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The mechanism of human-to-human transmission of the polyomaviruses JC virus (JCV) and BK virus
(BKV) has not been firmly established with regard to possible human exposure. JCV and BKV have been found
in sewage samples from different geographical areas in Europe, Africa, and the United States, with average
concentrations of 102 to 103 JCV particles/ml and 101 to 102 BKV particles/ml. Selected polyomavirus-positive
sewage samples were further characterized. The JCV and BKV present in these samples were identified by
sequencing of the intergenic region (the region found between the T antigen and VP coding regions) of JCV and
the VP1 region of BKV. The regulatory region of the JCV and BKV strains found in sewage samples presented
archetypal or archetype-like genetic structures, as described for urine samples. The stability (the time required
for a 90% reduction in the virus concentration) of the viral particles in sewage at 20°C was estimated to be 26.7
days for JCV and 53.6 days for BKV. The presence of JCV in 50% of the shellfish samples analyzed confirmed
the stability of these viral particles in the environment. BKV and JCV particles were also found to be stable
at pH 5; however, treatment at a pH lower than 3 resulted in the detection of free viral DNA. Since most
humans are infected with JCV and BKV, these data indicate that the ingestion of contaminated water or food
could represent a possible portal of entrance of these viruses or polyomavirus DNA into the human population.

JC virus (JCV) and BK virus (BKV) are nonenveloped,
icosahedral viruses with double-stranded, negatively super-
coiled, circular DNA genomes of approximately 5.13 kb. The
polyomavirus genome consists of an early region, a late region,
and a regulatory region (RR) containing promoters, enhanc-
ers, and the replication origin. The genome is transcribed bi-
directionally from the origin. It codes for the early region
proteins (large T and small t antigens) that regulate the tran-
scription of the late region proteins (VP1, VP2, VP3, and
agnoprotein). JCV and BKV are associated primarily with
progressive multifocal leukoencephalopathy (PML) and hem-
orrhagic cystitis, respectively, and a role for these viruses in
human cancer has been suggested (23). Both viruses are found
at high frequencies throughout most human populations, and
their pathogenicity, which is associated primarily with immu-
nocompromised states, has attracted more attention due to the
immunosuppression associated with AIDS. As determined by
seroconversion, primary infection with BKV occurs early in
childhood, while JCV infection occurs slightly more toward
adolescence (17, 36, 51). Initial infection is not apparent and
rarely causes clinical disease, although respiratory symptoms
or urinary tract disease is sometimes found in the case of BKV
(18, 21, 37). JCV and BKV can be detected in tonsillar tissue
(19, 32), and the hypothesis that the respiratory tract is the
primary site of viral infection has been suggested. After the
initial infection, the virus disseminates and establishes a per-
sistent infection in renal tissue throughout life (27, 46). The
presence of JCV DNA in the upper and lower parts of the

human gastrointestinal tract and particularly in the mucosa of
the human colon and colorectal cancers has been recently
described (29, 42).

In a previous study, using nested PCR methods that we
developed for studying viruses in wastewater (39, 40), we re-
ported the presence of human polyomavirus JCV and BKV
DNAs, but not simian virus 40 DNA, in urban sewage (12). In
this study, we report the presence of JCV and BKV in sewage
from other geographical areas. In addition, we have detected
JCV and BKV in shellfish, have evaluated the stability of JCV
and BKV virions in the environment, and have begun to de-
termine the genetic characteristics of the strains excreted by
populations in different geographical areas. Human adenovi-
ruses (HAd) were used in this study as a control for human
contamination of the samples. Also, shellfish were used as
biosensors for contamination studies since they filter large
volumes of water, concentrating, especially in the digestive
tract, any viruses that are present in the water. We believe that
viruses excreted in urine and feces are transmitted through
what is known as fecal contamination, which includes viruses
excreted in feces and urine. Our findings of high levels of JCV
and BKV in most sewage samples and the relative stability of
these viruses under environmental conditions suggest that the
alimentary tract could be an important point of exposure and
transmission of these viruses among humans.

