RNA was reverse transcribed directly from the cell-free supernatant of
infected cells. For the synthesis of cDNA, a mixture of 1 wl of supernatant, 0.5
pl of RNasin (40 U/pl; Promega) 10 pmol of antisense oligonucleotide primer,
and distilled water to a final volume of 14 pl was heated for 5 min at 80°C for
denaturation and for 5 min at 42°C for annealing. Six microliters of a mixture
containing 4 wl of 5X transcription buffer (Promega), 1 wl of deoxynucleoside
triphosphate at 10 mM each, and 1 U of avian myeloblastosis virus reverse
transcriptase (Promega) was added. RT was performed at 42°C for 30 min and
stopped by heat inactivation at 95°C for 5 min, and the sample was placed
immediately on ice. It was then mixed with 3 pl of 10X amplification buffer
(Eurobio or Promega), 10 pmol of sense primer (or 100 pmol of primer UG17),
1.25 U of Taq polymerase (Eurobio or Promega), and distilled water to a final
volume of 100 wl. The PCR was performed using 30 cycles of denaturation at
94°C for 1 min, annealing at 45°C (or at 50°C for RFLP-3D-3") for 2 min, and
extension at 70°C for 1 min; a final elongation step of 10 min at 70°C was also
used. Aliquots (10 wl) were run on 1.5% agarose gel in the presence of ethidium
bromide (0.5 pg/ml), and DNA amplicons were visualized under UV light.

Serotype- and strain-specific RT-PCR. The serotype of viral isolates was
confirmed by RT-PCR using strain serotype-specific oligonucleotide primers. A
PV universal antisense primer, UCI1, and specific sense primers T1GS5 (5'-AGG
TCAGATGCTTGAAAGCA-3") T2G2 (5'-TGCTCCGACAAAGCGTGCCA
G-3") and T3G3 (5'-GTGACATACAGACAGACTACAC-3") were used. These
primers allow the amplification of genomic fragments of 396, 117, and 596 bp
from the Sabin 1, 2, and 3 strains, respectively (Fig. 1A).

RFLP assays. RFLP assays involved the synthesis of genomic amplicons by
RT-PCR amplification, followed by the comparative analysis of amplicon restric-
tion profiles on agarose gel. These assays give strain-specific restriction profiles
and were used to analyze different distant regions of the genome. Oligonucleo-
tides and genomic regions analyzed by RFLP assays are shown in Fig. 1. Se-
quences of all of the oligonucleotides except UC22 (5'-TCAGTAAATTTCTT
CAACCA-3"), UC26 (5'-GGAGTCAACTGCTTGGAGCA-3"), and UC27 (5'-
AATGCAGGCCCGAGTGACTC-3") are given in reference 21. Amplicons (20
to 40 ul) were digested for 2 h with 10 U of restriction endonuclease at the
suitable temperature and in the appropriate buffer as indicated by the manufac-
turer. In most experiments, two or three different restriction endonucleases were
used for each amplicon. Digested PCR products were then analyzed by electro-
phoresis in 3 to 4% agarose gels at 5 V/cm for 2 h using Tris-acetate-EDTA as
an electrophoresis buffer and visualized by ethidium bromide staining. Restric-
tion profiles of isolated PV strains were compared with those of the Sabin 1, 2,
and 3 reference strains.

To check that there was no competition between the three Sabin strain ge-
nomes during RFLP assays, the sensitivity of some of the RFLP assays (RFLP-1
and RFLP-3D-3’) to detect each of the three vaccine serotypes was determined
using two different restriction enzymes (Ddel-Haelll and HinfI-Ddel, respective-
ly). Different homotypic and heterotypic viral preparations were used: dilutions
of viral stocks of each of the three vaccine serotypes, and dilutions of mixtures
containing equal or unequal titers of each pair of the three serotypes. Pure virus
solutions or 1:1 mixtures of Sabin 1, 2, and 3 strains were diluted 1:2 in DMEM,
from 10° to 3.12 X 10* PFU/ml. Mixtures containing unequal titers of viruses
were made up to ratios of 9:1, 8:2, etc., to 1:9. RFLP assays were performed as
described above.

Localization of recombination junctions. Recombination junctions were first
mapped using RFLP assays and subsequently, in many cases, by sequencing
RT-PCR products. Before sequencing, RT-PCR products were purified by using
a Qiaquick spin column purification kit (Qiagen). Sequencing was performed
using a BigDye Terminator Cycle Sequencing Ready Reaction kit according to
the procedure recommended by Applied Biosystems Perkin-Elmer. Sequences
were compared with those of the Sabin vaccine reference strains by using the
Clustal W software (49). Recombination sites were thus mapped between two
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T1G5-UC1
A T2G2-UCl1
T3G3-UCl
v
Wl SNC [P| VP2 | VP3
B
RFLP Genomic Oligonucleotidic Nucleotide Amplicon Restriction endonucleases
assay regions Primers positions lenght
5'NC 5'NC UG52-UC53 162-595 434 Hae 111, Hpa II, Mnl II
1 VP1 UG1- UC1 2402-2881 480 Dde I, Hae III,
1-24 VP1/2A UG19-UC13 2870-3648 779 Dde I, Hinf I
1-24 bis VP1/2A UG19-UC27 2870-3870 1001 Dde I, Hinf I
24B 2A/2C UG13-UC22 3617-4152 572 Dde I, Hinf I
P2 2A/2C UG13-UCl14 3617-4842 1226 Dde I, Hinf I, Hae III,
2C 2C UG23-UC15 4169-4965 797 Alul, Mbo I, Xba I, Sty I
2C-1 2C/3AB UG23-UC26 4169-5200 1031 Alul, Mbo I, Xba I, Sty I
34C 2C/3CP° UG15-UCl16 4936-5940 1005 Hae III, Hinf I, Sty I, Rsa I, Mbo I, Bgl II, Sau3A I
3D3 3C/3D% UGl16-UC12 5921-6516 596 Hinf I, EcoR V, Sau3A 1
3D2 3D UG7-UC12 6086-6516 431 Dde I, Hae III, Rsa I, Mnl I, Alu I, EcoR V, Sau3A I
3D-3' 3D UG17-UC10 6536-7441 929 Dde I, Hinf I, Hpa II, Apo I, Sty, Hinc I

