
1168 • JID 2004:189 (1 April) • Vinjé
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Twenty-one cases of acute flaccid paralysis (AFP) were reported on the island of Hispaniola in 2000. Laboratory
analysis confirmed the presence of circulating vaccine-derived poliovirus (cVDPV) type 1 in stool samples
obtained from patients. As a complement to the active search for cases of AFP, environmental sampling was
conducted during November and December 2000, to test for cVDPV in sewage, streams, canals, and public
latrines. Fifty-five environmental samples were obtained and analyzed for the presence of polioviruses by use
of cell culture followed by neutralization and reverse-transcription polymerase chain reaction. Of the 23 positive
samples, 10 tested positive for poliovirus type 1, 7 tested positive for poliovirus type 2, 5 tested positive for
poliovirus type 3, and 1 tested positive for both poliovirus type 2 and type 3. By sequence analysis of the
complete viral capsid gene 1 (VP1), a 2.1%–3.7% genetic sequence difference between 7 type 1 strains and
Sabin type 1 vaccine strain was found. Phylogenetic analysis showed that these viruses are highly related to
cVDPV isolated from clinical cases and form distinct subclusters related to geographic region. Our findings
demonstrate a useful role for environmental surveillance of neurovirulent polioviruses in the overall polio
eradication program.

In the summer of 2000, cases of acute flaccid paralysis

(AFP) were reported in both the Dominican Republic

and Haiti [1]. Stool samples obtained from the patients

were positive for poliovirus type 1, and further char-

acterization of the isolates by sequencing of the com-

plete major capsid surface protein VP1 (viral capsid

gene 1) indicated that they were circulating vaccine-

derived polioviruses (cVDPV) and that they had a sub-

stantially lower degree of sequence similarity (97.4%–

98.1%) than is normally observed (199.5%) [2]. To
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detect additional cases of poliovirus, surveillance for
AFP was intensified, and, from July 2000 to July 2001,
a total of 156 cases of AFP were reported; 21 of the
cases were confirmed as polio cases, and most of them
involved patients who were unvaccinated or incom-
pletely vaccinated [2]. All isolates from the Hispaniola
outbreak were recombinants, with noncapsid sequences
obtained from other species C enteroviruses and from
at least 4 different enteroviruses recombined with the
type 1 cVDPV during its circulation in Hispaniola [2,
3]. Three additional outbreaks of cVDPV have been
reported recently [4–6], stressing the importance of
maintaining high levels of vaccine coverage. The World
Health Organization (WHO) recommends oral polio-
virus vaccine (OPV) for worldwide eradication of po-
liomyelitis, with the goal of vaccinating at least 90% of
infants by age 1 year [7]. As long as vaccination is
continued and vaccine coverage is high, it is expected
that populations will be safe or at very low risk of
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Figure 1. Time (arrow) of environmental sample collection (Dominican Republic [DOR], 10 November–9 December 2000; Haiti [HAI], 6–9 December
2000) in relation to the peak of the outbreak in Hispaniola, on the basis of the no. of type 1 circulating vaccine-derived poliovirus isolates from case
patients and their healthy contacts [2].

infection with neurovirulent polioviruses. However, until the

termination of OPV immunization in the near future, cases

and outbreaks caused by cVDPV must be considered, especially

because the excreted viruses could change gradually during

replication in the human gut, from attenuated to virulent [8,

9], ultimately acquiring the transmission and neurovirulence

characteristics of wild-type (wt) polioviruses [2].

Environmental poliovirus surveillance (EPS) is a powerful

method for monitoring the circulation of polioviruses in large

populations, and there are several examples of detection of

circulating wt poliovirus in the absence of reported AFP [10,

11]. Moreover, EPS has been shown to be an extremely sensitive

method, capable of detecting a strain of poliovirus if only 1 of

10,000 people is excreting the virus [12]. The properties of

polioviruses isolated from the environment directly reflect the

virus excreted from humans after OPV immunization or during

an epidemic [13–16]. Therefore, detection of cVDPV in the

environment, as a potential cause of poliomyelitis, should raise

concerns, especially with regard to vaccine coverage and the

number of susceptible individuals potentially at increased risk

of infection.

During the recent poliomyelitis outbreak on the Caribbean

island of Hispaniola, as a complement to surveillance of AFP,

EPS was implemented between November and December 2000.