MATERIALS AND METHODS

Viruses. BKV and JCV positive controls were obtained from the urine of a
healthy woman who had been pregnant for 38 weeks. We also used JCV obtained
from cerebrospinal fluid (CSF) samples kindly donated by J. L. Pérez, Microbi-
ology Department, Hospital de Bellvitge, Barcelona, Spain. Adenovirus type 2
(prototype) grown on A549 cells and partially purified was used as a positive
control.
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Sewage samples. Twenty-four raw sewage samples from different geographical
areas were analyzed. Nine samples (BCN17 to BCN25) were collected from
October 1998 to June 2000 in the sewers of Barcelona, Spain. Each sample was
collected in a sterile 500-ml polyethylene container, kept at 4°C for less than 8 h
until the viral particles were concentrated in phosphate-buffered saline (PBS),
and stored at �80°C.

Five samples (G1 to G5) were collected in Patras, Greece, during June and
July 1999. Four samples (E1 to E4) were collected in Cairo, Egypt, during July
1999, and six samples (W1 to W6) were collected in Washington, D.C., during
December 1999. These samples were collected and shipped, frozen, to Spain,
where they were concentrated in PBS and stored at �80°C.

Shellfish samples. Six oyster (Crassostrea gigas) samples and four mussel
(Mytilus galloprovincialis) samples were obtained from shellfish-growing in areas
with different levels of fecal pollution located in the delta of the Ebro river.
Shellfish sample analysis was carried out by following a slightly modified form of
the protocol of Pina et al. (39) and Muniain-Mujika et al. (33). The digestive
diverticulum was the only part of the animals tested in this analysis. These
samples were analyzed for the presence of different human viruses, including:
hepatitis A virus, enteroviruses, HAd, JCV, and BKV.

Concentration of viral particles and nucleic acid extraction. Recovery of viral
particles and nucleic acid extraction were carried out as described previously
(40). Briefly, 40-ml sewage samples were ultracentrifuged (229,600 � g for 1 h at
4°C) to pellet all of the viral particles together with any suspended material. The
sediment was then eluted by mixing it with 4 ml of 0.25 N glycine buffer (pH 9.5)
on ice for 30 min, and the suspended solids were separated by centrifugation at
12,000 � g for 15 min after the addition of 4 ml of 2� PBS. Viruses were finally
pelleted by ultracentrifugation (229,600 � g for 1 h at 4°C), resuspended in 0.1
ml of 1� PBS, and stored at �80°C.

Viral nucleic acids were extracted by using a procedure that uses guanidinium
thiocyanate and adsorption of the nucleic acids to silica particles (13), providing
clean nucleic acids for molecular studies.

Enzymatic amplification. Ten-microliter aliquots of the extracted nucleic acids
were used in each test, corresponding to a 4-ml sewage sample, 1 g of shellfish,
1 ml of urine, or 10 �l of CSF, depending on the origin of the samples analyzed.
Serial tenfold dilutions were also analyzed in order to carry out a semiquantita-
tive analysis of the samples studied by limiting-dilution experiments. Knowing
the sensitivity of the detection procedure applied, we could estimate the con-
centration of the sewage samples by considering the lower decimal dilution
positive for the nested-PCR assay.

Amplifications were carried out in a 50-�l reaction mixture containing 10 mM
Tris-HCl (pH 8.3 at 25°C), 50 mM KCl, 1.5 mM MgCl2, 200 �M each de-
oxynucleoside triphosphate, 2 U of Ampli Taq DNA polymerase (Perkin-Elmer

Cetus), and the corresponding primers at the corresponding concentrations (25
�M for all polyomavirus amplifications). In all PCR assays, the first cycle of
denaturation was carried out for 4 min at 94°C. The conditions for the 29-cycle
amplification were as follows: denaturing at 92°C for 60 s, annealing at the
corresponding annealing temperature for 60 s, and extension at 72°C for 75 s. All
amplifications were completed with 4 min of extension at 72°C. The PCR am-
plifications of adenovirus genomes were carried out as previously described (12).
JCV genomes were amplified by using EP1A and EP2A as external primers and
P1A and P2A (modified from Kunitake et al. [28]) as internal primers and an
annealing temperature of 59°C in both PCRs. BKV genomes were amplified by
using external primers BK1 and BK2 at an annealing temperature of 46°C and
internal primers BK4 and BK6 at an annealing temperature of 50°C. All of the
primer sequences used in this study are represented in Table 1. The results were
analyzed by agarose gel electrophoresis using ethidium bromide as a stain.