FIG. 1. Molecular tools used for analyzing PV genomes. (A) Structure of the genome, showing the two noncoding regions (5'NC and 3'NC)
covalently linked to the small viral protein VPg (3B) and to the poly(A) sequence (AAA), respectively. Genomic regions encoding viral proteins
(VP4 to 3D) are indicated. Positions of the sequences used for strain-specific RT-PCR are shown as hatched boxes, and the corresponding pairs
of primers are given. Names of RFLP assays and the corresponding genomic regions are indicated in grey boxes; the two assays used systematically
are in bold. (B) Details of RFLP assays and genomic regions. Names of the primers used for RT-PCR are given (UG and UC denote genomic
sense and complementary sense primers). Primer sequences are given in Materials and Methods. The nucleotide positions for amplicons are

indicated according to Sabin 1 genome numbering.

restriction sites or two nucleotides that differentiate the genomes of the parental
Sabin strains. Nucleotide positions for the three Sabin strains are indicated
according to the numbering of the Sabin 1 genome (51).

RESULTS

Detection of recombinant strains. Stools were collected
from 67 healthy children who had been vaccinated with their
first dose of OPV. Stool specimens were collected from each
child on day 0 and 2, 4, 7, 14, 21, 28, and 60 days following
vaccination (23). PV strains were isolated from stool specimens
on Vero cells, and strains of each serotype were identified and
separated from mixture using type-specific antisera.

A set of 138 isolates, composed of isolates of each serotype
that were excreted the latest by each child (maximum of three
isolates per child), was analyzed in detail. The serotypes of
these isolates and their vaccine origin were confirmed by using
both vaccine serotype-specific oligonucleotides for RT-PCR
and specific restriction sites present in the amplicon DNA
obtained from a genomic region encoding part of the capsid
protein VP1 (RFLP-1 assay [Fig. 1]) (3). Fifty five isolates
belonging to type 1, 39 belonging to type 2, and 44 belonging
to type 3 were identified.

We screened for recombinant strains by comparing the re-
sults of this RFLP-1 assay with those of the RFLP-3D-3" assay,
which analyzes a segment encompassing the region encoding
the C-terminal part of the 3DP°! and the entire 3'NC region
(Fig. 1) (21). In many cases, the results of the RFLP-1 assay

were also compared with those of the RFLP-5'NC assay, an-
alyzing a genomic segment located in the 5'NC region (42).
Moreover, to detect multiple recombinant strains and to local-
ize recombination junctions RFLP analysis was subsequently
extended to other regions of the genome encoding nonstruc-
tural PV proteins. In particular, the RFLP-3D2 assay, analyz-
ing the region encoding the N terminus of the 3DP°', was used
in most cases (Fig. 1).

In many cases (61 of 138 isolates), the segment correspond-
ing to the 3'-terminal part of the genome (RFLP-3D-3" assay)
was derived from a vaccine strain serotype different from that
expected from serotyping and from RFLP-1 assays (Fig. 2).
These results indicated the presence of intertypic recombinant
genomes. The 5'NC genomic region was analyzed (RFLP-
5'NC assay) for 45 isolates (21, 11, and 13 isolates of serotypes
1, 2, and 3, respectively) and was found in all cases to be
derived from the same vaccine strain serotype as that identified
by serotyping. This indicated that genetic intertypic recombi-
nation involving large RNA segments occurred rarely in the
genomic stretch between the analyzed 5'NC and capsid regions
or did not occur at all; this stretch encodes major serotype
antigenic determinants and includes the VP1 region analyzed
by the RFLP-1 assay.

A single type of genomic segment per isolate was generally
detected by the RFLP-3D-3’ assay; nevertheless, in several
cases, two different types of segments were evidenced. This
indicated the presence in the same isolate of mixture of dif-
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FIG. 2. RFLP analysis of vaccine-derived PV strains. The 3'-termi-
nal parts of the genomes of strains isolated from vaccinees were am-
plified by RT-PCR and digested with restriction enzymes Hinfl and
Ddel (RFLP-3D-3" assay). The restriction profiles of the reference
Sabin 1, 2 and 3 (S1, S2, and S3) strains and of some type 1 (lane 1),
type 2 (lanes 2 to 4), and type 3 (lanes 5 to 7) strains isolated from
vaccinees and identified by serotyping are shown. The profiles shown in
lanes 1 to 7 correspond to recombinant genomes. Whereas most pro-
files correspond to a single genotype, lanes 1 and 4 show mixtures of
two different genotypes. Lanes 3 (Hinfl) and 5 (Ddel) show hybrid
restriction fragments indicating the locations of recombinant sites in
the amplified fragment. Faint minor bands (lane 1) corresponding to
S3 genomic fragments are indicated by dashes. Other minor bands
resulting from incomplete digestion were observed in a few lanes
(lanes 1 and 2). MW, Haelll-digested fragments of bacteriophage
$X174 DNA serving as molecular weight markers; ND, not digested.

ferent virus strains belonging to the same serotype (homotypic
viruses) but with different genotypes (one recombinant plus
one nonrecombinant genome, or two different recombinant
genomes). For this reason, we hereafter distinguish between
the term “isolate,” used for the product of the identification
and purification of samples by seroneutralization, and the term
“strain,” used for viruses identified by RFLP analysis of the
genomes present in isolates. Isolates frequently contained mix-
tures of different homotypic strains, and therefore we checked