In the present study, we report the results of this EPS study

and describe the detection, characterization, and neuroviru-

lence of cVDPV strains isolated from river water and sewage

samples.

MATERIALS AND METHODS

Environmental water and waste samples. Environmental
samples from sewage, creeks, canals, and latrines were obtained
in several geographically different areas of Haiti and the Do-
minican Republic, both near villages where either cases of AFP
or laboratory-confirmed cases of polio had been reported and
at sites where there was no evidence that cases of AFP had
occurred in the nearby community. Fifty-five 1-L samples (12
from Haiti and 43 from the Dominican Republic) were ob-
tained during November–December 2000, 4 months after the
first case was reported in the Dominican Republic and during
the peak of the outbreak (figure 1), and were stored at !20"C
for 3 months until shipment on dry ice to the University of
North Carolina at Chapel Hill.

Processing of samples. Environmental water and sewage
samples were processed as described elsewhere [17], with several
modifications. In brief, the pH of the samples was adjusted to
7.2, and the samples were centrifuged at 5000 g for 30 min at
4"C to pellet the solids. The supernatant was retained, and the
sediment was extracted twice with 5 parts (vol/vol) 3% beef
extract and 3 parts (vol/vol) chloroform. After centrifugation
at 5000 g for 30 min at 4"C, the aqueous supernatants from
these extractions and initial supernatant were combined, and
viruses were concentrated by use of polyethylene glycol (PEG)
precipitation (8% [wt/vol] PEG 8000 and 0.3 mol/L NaCl) for
18 h at 4"C. After centrifugation at 6700 g for 30 min at 4"C,
the PEG pellet was resuspended in a small volume of sterile
PBS (5–20 mL) and was extracted with a 0.5 volume of chlo-
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roform. After centrifugation at 5000 g for 30 min at 4"C, the
chloroform phase was re-extracted with 1 part of 3% beef ex-
tract. After the aqueous supernatants were combined, 3% fetal
calf serum (FCS), 30 mg/mL gentamycin, and 50 mg/mL kana-
mycin were added, and the concentrates were incubated for 30
min at room temperature and then were stored at !80"C.

Virus isolation. Environmental concentrates were inocu-
lated onto confluent monolayers of Rhabdomyosarcoma (RD)
cells and L20B cells (mouse fibroblast cells with the poliovirus
receptor [PVR]) [18, 19] that were grown in Eagle minimal
essential medium (MEM) containing 10% FCS. Two to five 25-
cm2 flasks of each cell line were inoculated with 1 mL/flask for
each sample. After absorption for 60 min at 37"C, maintenance
medium (MEM containing 2% FCS) was added, and flasks were
incubated at 37"C and observed for cythopathic effect (CPE)
for 7–10 days. All cultures were freeze-thawed 3 times, centri-
fuged at 2000 g for 10 min, filtered through 0.2 mm pore size
filters (Gelman Scientific), and reinoculated onto 25-cm2 flasks
to confirm CPE positivity. Additional experiments included
incubation at 40"C on L20B cells, to select for polioviruses that
contain the reproductive capacity at supraoptimal temperature
(RCT) marker [20].

Characterization of poliovirus by use of microneutralization
and intratypic differentiation (ITD) assay. For the identi-
fication of poliovirus isolates, CPE-positive isolates from L20B
and RD cells were tested by use of microneutralization using
a pool of poliovirus antiserum (National Institute of Public
Health and the Environment, The Netherlands), as described
elsewhere [21]. All polioviruses were further characterized by
previously validated ITD assays, which are used to investigate
the origin (i.e., wt or vaccine-related) of poliovirus field isolates
[22]. Neutralization with a mixture of Sabin-specific monoclo-
nal antibodies (MAbs) of the 3 polio serotypes (MAbs 955,
1233, and 889 for PV1, PV2, and PV3, respectively) was per-
formed in 96-well tissue-culture plates in MEM with 5% FCS,
as described elsewhere [23], by use of a 1:100 dilution of the
trivalent MAb ascites mixture. Final microscopic reading of the
assay was done after 4 days. Each strain that was not neutralized
by the MAb pool was considered to be non-Sabin.

Diagnostic reverse-transcription polymerase chain reaction
(RT-PCR) for poliovirus. All CPE-positive samples were tested
for poliovirus by use of a RT-PCR kit for the ITD of polioviruses
(CDC) that included separate reactions with primers that were
pan-enterovirus, pan-poliovirus [24], serotype specific [25], and
specific for the Sabin type 1, 2, and 3 viruses [26]. Amplified
products were loaded on premade 10% polyacrylamide gels (Bio-
Rad) and were electrophoresed for 2 h at 100 V. The PCR prod-
ucts were visualized after staining for 5 min in 2 mg/mL ethidium
bromide.