Quality control of the amplification method. Standard precautions were ap-
plied in all of the manipulations in order to reduce the probability of sample
contamination by amplified DNA molecules. All of the samples were analyzed
twice in independent experiments, and a negative control was added every two
samples.

Characterization of the JCV genomes. The amplicons obtained from the
nested PCR when using primers to amplify the intergenic region (IGR) of nine
JCV-positive samples (W1 to W6, E1, E2, and G1) and a positive CSF sample
(CSFK) were further characterized by amplifying products of the first-round
PCR by using primers P1A-JCSR and P2A-JCSL at an annealing temperature of
55°C. That permitted us to amplify the IGR of JCV in two overlapping frag-
ments. Sequencing of these fragments was carried out by using the same two
pairs of primers.

Two JCV-positive samples (W5 and G3) and two samples that tested positive
for JCV in a previous study (BCN26 and BCN28) were analyzed by using primers
suitable for amplification of the RR. JR1 and JR2 were used in the first-round
PCR, and JR3 and JR4 were used in the nested PCR, and in both cases, the
annealing temperature was 55°C. These primers have been described by Monaco
et al. (32). The amplicons obtained from the nested PCR were further charac-
terized by sequencing with primers JR3 and JR4.

Characterization of BKV genomes. Two BKV-positive samples (W2 and W5),
other samples that had tested positive for BKV in a previous study (U3, BCN26,
and BCN28), and a control urine sample (BCNU) were analyzed by using
primers suitable for amplification of the RR, i.e., BR1 and BR2 at 44°C for the
first PCR and BR3 and BR4 at 46°C for the nested PCR. We further charac-
terized these samples by sequencing amplicons obtained from the nested PCR by
using primers BR3 and BR4.

The amplicons obtained from the first-strand PCR using primers BK1 and

TABLE 1. Oligonucleotide primers used for PCR amplification and sequencing of human polyomaviruses BKV and JCV

Virus type (region) Position Primer Sequencea

JCV (IGR) 2062–2087b EP1A 5�-TGAATGTTGGGTTCCTGATCCCACC-3�
JCV (IGR) 2774–2798 EP2A 5�-ACCCATTCTTGACTTTCCTAGAGAG-3�
JCV (IGR) 2099–2124 P1Ad 5�-CAAGATATTTTGGGACACTAACAGG-3�
JCV (IGR) 2742–2766 P2Ad 5�-CCATGTCCAGAGTCTTCTGCTTCAG-3�
JCV (IGR) 2511–2536 JCSR 5�-TGATTACAGCATTTTTGTCTGCAAC-3�
JCV (IGR) 2364–2388 JCSL 5�-GGAAGTCCTTCTGTTAATTAAATCAG-3�
JCV (RR) 4992–5011 JR1e 5�-CCCTATTCAGCACTTTGTCC-3�
JCV (RR) 428–447 JR2e 5�-CAAACCACTGTGTCTCTGTC-3�
JCV (RR) 5060–5079 JR3e 5�-GGGAATTTCCCTGGCCTCCT-3�
JCV (RR) 298–317 JR4e 5�-ACTTTCACAGAAGCCTTACG-3�

BKV (VP1) 1452–1467c BK1 5�-TATTGCCCCAGGAGGT-3�
BKV (VP1) 2132–2148 BK2 5�-AACATTTTCCCCTCCTG-3�
BKV (VP1) 1762–1781 BK4 5�-AGTAGATTTCCACAGGTTAG-3�
BKV (VP1) 1486–1506 BK6 5�-CCAGGGGCAGCTCCCAAAAAG-3�
BKV (VP1) 1425–1442 BK3 5�-ACTGTAACACCTGCTCTT-3�
BKV (RR) 5024–5043 BR1 5�-CCCTGTTWARRACTTTATCC-3�
BKV (RR) 431–457 BR2 5�-GTAAAGCAGTGGTACTTT-3�
BKV (RR) 5083–5102 BR3 5�-ATAGTTTTGCTAGGCCTCAG-3�
BKV (RR) 305–322 BR4 5�-CAACTTTCACTGAAGCTT-3�

a W � A or T; R � A or G.
b Sequence positions refer to the JCV Mad-1 strain sequence.
c Sequence positions refer to the BKV Dunlop strain sequence.
d Modified from Kunitake et al. (28).
e From Monaco et al. (32).
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BK2 of five samples, two positive samples (W3 and BCN17), two other positive
samples that tested positive for BKV in a previous study (BCN29, BCN30), and
the urine sample used as a control (BCNU), were further amplified in a nested
PCR using primers BK2 and BK3 (at an annealing temperature of 46°C), which
amplify a VP1 region used for the typing of these viruses (24). The amplicons
obtained were sequenced by using BK2 and BK3.

Sequencing of nested-PCR products. Products obtained from the nested PCR
were purified with the QIAquick PCR purification kit (QIAGEN, Inc.). Both
strands of the purified DNA amplicons were sequenced with the ABI PRISM
Dye Terminator Cycle Sequencing Ready Reaction kit with Ampli Taq DNA
polymerase FS (Perkin-Elmer, Applied Biosystems) by following the manufac-
turer’s instructions. The conditions for the 25-cycle sequencing amplification
were as follows: denaturing at 96°C for 10 s, annealing at 50°C for 5 s, and
extension at 60°C for 4 min. The primers used for sequencing were used at a
concentration of 2.5 �M. The results were checked by using the ABI PRISM 377
automated sequencer (Perkin-Elmer, Applied Biosystems). The sequences were
compared with the GenBank and EMBL databases by using the basic BLAST
program of the National Center for Biotechnology Information (http://www.ncbi
.nlm.nih.gov/BLAST/). Alignments of the sequences were carried out by using
the ClustalW program of the European Bioinformatics Institute of the European
Molecular Biology Laboratory (http://www.ebi.ac.uk/clustalw/).

Phylogenetic analysis of JCV. Sequenced regions of JCV were analyzed by
using the seqboot and neighbor programs included in the PHYLIP software
package (15). The phylogenetic tree constructed by the neighbor-joining (NJ)
method and bootstrap analysis was visualized by using the TREEVIEW 1.5
program (38). The JCV isolates used in the phylogenetic analysis are described
in Table 2. The NJ method was also applied for analysis of the full sequences of
20 of the strains described in Table 2 (the 20 classified into types and subtypes by
Jobes et al. [25]) and the partial 461-nucleotide (nt) sequence used in our
analysis.

Stability of human polyomavirus and HAd particles in sewage. One liter each
of three sewage samples (BCN23, BCN24, and BCN25) was kept in a sterile
beaker in a heater at 20°C. One liter of PBS spiked with 84 ml of urine from a

healthy woman pregnant for 38 weeks that was positive for both JCV and BKV
was used as a positive control. Aliquots of 40 ml of each sample were analyzed
within a 5-month period for the presence of JCV and BKV on days 0, 3, 10, 17,
30, 45, 62, 78, 92, 120, and 150. The presence of HAd was also analyzed on days
30, 60, and 92. The presence of viral particles was evaluated, and in order to find
out if the viral particles had remained intact, viral concentrates were treated with
DNase before nucleic acid extraction. One aliquot of each sample was treated
with DNase with the appropriate buffer in order to destroy free DNA, and the
other aliquot was treated with DNase buffer but no DNase for analysis of total
DNA under equivalent conditions. Twenty-five microliters of DNase buffer con-
taining Tris-HCl (pH 7.5) at 100 mM, MgCl2 at 20 mM, bovine serum albumin
at 100 �g/ml, 25 �l of viral particles, and 1 �l of DNase I (Amersham Pharmacia
Biotech Inc.) at 10,000 U/ml (DNase treatment) or 1 �l of sterile water was
mixed before nucleic acid extraction.