MW ND S2 S3 S2 +83

S1 82

VACCINE-DERIVED POLIOVIRUS RECOMBINANTS 5743

that there was no competition during the RT-PCR amplifica-
tion between homologous segments of different serotypes; the
RT-PCR assay could have favored the detection of one seg-
ment and masked the presence of another. The sensitivity of
the RFLP-1 and RFLP-3D-3’ assays to detect each of the three
vaccine serotypes either in homotypic viral preparations or in
heterotypic mixtures was thus determined (see Materials and
Methods and Fig. 3). In homotypic preparations, the threshold
of detection was 10 to 40 PFU per RT-PCR for the RFLP-1
assay and 40 to 100 PFU for the RFLP-3D-3" assay. In het-
erotypic preparations containing each of the three different
pairs of serotypes (1:1 ratio), the thresholds of detection were
similar for all serotypes (around 30 PFU per RT-PCR for the
RFLP-1 assay and from 30 to 60 PFU for the RFLP-3D-3’
assay). There was no evidence of preferential amplification or
detection of homologous genomic segments for any pair of
serotypes (Fig. 3). Both genotypes were also clearly detectable
in heterotypic mixtures at ratios of 1:4 to 4:1 but not 1:9. The
intensity of the restriction profiles was proportional to the virus
concentrations or proportions in each analyzed mixture. Thus,
these RFLP assays were similarly sensitive for the three vac-
cine serotypes both in homotypic preparations and in mixtures.

To confirm that RFLP assays were able to detect various
viral genotypes in the same isolate, several viral plaques from
infected monolayers maintained under agarose overlays were
picked and analyzed. Two isolates appearing as mixtures of
recombinant and nonrecombinant type 1 strains (S1 plus S1/S3
[see above and Fig. 4]) and type 2 strains (S2 plus S2/S1) were
tested. Analysis of the plaque-purified viruses confirmed the
presence of the two viral populations in the same isolate (not
shown). Moreover, the presence in a third isolate of two dif-
ferent type 2 recombinant genomes (S2/S1) with different re-
combination sites was also evidenced by this method. These
results confirm that RFLP assays are suitable for detecting
different viral populations present in a mixed isolate (mixtures
of homotypic viruses with different genotypes).

In most isolates (83%), only a single viral recombinant or
nonrecombinant genotype was detected (Table 1). Most re-

S1+8S2 S1 83 ___SI+S3

RFLP-1
(vP1)

MW ND S1 S2 S3 S1+82

S1+83 S2 + 83

RFLP-3D-3'
(3Dpol & 3'NC)

FIG. 3. Sensitivity of RFLP assays for detection of the genome of various vaccine serotypes in a mixed population. Heterotypic mixtures
containing pairs of the Sabin strains (S1, S2, and S3) combined in equal proportions were prepared. Mixtures were diluted (1:2) from 10° to 6.25 X
10* PFU/ml per strain. RFLP assays were performed using the restriction enzymes Ddel or Haelll for RFLP-1 and Hinfl for RFLP-3D-3'. The
restriction profiles of the reference Sabin 1, 2, and 3 strains are shown. The two strains present in each mixture are indicated; restriction profiles
for the first five dilutions are shown. MW, molecular weight markers ($X174 DNA Haelll-diested fragments); ND, not digested.
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FIG. 4. RFLP analysis of plaque-purified viruses isolated from a
mixed isolate containing a nonrecombinant S1 population and a re-
combinant S1/S3 population. Plaque-purified viruses (lanes a to k)
derived from the original isolate (Fig. 2, lane 1) were analyzed by
RFLP-1 and RFLP-3D-3" assays (restriction enzymes Haelll and Ddel,
respectively). Whereas most profiles correspond to a single genotype,
some RFLP-3D-3’ profiles show traces of the second genotype (first
round of purification) and minor bands due to incomplete digestion.
The restriction profiles of the reference Sabin 1 and 3 strains are
shown. MW, $X174 DNA Haelll digested fragments used as molec-
ular weight markers; ND, not digested.

combinant strains had a bipartite genome produced by a single
recombination event. However, tripartite genomes produced
by two recombination events were also detected in six type 3
isolates. Most mixed isolates were mixtures of one recombi-
nant and one nonrecombinant strain, although mixtures of two
different recombinants were also detected. Four isolates gave
complex RFLP patterns suggesting mixtures of three different
genotypes or of bipartite and tripartite recombinant genomes
(Table 1). These four isolates were not analyzed in detail.
Incidence and characteristics of recombinant strains in vac-
cinees. Among the 138 analyzed isolates, the percentage of
isolates containing VdRec genomes varied considerably ac-
cording to their serotype: 82% of type 3 isolates and 62% of
type 2 isolates contained strains with recombinant genomes. Of
the 55 type 1 isolates, only one was found to contain such an
VdRec genome, and it was a mixture of recombinant and
nonrecombinant genomes. For each serotype, the relative pro-
portion of recombinant and nonrecombinant strains in isolates
containing one genotype and that in isolates containing two
different genotypes did not differ significantly (Fischer exact
test; P = 0.25 for type 2 and 0.7 for type 3 isolates). Therefore,
all well-defined strains present in isolates containing either one
or two different genotypes (134 isolates) were considered for
calculating the percentages of recombinant strains and for
subsequent analysis. Two, 53, and 79% of strains belonging to
serotypes 1, 2, and 3, respectively, were found to be VdRec.
There was a preferential association of segments according
to serotype origin (Fig. 5a). For example, type 2 VdRec (with
the 5’ moiety of the genome including the capsid genomic
region, and thus the antigenicity, of the Sabin 2 strain) were
more frequently associated with Sabin 1-derived genomic seg-
ments in the 3’ moiety of the genome (20 S2/S1 versus 6 S2/S3
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strains). Similarly, type 3 VdRec preferred Sabin 2-derived
segments (26 S3/S2 versus 6 S3/S1). Sabin 1-derived genomic
segments were more frequent in the 3’ moiety of the type 2
VdRec genomes than in that of the type 3 VdRec genomes (20
S2/S1 versus 6 S3/S1 strains). No difference was found in the

TABLE 1. Categories of recombinant genomes in isolates and
localization of junctions by RFLP