VP1 amplification and sequencing. VP1 sequences were
determined by use of PCR cycle sequencing, as described else-

where [27]. RT-PCR products were generated by use of primers
Q8 and Y7 [11]. In brief, 1 mL of clarified L20B lysate was
incubated for 5 min at 95"C, to release virion RNA. Poliovirus
RNA was then amplified by use of a One-Step RT-PCR kit
(Qiagen) and 5 U of RNase inhibitor (Promega), according to
the manufacturers’ protocol. For RT, the samples were incu-
bated for 30 min at 50"C, and, after incubation for 15 min at
95"C. PCR consisted of 35 cycles of 1 min at 94"C, 1 min at
50"C, and 1 min at 72"C. RT-PCR products were purified by
use of a QIAquick PCR purification kit (Qiagen). The following
PCR primers (and additional sequencing primers) were used
for sequencing: VP1551R (5′-GCTGTTCCGTAGGTGTAAA-3′)
and VP1F449 (5′-CCTTAAATCAAGTGTACCAA-3′). To mini-
mize possible sequence ambiguities during RT-PCR, duplicate
amplicons were independently amplified from RNA templates
or clones.

Sequence analysis of 5′ noncoding region (NCR) and non-
structural genomic region. To determine specific mutations
at genome positions 480 and 525, viral RNA from strains H9A,
D21A, and D55A was amplified by use of RT-PCR using pan-
enterovirus primers [28]—for 35 cycles of 1 min at 94"C, of 1
min at 55"C, and of 1 min at 72"C—and RT-PCR products of
196 bp were sequenced in both directions. To identify that the
poliovirus strains isolated from the environmental samples
were, like the clinical strains, recombinant viruses, we cloned
and sequenced the region between VP1 and the 3′ end of strain
H9A. cDNA was prepared by use of SuperScript RT (Life Tech-
nologies), as described elsewhere [29]. Amplicons of 3.6 kb
were generated by 2 rounds of PCR by use of the Expand
template PCR kit (Roche), were cloned in the TA vector (In-
vitrogen), and were sequenced by use of primer walking.

Phylogenetic analysis. To determine the VP1 nucleotide
sequence diversity of the environmental isolates from Hispan-
iola, we compared complete VP1 sequences (906 nt) from 10
sewage-derived Hispaniola strains, 29 strains isolated from ei-
ther patients with clinical cases or their contacts [2], and the
Sabin type 1 OPV reference strain. A multiple alignment was
constructed by use of ClustalW (version 1.4; available at: http:
//www.ebi.ac.uk/clustalw/) and was imported into the Treecon
software package [30]. To compile a phylogenetic tree, distances
of 100 bootstrapped data sets were calculated by use of the
Jukes and Cantor correction for evolutionary rate, and tree
topology was inferred by use of neighbor-joining, with Sabin
type 1 as an outgroup.

Neurovirulence test. The neurovirulence of 3 environ-
mental isolates (H9A, D21, and D55) was compared with that
of reference strains Sabin type 1, Mahoney wt poliovirus strain,
and 2 clinical strains from the outbreak in Hispaniola, by use
of transgenic (Tg) 21-Bx mice [31]. The poliovirus strains were
purified by 3 rounds of limiting (end-point) dilution infectiv-

ity assay, followed by nucleotide-sequence analysis, to confirm
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Table 1. Laboratory data of circulating vaccine-derived poliovirus type 1 strains detected in environmental samples from Hispaniola.