In order to obtain the estimated t90 and t99 (times required for 90 and 99%
reductions of the viral concentration), we computed a linear regression model
with the logarithm of the estimated concentration of viral particles detected by
nested PCR expressed as PCR genomic equivalents. More precisely, the model
is log yt � at � log y0, where yt is the mean of the three observed values of y at
time t, y0 is the value of the PCR genomic equivalents at time zero, and a is the
slope of the regression line. The log-transform is suggested by the proportional
relationship between the mean and the standard deviation of the PCR genomic
equivalents at every time and is strongly supported by inspection of the residuals
of the model. However, the usual inferences in linear regression (i.e., significa-
tion test of correlation, confidence intervals, etc.) are not applicable because of
the known dependence of the observed values of the PCR genomic equivalents
in the stability assays. For our purposes, the model attempts to give an approx-
imate (descriptive) approach to t90 and t99. Inverting the equation described
above, estimates of t90 and t99 are computed by substituting for yt 10 and 1%,
respectively, of the observed value of yt at time zero (t0).

Stability of JCV and BKV particles at acidic pHs. A sewage sample at pH 7 to
7.5 was divided into three aliquots, and their pHs were adjusted to 1, 3, and 5
with 35% HCl. The samples were magnetically stirred at room temperature.

TABLE 2. JCV types used for phylogenetic analysisa

Strain(s) Origin (ethnicity)b GenBank accession no(s). Reference Type

Mad-1 United States (C) J0227 16 1
124 United States (C) AF015526 4 1
123 United States (C) AF015227 4 1
Tokyo-1 Japan AF030085 7 2A
224 United States (H) AF015529 7 2A
225 United States (NA) AF015530 7 2A
226 United States (NA) AF015531 7 2A
223 United States (AA) AF015532 7 2B
227 United States (C) AF015533 7 2B
GS/K Germany AF004349 30 2B
GS/B Germany AF004350 30 2B
228 United States (NA) AF015534 7 2C
229 United States (C) AF015535 7 2C
230 United States (AA) AF015536 7 2C
308 Tanzania U73500 2 3
312 United States (AA) U73502 2 3
311 United States (AA) U73501 2 3
402 United States (C) AF015528 4 4
601 United States (AA) AF015537 6 6
Tai-3 Taiwan U61771 35 7

BCNU-2, -16, -8, -15 Spain AF119345–49 12
U3 Sweden AF119350 12
F2 France AF119351 12
P3, P1 South Africa AF119352–53 12
CSFB, -E, -J Spain AF119354–56 12
CSFK Spain AF304389 This paper
G1 Greece AF303943 This paper
E1–2 Egypt AF303944–45 This paper
W1–3/W4–6 United States AF303946–48/AF304386–88 This paper

a Strains and genomes used to construct the phylogentic tree are represented. The geographic origins of the strains are shown. Some data are from the work of Jobes
et al. (25).

b C, Caucasian; H, Hispanic; NA, Native American; AA, African American.
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After 30 min, the pH was neutralized with 1 M NaOH. The samples were then
concentrated and treated with DNase or left untreated before nucleic acid
extraction. This assay was repeated while keeping the samples at a low pH for
1.30 h.

Nucleotide sequence accession numbers. The JCV IGR sequences reported in
this paper have been deposited in the GenBank database under accession no.
AF303943 to AF303948 and AF304386 to AF304389. The JCV RR sequences
obtained in this study are identical to those described by Bofill-Mas et al. (12)
(accession no. AF120242; archetypal JCV RR sequence obtained from sewage
samples). The BKV RR sequences analyzed have been deposited under acces-
sion no. AF356528 to AF356531, and the BKV VP1 region sequences have been
deposited under accession no. AF356534 to AF356538.

RESULTS

Human polyomaviruses in sewage and shellfish samples.
Viruses excreted by people in their feces or urine are found in
urban sewage and seawater with fecal contamination. Since
shellfish filter large volumes of seawater, viruses that are
present in water accumulate and remain in shellfish digestive
tissues. Thus, analysis of the viruses present in urban sewage
and shellfish samples will give information about the excretion
patterns of polyomaviruses in specific communities. The sen-
sitivity of the nested PCR assay was tested by following the
procedure applied in a previous study (11, 12). The observed
sensitivity of the nested PCR was 5 JCV genome copies and 50
BKV genome copies. A sensitivity of 1 to 10 HAd particles has
been reported previously (40).

The results obtained in the limiting-dilution experiments
when analyzing sewage samples collected in the United States,
Egypt, Greece, and Spain are shown in Table 3 and reflect a
very high level of excretion of JCV, BKV, and HAd. All of the
samples from these areas were positive for HAd, JCV, and
BKV.