Localization of junctions

No. of Recombinant Type of
isolates genotype” junction” oo gion Restriction site
intervals®
1 S2/S1 2C 491 5y1-51-509 4152
1 S2/S1 3B-3CP" 5432301617553 pgeni-s2
3 S2/S1 3D 630244e111-52-6399pge 151
1 S2/S1 3D 6416p401.52-6626 501152
3 S2/S1 3D 66504pa11-51-6711 parr-s2
2 S2/S1 3D 6756 int1-51-7053 pyui-si
1 S2/S3 3pr! 6856 pger-s2-7052 01153
1 S3/s1 2C 4728,1.61-5038 1,152
2 S3/S1 2C 4886xp,41.51-491 15151
1 S3/S1 2C 491 561-51-5073 00151
1 S3/82 2A 357 tingr-s3-3722per-s2
5 S3/S2 2C 4422 4315274563 per-s3
2 S3/82 2C 4686441535107 gy1.51
2 S3/S2 2C 4728,,1.51-4880xp41-51
6 S3/S2 2C 4686 41534801 s o152
1 S3/S2/S1 S3/S2'st  VP1-2A 3363 pyer-s3-3502 pger-s2
S2/817"¢ 3pPe! 6713 1pa11-52-675 T insr-s2
1 S3/S2/S3 S3/S2'st VP1-2A 3363 puer-s3-3502 pger s
S2/832d 3ppo! 6713 1pa11-52-6858 101153
1 s3/52/51 S3/S2! 2A 3363prr51-3502pgnse
S2/81%"¢ 3pPe! 6756 4inm1-51-7215 paer.s1
1 S3/5/S1 S3/s2'*t  2C 4414, 0111534563 paer s
S2/81%"¢ 3pPe! 6418 pe1-52-6713 1 1pan1-s2
1 S3/S2/S3 $3/82'* 2C 4414, 1401115345603 paer.s3
S2/83%¢ 3pPe! 6588 in11-53-6894 pyers3
1 S3/S2/S3 S3/S2'st 2C 4561 4,1.53-4678rmp1-52
$2/83°* 3pPe! 6302, /4111.52-6580 1153
1 S1+S1/S3 3CP-3DP" 5980 5,11 517613251153
1 S2+82/S1 3DP! 6221 54,341-6371 peorv-s1
1 S2+82/S1 3pr! 6439,/,1.51-6645 40151
1 S2+S82/S1 3pre! 66507,411-51-6713 1101152
1 S2/S1+S2/S1x* 2C-3A 4732 140111-52-9128 s
3D 6474 541341-51°0650 101151
2 S2/S1+82/S1x 3ppPe! 6221 5031526399 pger s
3DP! 6474 6413a1-5170650 4 1151
1 S2+S2/S3 3cere 5743 sau3a1-52-3883 prinr1s3
2 S2+S2/S3 3D 6031 s0u3a1-520132 431153
1 S2+S2+8S3 3pr! 6713 7pa11-52-6858 01153
1 S2+S2/S3 3DP! 7052ppan1-s3-7282pgers2
1 S3+8S3/S2 3D 6134 4e1.52-6165 per.s3
1 S3+8S3/S2 2C 4801 sau3a1-52-4845 insrs2
1 S3/S1+83/S1x 2C 4414 1001115374563 paers3
3D 6756 in11.51-7048 jinr1-s3
3 S3/S2+83/S2 2C 4423015074563 per-s3
2C 4801 s4u3a1-52-4845 intrs2
1 S3/S2+S3/S2 None-3885p4e1.53
2C 4801 squ3a1-52-4845 intrs2
1 S2+52/S1+S2/S1 3D 6414152647403 A151

1 $3/S2+83/S2/S3  S3/S2 2C
S2/83%¢ 3pPe!

1 $3/52+83/52/S3  S3/S2 2C

1 $3/52+83/52/S1  S3/S2 2C
S3/S2't 2C

4686AIMI—S3'4801MbaI—SZ
6578Hinfl-$2_67 1 2Hpa 11-S2
44 1 4Ha(’I[I-S3_4563Dd('I-SB
4801Sau3Al—52-4845 "Hinf1-S2
4423 t1int1-52-4503 paer-s3

“ Asterisks indicate mixtures of recombinant strains of the same category but
with different junctions; italics indicate complex mixtures of genotypes which
were not accurately resolved.

b Positions in tripartite recombinant genomes are indicated.

¢ Restriction sites flanking the recombination junctions are given. Numbers
indicate the first nucleotide of the restriction site and refer to Sabin 1 strain
numbering. The restriction enzyme and the genome (serotype) cut specifically by
this enzyme are given.
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FIG. 5. Association of genomic segments in recombinant strains.
The genomes of strains present in isolates were analyzed by RFLP
assays, and the genomic segments of recombinant genomes were iden-
tified and classified according to the vaccine strains from which the
genomic segment are derived (see Table 1 for details) and according to
the positions of these segments in the genome. (a) The different cat-
egories of nonrecombinant or recombinant genomes are classified
according to the serotype of the isolate from which they are derived.
The numbers of analyzed strains are shown. (b) The relative propor-
tion of each of the three genomic segments in bipartite recombinant
genomes is indicated according to position in the 5" part (S1/Sx; in-
cludes S1/S2 and S1/S3, for example) or in the 3’ part (Sx/S1, for
example) of the recombinant genomes. The number of different seg-
ments present in bipartite recombinant genomes described in panel a
(118 segments) was considered 100%.

association of segments between recombinant strains present
in isolates containing one genotype and those in isolates con-
taining two different genotypes (not shown). The six type 3
VdRec with tripartite genomes were not considered in this
comparative analysis.

We determined the numbers of genomic segments of each
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serotype present in bipartite or tripartite recombinant ge-
nomes. All three serotypes were represented, but Sabin 1 ge-
nomic segments were less frequent than the others in re-
combinants. In bipartite recombinant genomes, the genomic
segments were classified according to their position on the 5’
or 3’ side of the recombination site (Fig. 5b). Sabin 1 segments
were almost never found on the 5’ side of the recombination
junctions, and Sabin 3 segments were relatively rare on the 3’
side. Sabin 2 segments were found equally on both sides of the
junctions. The molecular features of recombinant genomes
thus indicated preferred well-ordered associations of genomic
segments.