Isolate
no. Country City; location

Collection
date

Cell culture RCT marker

VP1 sequencea
MAb
NTbRD L20B 37#C 40#C

9 HAI Port-au-Prince; Jobel creek 8 Dec 2000 CPE CPE CPE CPE Vaccine derived No

13 HAI Delmas; Orphelin canal 9 Dec 2000 CPE CPE CPE No CPE Sabin Yes

21 DOR Santiago; lift station 30 Nov 2000 CPE CPE CPE CPE Vaccine derived No

22 DOR Santiago; lift station 30 Nov 2000 CPE CPE CPE CPE Vaccine derived No

51 DOR Santiago; Arroyo Salado Gurabo stream 30 Nov 2000 CPE CPE CPE CPE Vaccine derived No

55 DOR Santo Domingo; waste-treatment plant 8 Dec 2000 CPE CPE CPE CPE Vaccine derived No

56 DOR Santo Domingo; La Cienaga
waste-treatment plant

8 Dec 2000 CPE CPE CPE No CPE Sabin Yes

59 DOR Santiago; Navarrete channel 30 Nov 2000 CPE Neg CPE CPE Vaccine derived No

62 DOR Santo Domingo; Guagimia channel 8 Dec 2000 CPE CPE CPE No CPE Sabin Yes

63 DOR Santiago; La Mosca 10 Nov 2000 CPE CPE CPE CPE Vaccine derived No

NOTE. All isolates were confirmed as poliovirus type 1 by use of reverse-transcription polymerase chain reaction, and all of them had the GrA substitution
at nt 480. CPE, cytopathologic effect; DOR, Dominican Republic; HAI; Haiti; L20B, mouse fibroblast cell line with poliovirus receptor; Neg, negative; RCT,
reproductive capacity at supraoptimal temperature [20]; RD, rhabdomyosarcoma cell line.

a Vaccine-derived 11% nucleotide sequence difference, compared with Sabin type 1 poliovirus.
b MAb NT, monoclonal antibody neutralization of CPE by a pool of poliovirus serotype-specific antisera.

their genotype. The mice were inoculated intramuscularly (left
hind limb) with 50 mL of 10-fold viral dilutions, and daily
clinical score was monitored for 14 days [31]. Eight mice (4
male and 4 female) were used for each dilution. The 50%
paralytic dose (PD50) of each strain was determined by use of
the probit method and was compared with that of Sabin type
1, Mahoney wt poliovirus strain, and 2 strains isolated from
clinical cases during the outbreak in Hispaniola.

RESULTS

Prevalence and properties of poliovirus isolated from envi-
ronmental samples in Hispaniola. In total, 55 environmen-
tal samples obtained during November and December 2000
were concentrated by use of PEG precipitation and were an-
alyzed by use of cell culture on RD and L20B cells. Of these,
47 (85%) were CPE positive on RD cells, and 20 (36%) were
CPE positive on L20B cells. One (8%) of the 12 samples ob-
tained in Haiti was CPE positive on L20B cells, whereas 19
(44%) of the 43 samples obtained in the Dominican Republic
were positive on L20B cells. Of all environmental samples, 12
(48%) of the 25 sewage samples, 1 (6%) of the 18 canal samples,
2 (33%) of the 6 stream-water samples, and 0 of the 6 latrine
samples were positive on L20B cells. All 20 L20B-positive sam-
ples tested positive for enteroviruses by use of pan-specific
primers. The presence of polioviruses could be confirmed in
19 (95%) of the 20 L20B-positive cell culture isolates by use
of RT-PCR using pan-poliovirus–specific primers. In addition,
4 samples that were RD positive but L20B negative showed
CPE after passaging on L20B cells and tested positive for po-
liovirus. Environmental samples obtained in the Dominican

Republic had a higher nonpolio enterovirus (NPEV) detection
rate (91%) than did those obtained in Haiti (58%).

Of the 23 enterovirus isolates that were further tested by use
of RT-PCR using pan-poliovirus–, serotype-, and Sabin-specific
primers, 10 tested positive for poliovirus type 1, 7 tested positive
for poliovirus type 2, 5 tested positive for poliovirus type 3,
and 1 tested positive for both poliovirus type 2 and type 3. In
addition, when the 10 poliovirus type 1 isolates were further
screened by use of cell culture infectivity assay on L20B cells
at 40"C, 7 (70%) were able to grow. The same 7 isolates were
also able to grow in the presence of a mixture of Sabin-specific
MAbs (table 1).

Because the poliomyelitis outbreak in Hispaniola was associ-
ated with a derivative of the type 1 OPV strain [2], the genetic
variability of the 10 type 1 isolates was further investigated by
determining the nucleotide sequence of the complete VP1 cap-
sid gene (906 nt). In total, 7 isolates were relatively closely
related (96.3%–97.9% sequence identity) to the Sabin type 1
OPV strain and to each other (97%–100% sequence identity),
but their sequence relatedness is substantially lower than that
normally observed (199.5%) in isolates from cases of AFP or
vaccine-associated paralytic poliomyelitis. The VP1 sequences
of the remaining 3 strains had 99.6%–100% sequence identity
to Sabin type 1 OPV (figure 2). Phylogenetic analysis showed
that polioviruses isolated from clinical cases and environmental
samples formed distinct subclusters related to geographic origin
(Santiago, Santo Domingo, and Port-au-Prince; figure 2).