Table 3 also reflects results obtained in a previous study with
samples collected in South Africa, France, Sweden, and Spain
(12). The total percentage of positive samples and estimated
mean values of HAd, JCV, and BKV are represented.

Of the 10 shellfish samples analyzed, 8 were positive for at
least one of the human viruses analyzed (HAd or JCV) and the
average Escherichia coli level of these samples was 40 bacteria/
100 g. These data indicates that these samples had been in
contact with fecal contamination of human origin. Seven sam-
ples were positive for HAd, with a mean concentration of 1 to
10 viral particles/g. Six samples were positive for hepatitis A
virus, with mean concentrations of 10 viral particles/g. Five

samples were positive for JCV at concentrations between 1 and
10 viral particles/g. All of the samples tested negative for BKV.

Characterization of the IGR of JCV. The IGR of JCV has
been studied largely as a tool with which to trace human
migrations, since it presents differences corresponding to the
different geographic origins of the populations that excrete the
viruses.

Sequencing of the IGR of JCV classifies the JCV genomes
into at least seven types and a larger number of subtypes (25).
Type 1 is found in Europeans, types 2 and 7 are found in
Asians, and types 3 and 6 are found in Africans (3, 14, 20); type
6 is found in western and central Africa but not in eastern
Africa (3, 14, 20). Types 1, 2, and 3 present two or more
subtypes (A, B, C. . . ). The inhabitants of America present
genotypes characteristic of other continents. African Ameri-
cans present mainly type 3, while European Americans present
type 1 and Native Americans present type 2A, which is typical
of their northeastern Asian origins (8).

We sequenced 461 nt of the IGR of JCV-positive samples.
The consistency of the phylogenetic analysis using the 461-bp
sequence of the IGR was evaluated by comparing trees ob-
tained by using this 461-bp sequence with phylogenetic trees
obtained by using the full-length JCV sequences described in
the GenBank and EMBL data banks. The two types of trees
showed significant similarity (data not shown).

The sequences analyzed confirmed the specificity of the
nested PCR amplification, since all viral sequences were iden-
tified as JCV when specific primers were used. These results
also confirmed the absence of cross-contamination, since all of
the viral sequences analyzed were different from the positive
controls used in the assays.

The phylogenetic tree obtained by the NJ method is shown
in Fig. 1. The strains used to construct this tree are represented
in Table 2.

Characterization of the RRs of JCV genomes. In order to
check whether or not the genomes detected presented the
archetypal transcriptional control regions (TCRs) excreted by
individuals in urine or the rearranged TCRs typically found in
the CSF of PML patients, we analyzed the RR sequences from
four JCV-positive samples and compared these sequences with
sequences previously obtained. All of the sequences obtained
from sewage samples and urine samples were identical in these
187 nt and were also identical to the archetypal consensus
sequence.

TABLE 3. Summary of results obtained by analysis of 52 sewage samples for the presence of human polyomaviruses

Area (no. of samples)
No. positive/total (no. of viral particles/ml)

HAd JCV BKV

Barcelona, Spain (16a � 9) 24/25 (101–102) 23/24 (101–102) 20/25 (1–101)
Nancy, France (4)a 4/4 (101–102) 4/4 (102–103) 4/4 (1–101)
Umeå, Sweden (4)a 4/4 (1–101) 4/4 (102–103) 4/4 (1–101)
Pretoria, South Africa (4)a 4/4 (102–103) 4/4 (101–102) 4/4 (101–102)
Cairo, Egypt (4) 4/4 (102–103) 4/4 (102–103) 4/4 (101–102)
Patras, Greece (5) 5/5 (102–103) 5/5 (102–103) 4/4 (102–103)
Washington, D.C. (6) 6/6 (102–103) 6/6 (103–104) 6/6 (102–103)

Total (52) 51/52 (102–103) 50/51 (102–103) 46/51 (101–102)

a Samples analyzed in a previous study (12).
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FIG. 1. NJ tree constructed to represent phylogenetic relationships among 42 JCV sequences (see Table 3) for nt 2177 to 2637 of the IGR. The
bootstrap confidence levels obtained for 100 replicates are shown (only significant values are indicated).