Localization of recombination junctions in recombinant ge-
nomes. Recombination junctions were located using RFLP
assays covering most of the genomic region encoding nonstruc-
tural viral proteins. These assays map the junction to intervals
(restriction site intervals) flanked by two endonuclease restric-
tion sites that differentiate the two parental genomes. A de-
tailed analysis of the restriction patterns obtained from the
type 1 recombinant strain (S1/S3) is presented as an example.
The recombination junction of the S1/S3 strain was first
mapped by combining RFLP-1, -3D3 and -3D-3" assays using
the initial type 1 mixed isolate S1+S1/S3. The assay of the VP1
capsid genomic region gave a clear single Sabin 1 pattern (not
shown). The RFLP 3D-3’ assay (analyzing the 3’ extremity of
the genome) gave a mixture of Sabin 1 and Sabin 3 patterns
(Fig. 2, lane 1), clear evidence of the presence of both the
original Sabin 1 strain and a recombinant genome S1/S3. The
RFLP-3D3 assay (genomic region corresponding to the N-
terminal half of the polymerase 3D) revealed an unusual re-
striction fragment of 153 nucleotides after Hinfl endonuclease
digestion. This fragment can be explained by the juxtaposition,
after recombination, of the Sabin 1 Hinfl restriction site at
nucleotide position 5980 (Hinfl-S1) and of the Sabin 3 Hinfl
restriction site at nucleotide position 6132 (HinfI-S3). The
recombination site was thus mapped to the 5980,,;,¢.5:-6132
Hintl.s3 Testriction site interval. Plaque-purified recombinant
virus strains derived from this isolate were analyzed: some of
these viruses gave Sabin 1 patterns in the RFLP-1, -1-2A-Bis,
-P2, and -3AC assays and Sabin 3 patterns in the RFLP-3D-3’
assay (Fig. 4). As expected, the RFLP-3D3 Hinfl restriction
patterns were modified and presented a hybrid recombinant
fragment (Fig. 6A). EcoRV restriction patterns were used to
map the recombination junction to the 5980,,,.¢.51-
6024, ,rv.s1) Testriction site interval (Fig. 6B and C).

Most of the recombination junctions of the bipartite type 2
recombinant S2/S1 and S2/S3 genomes were thereby shown to
be in the P3 genomic region (encoding proteins 3A to 3DP°")
and, in particular, in the 3DP*'-coding region between nucleo-
tides 6302 and 7053 (21 of 27 junctions). The junctions of only
two S2/S1 genomes were found elsewhere, in the 2C- and
2C-3A-coding regions (Table 1 and Fig. 7).

In most cases, the recombination junctions of type 3 recom-
binant genomes (S3/S1 and S3/S2) were located in the P2
region (encoding proteins 2A to 2C) and, in particular, in the
2C protein-coding region between nucleotides 4422 and 5107
(28 of 32 junctions). The junction of one S3/S2 genome was
found in the 2A-coding region between nucleotides 3571 and
3722.

In the six tripartite genomes (S3/S2/S1 or S3/S2/S3), the
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FIG. 6. RFLP pattern (RFLP-3D3) and restriction map of the amplicon carrying the recombination site of an S1/S3 recombinant genome.
Restriction profiles obtained from the reference Sabin 1 and 3 strains (S1 and S3), from the original mixed isolate (S1+S1/S3), and from a
plaque-purified recombinant virus (S1/S3) are shown. Nucleotide positions of the amplicon extremities and of the restriction sites on the PV
genome are indicated according to Sabin 1 strain numbering. Genomic regions believed to include the recombination junction are indicated by grey
zones and bold lines. Lengths of restriction fragments (in nucleotides [nt]) are indicated. Molecular weight markers (MW) are ¢$X174 DNA Haelll
digested fragments. ND, nondigested. (A) Hinfl restriction map and profiles on an agarose gel; (B) EcoRV maps and profiles; (C) localization of
the recombination junction of the S1/S3 genome inferred from profiles in panels A and B.

upstream recombination junctions (S3/S2'*") were found in the
2C-coding region (nucleotides 4414 to 4678) or in the VP1-
2A-coding region (nucleotides 3363 to 3502; more precisely in
2A, as determined by sequencing). All downstream recombi-
nation junctions (S2/S1°™! and S2/S3*"%) of the tripartite ge-
nomes were in the 3DP°'-coding region (6302 to 7215). These
results are in good agreement with the locations of the recom-
bination junctions of bipartite S3/S2, S2/S1, and S2/S3 genomes
(Table 1).

To confirm the results obtained by RFLP and to map the
recombination junctions more precisely, amplicons obtained
from RT-PCR were sequenced. Only bipartite or tripartite
genomes present in isolates composed of a single genotype
were considered. Recombination sites were localized in homol-
ogous nucleotide stretches flanked by two nucleotides that
differentiate the genomes of the parental strains. All recombi-
nation sites were found in the restriction site intervals deter-
mined by RFLP above. No point mutations, deletions, or nu-
cleotide insertions were observed. Recombination sites were
located in genomic segments 5 to 26, 2 to 44, and 26 nucleo-
tides long for the S3/Sx, S2/Sx, and S1/S3 junctions, respectively
(Table 2 and Fig. 7).