Neutralizing antigenicity of cVDPV. By microneutrali-
zation using a pool of Sabin-specific MAbs, 7 of 10 poliovirus
type 1 isolates could not be neutralized (table 1). The complete
VP1 nucleotide sequence of the 3 type 1 strains that were neu-
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Figure 2. Nucleotide sequence relatedness (VP1 gene; 906 nt) among circulating vaccine-derived poliovirus (cVDPV) type 1 strains isolated from
clinical samples (DOR01-002, DOR01-002c, DOR01-012, DOR00-015, DOR00-025, DOR00-041c, DOR00-044, HAI01-007, and HAI01-009 [2]) and envi-
ronmental samples (EV_DOR#21, EV-DOR#63, EV-DOR#22, EV-DOR#51, EV-DOR#59, EV_DOR#55, EV-HAI09, EV_DOR#56, EV_HAI#13, and EV_HAI#62)
obtained in Hispaniola in 2000 and 2001. Sabin type 1 virus was used as an outgroup. Genetic clusters of strains that were isolated from 3 distinct
geographic regions (Santiago, Dominican Republic [DOR]; Santo Domingo, DOR; and Port-au-Prince, Haiti [HAI]) are indicated.

tralized was identical to that of Sabin type 1 OPV. In total, 3
of the initial RD-positive and L20B-negative isolates were neu-
tralized by a pool of polio-specific antisera. VP1 sequence analy-
sis revealed that 1 isolate was a Sabin type 2 poliovirus and
that 2 isolates were Sabin type 3 polioviruses.

Sequencing of 5′ NCR and noncapsid region. Nucleotide-
sequence analysis of a region of the 5′ NCR revealed that all 7
type 1 cVDPV isolates could not be neutralized by Sabin-spe-
cific MAbs (table 1). The cVDPV isolates had the GrA sub-
stitution at nt 480 and the UrC substitution at position 525,
which is known to be associated with increased neurovirulence
[32]. To analyze whether the isolates were, like the viruses iso-
lated during the outbreak in Hispaniola, recombinant polio-
viruses, a 3.6-kb nucleotide sequence corresponding to the 3′

region of the genome coding for the noncapsid sequences of
isolate EV_HAI09 was determined. The region included the
2A, 2B, 2C, 3A, 3B, 3C, and 3D nonstructural genes and the
3′ NCR. The genetic relationship of the noncapsid sequences
was compared with those of clinical Hispaniola isolates and
showed highest sequence similarity (93%) with strain HAI01-
007, which was isolated from a patient who died in April 2001
in Port-au-Prince [2].

Neurovirulence assay in PVR-Tg21 mice. To measure the

neurovirulence of the cVDPV isolates from environmental sam-
ples, 3 isolates (H9A, D21A, and D55A; figure 2) were inoc-
ulated into Tg21-Bx transgenic mice [31], and their PD50 values
were compared with those of the Mahoney strain, 2 strains
obtained from clinical cases of the outbreak of poliomyelitis in
Hispaniola (DOR00-015 and DOR00-016 [2] and Sabin type
1; table 2). All 3 Hispaniola strains had PD50 values that were
either similar to or lower (more potent) than the neurovirulent
Mahoney reference strain, and they were clearly much more
neurovirulent than the Sabin type 1 virus strain.

DISCUSSION

Surveillance of AFP has been a key factor in the successful
efforts to achieve eradication of poliomyelitis. The outbreak in
Hispaniola demonstrated that low levels of vaccine coverage,
in combination with poor surveillance of AFP, could result in
undetected and prolonged circulation of cVDPV in a com-
munity for up to 2 years before cases of poliomyelitis emerge
[2]. In the present study, sampling of surface water or sewage
in selected regions of Hispaniola where clinical cases had been
reported demonstrated the supplemental value of EPS as a
complement for surveillance of AFP in monitoring the presence
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Table 2. Results of a neurovirulence
assay, performed in poliovirus recep-
tor–transgenic 21 mice, of poliovirus
strains obtained from environmental
and clinical samples collected during
an outbreak in Hispaniola.