10294 BOFILL-MAS ET AL. J. VIROL.



Characterization of BKV genomes. It has been reported that
BKV transcriptional RRs also fall into two groups, archetypal
and rearranged, depending on their sequence. We sequenced
the RRs of some samples positive for BKV and a urine sample
used as a control. BKV studied in sewage and urine presented
archetypal (WW) or archetype-like (WW-T) structures of the
RR, as previously described (43, 49). Alignments of these se-
quences are shown in Fig. 2. We could establish two groups of
archetypal regions that differed in 2 of 180 nt. Samples from
the United States and Sweden were almost identical (with the
exception of some undetermined nucleotides) and differed by
1 nt from BKWW-T (nt 256, numbering of the Gardner strain).
Sewage samples tested from Barcelona and the urine sample
used as a control (from a Spanish individual) were identical in
the identified nucleotides (three nucleotides in the urine sam-

ple could not be defined) and identical to BKWW. The rele-
vant consensus elements, such as protein binding sites and
regulatory elements, that have been described by Markowitz et
al. (31) were conserved in the genomes analyzed. Differences
between the two groups were restricted to nucleotides that
present polymorphisms (nt 163 and 176).

To begin typing the BKV present in these sewage samples,
we sequenced the VP1 region of five BKV-positive samples. Of
the five samples sequenced, four presented the characteristics
defined by Jin et al. (24) for BKV type 1, the type most
frequently detected in human populations. One of the samples
collected in Barcelona (BCN29) seemed to be identical to type
2, the second BKV type most frequent in human populations,
with the exception of one nucleotide that corresponded to type
1, 3, or 4 but not type 2. Alignments of the sequences detected

FIG. 2. Annealing of the RRs of some of the BKV-positive samples sequenced (Gardner numbering). Asterisks represent similarity between
nucleotides. Bold nucleotides represent sites of diversity in the BKV genome. Archetypal (WW) and archetype-like (WW-T) sequences were also
included in the annealing.
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are presented in Fig. 2. We also observed some indeterminate
nucleotides in the polymorphic sites.

Stability of human polyomaviruses and HAd particles in
sewage. There is no previous information on the behavior of
human polyomaviruses in the environment. Data on the sta-
bility of these viral particles in the environment could contrib-
ute to a better evaluation of their mechanism of transmission.
By analyzing the three samples of raw sewage from Barcelona
(BCN23, BCN24, and BCN25) and the control (PBS spiked
with urine positive for both BKV and JCV), which were all
kept at 20°C for 150 days, we found that both BKV and JCV
were detected until day 92. The viruses detected during this
time appeared to represent intact virions, since treatment with
DNase prior to nucleic acid extraction did not eliminate the
viral genomes (Fig. 3). The presence of HAd DNA was also
analyzed at days 30, 45, and 92 by using DNase. HAd viral
particles were detected at days 30 and 45, but disrupted
(DNase-sensitive) virions were obtained at day 92.

In evaluating the stability of JCV in sewage at 20°C, we
estimated a t90 of 26.7 days and a t99 of 61.5 days. For BKV, the
estimated t90 was 53.6 days and the estimated t99 was 96.8 days.
These data are approximate and were calculated in accordance
with the regression line obtained (Fig. 4).

Stability of JCV and BKV particles at acidic pH. Data on the
resistance of polyomaviruses to acidic pH could be useful when
considering the gastrointestinal tract as a possible route of
transmission of these viruses. Viruses detected in sewage may
be ingested through contaminated water or food. After ana-
lyzing human polyomaviruses present in a sewage sample
treated at pHs 1, 3, 5, and 7 for 30 min, we could detect the
DNAs of both JCV and BKV at all of these pHs, including pH
1. When we used DNase before nucleic acid extraction, we
found that BKV DNA detected at pHs 1 and 3 was free DNA,
implying that the BKV particles were disrupted at these pHs.
Free JCV DNA was also found after 90 min at pH 3. However,

after 30 min at pH 3, the viral particles appeared to be intact
in half of the assays carried out (Fig. 5).

DISCUSSION

All of the populations in the different geographical areas
that we sampled excreted a high number of human polyoma-

FIG. 3. Annealing of the VP1 regions of some of the BKV-positive samples sequenced. Asterisks represent similarity between nucleotides. Bold
nucleotides represent sites used for BKV typing.