Excretion kinetics of recombinant strains in vaccinees. We
studied excretion of recombinants from days 2 to 60 following
primary vaccination on a total of 356 of 421 isolates, including
the last-excreted isolates described above. Screening for re-
combinant genomes involved comparing the serotype origin of
the genomic segments corresponding to the capsid protein
VP1 and to the 3'-terminal part of the genome (RFLP-1 and
RFLP-3D-3’ assays). Type 2 recombinants appeared as early as

2 days after vaccination, and type 3 recombinants were de-
tected from day 4 (Fig. 8). Only one additional type 1 recom-
binant (S1/S3) was found (on day 7, coexisting with the paren-
tal Sabin 1 strain). The maximum relative abundances of
recombinant strains (about 55 and 75% of all type 2 and type
3 strains, respectively) were on day 14 and had not increased
substantially by day 21, 28, or 60. These relative abundances
were not significantly different from those for the last-excreted
isolates (53 and 79% being recombinants for the type 2 and
type 3 strains, respectively). Moreover, the proportion of S2/S1
genomes among type 2 VdRec genomes (S2/S1 plus S2/S3) was
stable throughout the excretion period (from 75 to 87%) and
was similar to that for the last-excreted isolates (77%) (not
shown). The various categories of type 3 recombinant genomes
were not compared because the search for multiple recombi-
nants was not completed.

DISCUSSION

To determine the incidence and genomic characteristics of
intertypic recombinants in vaccinees, we studied PV isolates
collected from children over a period of 60 days after feeding
administration of their first dose of trivalent OPV. Strains with
intertypic recombinant genomes were frequently found. Mo-
lecular analysis of recombinant genomes indicated preferred
associations of genomic segments and preferred regions for
junction sites.

A large proportion of strains isolated from patients with
VAPP were found to have intertypic recombinant genomes:
about 80% for type 2 and type 3 strains (21). We investigated
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FIG. 7. Localization of recombination junctions in PV genomes. The recombination junctions were localized by RFLP and by sequencing in
homologous genomic segments flanked by two restriction sites and two nucleotides that differentiate the genomes of the parental Sabin strains.
These genomic segments are indicated on the schematized genome as grey boxes (RFLP) and lines (sequencing). The data shown are from Tables
1 and 2. The numbers of recombination junctions located in the same genomic segment or in overlapping segments are given (one line per
junction). The genomic regions of the PV genome are indicated as described for Fig. 1.

only strains isolated from healthy primary vaccinees, and the
percentages of type 2 and type 3 VdRec were again high (53
and 79% of strains, respectively, in the last-excreted isolates).
Moreover, type 3 isolates presented a variety of recombinant
genomes, including double recombinants (with tripartite ge-
nomes) and mixtures of different recombinants. Complex mix-
tures of different recombinant genotypes have been demon-
strated in isolates from recipient VAPP cases (18, 19). Only
two type 1 VdRec have been reported in previous studies of
strains isolated from patients with VAPP (11, 15). However,
the rarity of type 1 VdRec could not be clearly ascertained due
to the small number of type 1 vaccine strains implicated in
vaccine-associated disease (14, 16, 21). We analyzed 174 type 1
strains. Only two of them were found to be recombinant. Thus,
type 1 recombinants are rare at least in primary vaccinees.
The excretion by vaccinees of such a high proportion of
recombinant type 2 and 3 viruses is surprising and suggests that
these viruses were not generated, or not generated solely,
during viral replication in the digestive tract. However, it seems
very unlikely that the OPV itself contains recombinants be-
cause the virus seeds used by OPV producers are derived from
clonally purified virus (47). Moreover, monotypic virus stocks
of all three serotypes are made and checked separately before
mixing and therefore cannot coinfect cells during manufacture
of the vaccine. It is also very unlikely that many recombinants
were generated during the isolation process on coinfected cells
inoculated with fecal suspensions containing different sero-
types, given the low proportion of recombinants obtained by
the mixed infection of cells with different PV serotypes (29,
52). Moreover, in this study, the second parental serotype

strain was not isolated from most of the fecal suspensions
(73%) containing a recombinant strain of a given serotype.
Further evidence that the recombinants were generated during
multiplication of the trivalent OPV in the gut of vaccinees is
provided by the increase in the proportion of recombinants
excreted over time (Fig. 8).

The percentage of type 2 recombinant strains in healthy
vaccinees (about 55%) was lower than that in patients with
VAPP (80%) (21). This suggests that there is a selection of
type 2 recombinant strains (but not of type 3 recombinants) in
VAPP patients and thus that these strains have an advantage
over nonrecombinants to multiply and/or to induce the disease.
Many other type 2 recombinant strains implicated in VAPP
have been described (34). However, these previous data were
obtained in different contexts and are therefore not strictly
comparable with those obtained in our study. In particular,
only strains excreted by children given a single dose of OPV
were studied. Moreover, the doses of the vaccine strains
present in the OPV used in this study differ slightly from the
usual doses (ratio of 10:1:5 versus 10:1:3 for the type 1, 2, and
3 vaccine strains, respectively). This could also explain some
differences between our results and those from previous stud-
ies indicating a lower frequency of type 2 VdRec and a higher
frequency of complex type 3 VdRec in healthy vaccinees (7,
39).

Type 1 VdRec were rare in vaccinees. Nevertheless, Sabin
1-derived genomic segments encoding nonstructural proteins
were frequently found in type 2 and type 3 recombinant strains,
indicating that the Sabin 1 strain was not excluded from re-
combination events. All three strain serotypes were well rep-
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TABLE 2. Localization of recombination junctions by nucleotidic sequencing