Strain PD50 (95% CI)

Sabin 1a
18.0b

Mahoneyc 5.9 (5.4–6.6)

DOR00-015d 6.5 (6.3–6.7)

DOR00-016d 6.4 (5.9–6.8)

H9Ae 4.5 (3.5–5.5)

D55Ae 5.5 (5.0–6.0)

D21Ae 6.1 (5.6–6.6)

NOTE. Estimates of the 50% paralytic
dose (PD50) and associated 95% confidence in-
tervals (CIs) were calculated by use of the
probit method [31].

a Type 1 oral poliovirus vaccine strain.
b Virus titers are expressed as log10 of

CCID50.
c Wild-type virus parent of Sabin 1.
d Virus isolate from a clinical case from the

outbreak in Hispaniola.
e Virus isolate from environmental sample

obtained in Hispaniola.

of polioviruses in fecally contaminated surface waters and com-
munity fecal waste and, thus, in the population. Type 1 cVDPV
was detected in environmental samples from Haiti and the
Dominican Republic and was antigenically and genetically sim-
ilar to the viruses isolated from cases of AFP during the out-
break of poliomyelitis in Hispaniola [2]. These viruses were
readily detectable in environmental samples from regions where
vaccine coverage is low. The results of the present study dem-
onstrate that environmental assessment for polioviruses in geo-
graphic areas at increased risk for cVDPV circulation may be
an important tool for the worldwide poliomyelitis eradication
program in its final stages.

A high rate of detection of NPEV in environmental samples
is considered to be a reliable indicator that the environmental
samples were obtained, processed, and analyzed appropriately
and that the cold chain used during specimen transportation
was effective in preserving virus infectivity. Environmental sam-
ples obtained in the Dominican Republic had a higher rate of
detection for NPEV isolates (91%) than did those obtained in
Haiti (58%). Reported sampling and transport problems for
some of the sampling sites (latrines) in the northern part of
Haiti could explain the relatively low rate of detection for NPEV.
Overall, among the sites of sample collection, the rate of de-
tection for poliovirus was highest in sewage and streams. How-
ever, in regions in the world where community sewage systems
do not exist, EPS as it is currently conducted is not always
feasible. Nonetheless, methods for the detection of polioviruses

in solid fecal waste have been developed [15, 33, 34]. Further-
more, nonliquid waste, such as night soil, is obtained and com-
posed for treatment on a community basis is some parts of the
world, and even latrine wastes can be sampled in a systematic
way to obtain composite samples representative of communi-
ties and neighborhoods. Therefore, systematic and effective ap-
proaches for sampling of solid waste should be further developed
if we choose to implement EPS in regions where no sewage
systems are present.

Various methods have been described for the concentration
of poliovirus from environmental samples, including ultrafil-
tration, 2-phase separation, and PEG precipitation [13, 16, 35,
36]. The method we used for concentrating viruses from sewage
and water samples in the present study included PEG precip-
itation, followed by chloroform extraction, and was based on
many different protocols that have been developed in our lab-
oratory over the years [17, 33, 37–39]. Enterovirus recovery
rates average 21%–88%, depending on the type of sample (e.g.,
water and municipal sewage, airplane holding tank sewage, and
latrine waste), and recently have been shown to be highly sen-
sitive in detecting wt polioviruses in a high background of OPV
[36]. The technical skill, effort, time, and cost needed to per-
form the methods for poliovirus isolation from environmental
samples are not likely to be appreciably greater than those used
to detect polioviruses in clinical samples. Except for the initial
steps of sample centrifugation and PEG precipitation, both of
which are simple methods requiring modest skills and little
actual sample processing time by a laboratory technician, the
steps in poliovirus isolation and characterization are similar to
those now used for clinical specimens of feces. The only factor
responsible for additional cost is the possible need for a large-
capacity high-speed centrifuge and rotor for those laboratories
currently lacking such equipment.

At present, environmental sampling is not recommended for
surveillance of poliovirus in countries where poliovirus is en-
demic. The major reason has been that the method involved
(i.e., concentration) is not easily implemented in a clinical vi-
rologic laboratory and that poliovirus can be rapidly inactivated
at ambient temperature in tropical areas [40]. However, our
EPS study and a recent study in India [36] demonstrate that
poliovirus can be detected easily when samples are stored frozen
or analyzed rapidly (!24 h) after they are obtained.

Cell culture on L20B cells at elevated temperature (39.5"C–
40"C) has been used successfully for the selection of nonvaccine
poliovirus strains against a high background of Sabin viruses
[11, 14]. This RCT assay [20] is based on the relatively small
difference (!2 log10) in virus titer for wt polioviruses grown at
normal temperature (36"C), compared with those grown at
elevated temperature (40"C), and the large (14 log10) titer dif-
ferences for Sabin viruses grown under the same conditions.
Hence, growth at elevated temperature can be used to select
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for wt polioviruses against a high background of Sabin viruses,
which is particularly useful when screening environmental sam-
ples [11]. However, this RCT marker is not definitive for neu-
rovirulent polioviruses, and, when used as a selector, it will
allow growth of 1% of vaccine (Sabin) type 1 and 2 isolates
and 30% of type 3 isolates, while selecting against 30%–35%
of the type 1, 2, and 3 isolates [20]. For this reason, it is probably
best used as a supplemental and secondary selection and char-
acterization marker and not for primary isolation of viruses in
cell cultures.

Another useful tool to select for non-Sabin polioviruses in
a background of vaccine polioviruses is the use of Sabin-specific
MAbs, which have been shown to effectively neutralize Sabin
viruses in ITD assays [22, 31]. Among the cVDPV strains de-
tected in the present study, there was complete concordance
between the presence of the RCT marker and the lack of neu-
tralization by Sabin-specific MAbs.

Phylogenetic analysis of VP1 sequences from cVDPV strains
isolated from environmental samples and from cases of AFP in
Hispaniola shows that they are highly genetically related in this
region of the poliovirus genome. In addition, VP1 sequences
from strains isolated from clinical cases and environmental sam-
ples obtained in different geographic areas (Port-au-Prince in
Haiti and Santo Domingo and Santiago in the Dominican Re-
public) form distinct subclusters. Further sequence analysis of
the nonstructural genes of 1 environmental strain from Haiti
confirmed that this strain, like the clinical strains, consisted of
a recombinant genome with noncapsid sequences obtained from
other species C enteroviruses [2] and had the highest sequence
similarity with a clinical strain from that region.

The environmental cVDPV isolates were as neurovirulent as
poliovirus strains isolated from cases of AFP from the outbreak
in Hispaniola when tested in PVR-Bx transgenic mice express-
ing the human receptor for poliovirus [31]. Although cVDPV
isolated from environmental samples have been shown previ-
ously to be neurovirulent in a mouse model [32], our finding
confirms an association with paralytic cases in humans. One
of the type 1 cVDPV strains was isolated from a stream-water
sample from Haiti that was obtained 4 months before genet-
ically similar viruses were found in cases of AFP.

In summary, the present study has documented the presence
of cVDPV with 11% sequence difference from Sabin vaccine
strain polioviruses in environmental samples obtained from
regions with reported AFP or paralytic cases caused by similar,
if not identical, cVDPV strains. These findings demonstrate
that EPS is a sensitive method for detecting cVDPV in a back-
ground of OPV. The finding that cVDPV can, under suitable
conditions, acquire neurovirulence and transmission charac-
teristics similar to those of wt polioviruses has important im-
plications for current and future strategies of the WHO initia-
tive to eradicate polio worldwide. Because of concerns that

inadequate vaccine coverage and the potential circulation of
poliovirus may occur in other locations worldwide, greater ef-
forts are being made to use EPS for active surveillance of po-
lioviruses in high-risk settings. Recently, EPS was applied to
the isolation and identification of polioviruses in high-risk areas
in Ecuador (J.V., unpublished data).

EPS has the potential to detect polioviruses in the environ-
ment, even before paralytic cases occur, which may lead to
decisions to increase surveillance of AFP, to look for gaps in
immunity, to identify risk groups, and, ultimately, to immunize
children, thereby possibly preventing cases and outbreaks that
would otherwise be inevitable. Although EPS never can replace
surveillance of AFP, now that the endgame of polio eradication
has begun, EPS might become a critical component when the
exact conditions of Hispaniola are repeated in many countries
that are not likely to switch to inactivated polio vaccine. In this
scenario, it is likely that some children will be excreting OPV
into an environment where there are suddenly many children
who are not immunized. Therefore, environmental surveillance
may, as a complement to surveillance of AFP, become an im-
portant tool for the early detection of both wt poliovirus and
cVDPV in the final stages of the poliovirus eradication program.
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