Type of junction juljl(c)iigrfls Locaé;zta;tion" L(z;ltg)th Nucleotide sequence (5'-3")
S1/S3 1 5984-6009 26 CAAGGTGAAATCCAGTGGATGAGACC
S2/81 1 5036-5053 18 CAGATCACTACAATGATT
S2/S1 1 5465-5493 29 ATGGCTAAAAGAAACATTGTTACAGCAAC
S2/81 1 6338-6363 26 TACCCTTATGTAGCAATGGGAAAGAA
S2/S1 2 6389-6390 2 AC
S2/81 1 6464-6471 8 GATGAACT
S2/S12d 1 6659-6672 14 ATGGAAGAGAAGCT
S2/81 2 6659-6672 14 ATGGAAGAGAAGCT
S2/S1 1 6674-6678 5 TTTGC
S2/S12d 1 6737-6744 8 ATGGTGCT
S2/S12d 1 6854-6864 11 TGCTCAGGCAC
S2/81 1 6866-6894 29 TACCCTTATGTAGCAATGGGAAAGAA
S2/S1 1 6953-6996 44 ATGATTGCCTATGGTGATGATGTAATTGCTTCCTACCCCCATGA
S2/83%nd 1 6530-6534 5 AATGA
S2/83%nd 1 6599-6608 8 GTCACTGG
S2/83%nd 1 6836-6858 23 GGCGGCATGCCATCTGGCTGCTC
S2/S3 1 6860-6864 5 GGCAC
S3/81 1 4865-4869 5 ATTCA
S3/S1 1 4904-4911 8 AACATGGC
S3/81 1 4927-4929 3 GTG
S3/S1 1 5060-5076 17 GAGAGAAACAGAAGATC
S3/S2%st 2 3404-3417 14 AAAGCTGTGTACAC
S3/S21s 1 3483-3492 10 TCATGTGGAA
S3/S2 2 4514-4518 5 CCAGG
S3/S2 2 4520-4536 17 ACAGGAAAATCAGTTGC
S3/S2%st 2 4520-4536 17 ACAGGAAAATCAGTTGC
S3/82' 1 4541-4542 2 AA
S3/S21st 1 4565-4584 20 GAGAAAGAGAACACCTCCAC
S3/S2 1 4724-4728 5 CCACC
S3/S2 5 4775-4800 26 GTTTTAGCCTCCACCAACTCCAGTCG
S3/S2 2 4868-4872 5 CAAGT
S3/S2 2 4901-4923 23 CTCAACATGGCAATGGCTACTGA

“ Recombination sites were localized (sequencing) in homologous segments flanked by two nucleotides that differentiate the genomes of the parental Sabin strains.

Nucleotide (nt) numbering refers to Sabin 1 strain sequence.

resented among all genomic segments present in recombinants
(Fig. 5). This suggests that replication machinery requirements
prevent the inclusion of Sabin 1 segments encoding capsid and
antigenic determinants in the 5’ moiety of recombinant vac-
cine-derived genomes. It is also possible that there is fre-
quently selection against type 1 VdRec, when generated, in
vaccinees. Similar factors (replication requirements or selec-
tive pressure) may favor some association of genomic segments
in intertypic recombinants, as S2/S1 and S3/S2 genomes were
significantly more frequent than S2/S3 and S3/S1 genomes. The
analysis of type 2 and type 3 strains isolated from VAPP cases
also provided evidence for similar nonrandom distributions
(21). VdRec thus display preferred well-ordered association of
genomic segments. To our knowledge, this is the first time that
such a phenomenon has been described for recombinant RNA
viruses isolated from infected organisms.

All recombination junctions were found in genomic regions
P2 and P3 encoding nonstructural viral proteins, i.e., proteins
implicated in proteolytic cleavage and in genomic replication.
Recombination events in the 5'NC region and/or in the capsid
region were not found in this study. Recombination in the 5’
moiety of the genome should be a rare event, since only one
vaccine-derived strain that has the entire 5'NC genomic region
and part of the capsid protein VP4 region from a nonvaccine
strain has been described (18, 21). However, we cannot exclude
that there are substitutions of small genomic fragments (dou-

ble recombination events), too small to have been detected.
Moreover, a possible explanation for the lack of detection of
recombination event in the capsid region is the methodology
used for the serotype identification and separation of viruses.
This method uses type-specific PV neutralizing antisera allow-
ing the separation of type 1, 2, and 3 PV present in isolates.
However, hybrid antigenic viruses produced by recombination
events may fail to be detected by the standard technique. All
strains that we analyzed clearly reacted with serotype-specific
antibodies and displayed at least part of the genomic VP1
region (according to the RFLP-1 assay), in agreement with the
seroneutralization test. A methodology allowing the detection
of viruses displaying the antigenicity of two different serotypes
should be used to search for possible natural antigenic chime-
ras. Some antigenic chimeras have been produced by manipu-
lation of infectious PV ¢cDNA (37). However, many of them
were shown to be nonviable or unstable when the recombina-
tion junctions were located in the capsid-coding region, indi-
cating that the integrity of the capsid region of PV seems to be
important (30). The integrity of the 5'NC region could also
explain the absence of recombinants in the 5" NCR, since this
region is involved in replication and in the internal entry of
ribosomes allowing the traduction of the viral genome (6, 52).

Another interesting finding was that most recombination
junctions in the type 2 recombinants were in the P3 genomic
region and in the type 3 recombinants in the P2 region (Fig. 7).
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FIG. 8. Excretion kinetics of recombinants in vaccinees. PV strains were isolated from days 2 to 60 following primary OPV vaccination and
analyzed for recombination using RFLP assays. (A) Numbers of recombinants (Rec) and nonrecombinant (Non-rec) strains, classified according
to day of isolation and strain serotype. (B) Percentages of recombinant strains per day of isolation, given according to strain serotype. Only
percentages including more than five strains are considered (indicated in bold in panel A). (C) Percentages of children excreting PV strains, given
according to strain serotype and day of isolation (these results are adapted from reference 23 and described in Discussion).

If recombination can take place at every nucleotide with equal
probability, the relative probability of finding a recombinant
within any single region would be directly proportional to the
size of the region. This was clearly not the case, and our results
indicate that the recombination junctions are nonrandomly
distributed. The nonrandom distribution appeared to apply
equally to the rare S1/S3 recombinant sites: four S3/S1/S3
tripartite recombinant strains have been described, and their
S1/S3 junctions (nucleotides 5672 to 6169) are in the same
subgenomic region as that of the recombinant S1/S3 found in
this study (nucleotides 5980 to 6024) (11, 17). These results
indicate that some genomic regions (hot spots) are preferred
for recombination during the replication process or that re-
combinant genomes with such recombination sites are selected
in coinfected cells or in the infected host.

The association of genomic segments and locations of re-
combination sites appear to be interdependent in PV recom-
binants. The preferential regions for recombination were de-
pendent on the serotype of the recombinant strains and/or of
characteristics the 5’ genomic segment encoding the antigenic
determinants, irrespective of the 3’ moiety. These results are in

good agreement with published data describing the recombi-
nation sites of naturally occurring VdRec and with a recent
analysis of VdRec isolated from patients with VAPP (J. Bal-
anant, unpublished results; 7, 11, 17, 19, 26, 34). Nevertheless,
cumulating all previous results indicates that there are differ-
ences in the location of recombination sites between type 2
S2/S1 and S2/S3 recombinants, suggesting that the 3’ moiety of
recombinant genomes may also have an effect. In addition to
the P3 genomic region, another region, at the 3" end of the P2
region, frequently contains the recombination sites of S2/S1
recombinant genomes (two examples only in this study [Fig. 7])
but not those of S2/S3 recombinants.

Tolskaya et al. have described hot spots of recombination in
type 3 recombinants (S3/S1) isolated after coinfection of cells
and subsequently selected using genetic markers (50). Recom-
bination junctions were nonrandomly distributed within the
genomic region considered, which included most of the P2
region. Hot spots of recombination were found in the 2B and
2C regions. However, in this study, the genomic region avail-
able for recombination was artificially determined by the loca-
tion of the genetic markers used for selecting recombinants
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(nucleotides 3386 to 4547). In our and previous works with
natural recombinants isolated from vaccinees, only 3 of 13
recombination junctions of this category (S3/S1 junctions)
were located inside the genomic region considered by Tolskaya
et al. (7, 11, 36, 50).

Recombination hot spots have also been found in other
RNA viruses, including brome mosaic virus, coronaviruses,
and retroviruses (4, 35, 40). Such hot spots have been shown to
be sequence-dependent or associated with RNA secondary
structures (8, 35, 40). It was suggested that certain RNA struc-
tures favor RNA recombination mechanistically. However,
studies of coronavirus recombination indicate that recombina-
tion events are random but that some types of recombinants
have a selective advantage for multiplying in cultured cells (4).

Analysis of recombination sites of intertypic PV recombi-
nants isolated from coinfected cells revealed no clear consen-
sus sequence for recombination, although some features, in
particular a high degree of homology between the parental
genomes on the 3’ side of the sites, have been noted (24, 26,
29). Thus, the positions of recombination sites may be random,
and some genotypes are then selected during subsequent mul-
tiplication. Nevertheless, the localization of recombination
sites in recombinants selected in acellular systems, or in coin-
fected cells, has been found to be temperature dependent and
not due to subsequent selection (12). RNA structures have also
been described as being important for promoting PV recom-
bination (50).

In humans, preferential association of genomic segments
and recombination sites could result from numerous factors.
Infected cell types allowing PV excretion in the digestive tract
of infected individuals are not yet clearly known. The replica-
tion machinery and subsequently the association of genomic
segments and the localization of recombination sites may de-
pend on the viral replication complexes and/or the target cell’s
machinery. This could favor the synthesis and/or the encapsi-
dation of particular genomic rearrangements. Alternatively,
the fittest recombinants may be selected either in the in vivo-
coinfected target cells and/or in the host. Indeed, the domi-
nance of a recombinant population could be the result of a
selective growth advantage in the gastrointestinal tract and/or
of greater resistance against the various selective pressures of
the infant intestine and immune system. However, the frequent
presence of recombinants in the human gut could be the result
of small numbers of target cells, of high concentrations of
replicating viruses in rare permissive compartments, and of
random sampling (15). We are currently investigating factors
that could explain the appearance of particular VdRec geno-
types.

The excretion kinetics of recombinant strains in vaccinees
indicate that VdRec can be excreted early (during the first
week) following primary vaccination and that the maximum
relative abundance of recombinant strains (according to sero-
type) was on day 14. It has been reported that four children
who excreted type 3 PV for a period of more than 12 days
following primary vaccination produced VdRec (7, 39). More
surprising is the fact that in our study, the relative abundance
of recombinant strains did not vary (increase) significantly
from days 14 to 60, suggesting that there is no subsequent
selection or synthesis of recombinants in vaccinees. Possibly,
during the first 14 days following primary vaccination there is
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simultaneous replication of vaccine strains in the gut, optimiz-
ing the chances of two viruses infecting the same cell and
thereby exchanging genetic material by recombination. There-
after, the acquired gut immunity of vaccinees or some un-
known host factors may restrict the replication of some sero-
types and thus limit the possibility of additional recombination
events. Alternatively, the spread of the virus in the gut may be
restricted to a few discrete compartments of susceptible cells,
and these compartments may all be infected after 14 days. It is
tempting to suggest that the level and characteristics of recom-
binants are determined by the kinetics of replication of each of
the three serotype strains. Indeed, most vaccinees excreted first
the type 1, then the type 2, and finally the type 3 viruses (Fig.
8C). This may explain why the type 2 viruses recombined fre-
quently with type 1 (frequent S2/S1 genomes) and type 3 with
type 2 (frequent S3/S2 genomes). However, this does not ex-
plain why the reciprocal genomic associations (S1/S2 and S2/S3
genomes, respectively) are not equally found in excreted re-
combinants. Therefore, beside the possible effect of the kinet-
ics of replication of the different strains, the role of replication
requirements or of selection factors should also be considered.

In conclusion, analysis of the genome structure of vaccine
strains isolated from healthy vaccinees revealed a high fre-
quency of PV intertypic recombinants, a nonrandom associa-
tion of genomic fragments, preferential genomic regions for
recombination, and linkage between these two phenomena. To
our knowledge, this is the first time that such characteristics of
viral RNA genetic recombination have been described. By
increasing our knowledge of the factors (mechanistic require-
ments or otherwise) involved in enterovirus recombination, we
may increase our understanding of RNA virus evolution. This
may also provide greater insight into the genetic variability of
live attenuated viral vaccine strains, which should make it pos-
sible to improve their safety.
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