FIG. 4. Stability of JCV (A) and BKV (B) in sewage samples. The
regression (Reg.) line, the transformed average number of genome
equivalents (Gen.EQ�1) detected by nested PCR in the three samples
(sewage), and the number of genome equivalents of a spiked PBS
control are represented.
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viruses. These high levels of human polyomaviruses in urban
sewage probably came from urine, since JCV has been de-
tected in 20 to 80% of adult urine samples, depending on age
(26) and ethnic group (8). Our finding of a higher concentra-
tion of JCV than BKV in sewage agrees with a study on the
genomic sequences of JCV and BKV in 176 urine samples by
Shah et al. (47). In that study, 37% JCV and 5% BKV viruria
was observed and immunosuppression was associated with a
higher frequency of BKV viruria.

The primers applied in this study have proven to be specific,
sensitive, and able to detect a wide variety of JCV strains.
Sequences obtained from the IGRs of 22 JCV genomes were
analyzed in phylogenetic studies, and the clusters obtained
were used for classification of the viral genomes. The amplified
sequences of 461 nt include the 3� end of VP1, a noncoding
short region of about 69 nt, and the 3� end of the large T
antigen. Hatwell et al. (22) found that this region encloses a
large number of sequence differences between strains and that
these sequences are useful for comparing JCV genomes of
diverse origins. Most of the samples studied presented se-
quences closely related to European types. Only one genome
detected in sewage was found to be closely related to Asian
strains, i.e., sample W2, from sewage collected in the Wash-
ington, D.C., area. This isolate was classified as type 2A, typical
of the northeastern Asian origin of Native Americans. A se-
quence detected in sewage from South Africa was the only one
classified as JCV type 3. Samples G1 and W1, collected in
Greece and the United States, respectively, were closely re-
lated to strain 402, the prototype of previously described type
4, which is closely related to type 1. The genotypes studied
appear to be some of the most abundant genotypes in the

population. However, a study of the diversity of types excreted
in a specific population would require multiple samples of
sewage and cloning and sequencing of the diverse genomes
that could be amplified.

The JCV strains obtained around the world fall into distinct
types and have been described as markers that may be useful in
tracing ancient and modern human migrations (1, 2, 9, 48, 52).

Like JCV, BKV also appears to have two different RR
structures, archetypal and rearranged (34, 43, 44). When BKV
samples were analyzed to determine whether they contained
archetypal regions, we found two different types of archetypal
regions similar to those defined as BKWW (archetypal) and
BKWW-T (archetypal-like) by Sundsfjord et al. (49) among
naturally occurring BKV strains.

The BKV genomes from a few samples were typed by se-
quencing of the VP1 region (24), and with one exception, all of
them were found to be of genomic subtype I, which has been
described as the BKV type most frequently detected in the
human population.

The high prevalence of human polyomaviruses observed in
urban sewage suggests that humans are being exposed at a high
frequency to JCV and BKV through the digestive tract when
ingesting water and foods, such as vegetables or shellfish, pre-
viously exposed to fecal contamination. Passage of the contam-
inated food through the digestive tract could produce infection
in the intestinal epithelium or lymphoid cells if JCV and BKV
were as resistant to the proteolytic enzymes of the digestive
tract as are other nonenveloped viruses that are excreted. The
alimentary tract was proposed by Sundsfjord et al. (50) as a
portal of infection by JCV and BKV. After studying nasopha-
ryngeal aspirates in children with respiratory infections and
saliva from immunodeficient and immunocompetent adult pa-
tients, only BKV DNA (but no infectious BKV) was detected
in 2 of 201 nasopharyngeal aspirates. However, other routes of
infection by these viruses have not been ruled out, since tonsil
tissue has also been suggested as a possible site of initial JCV
infection (32). This possibility may also be considered as po-
tentially complementary to entry at the intestinal level because
swallowed material passes the mouth and nasopharynx and
viruses transmitted through the oral-fecal route are often able
to multiply in the throat. Human polyomaviruses are relatively
stable at acidic pH, and when ingested with food, viruses may
be protected, as has been shown for other intestinal pathogens.
Gastric secretion is known to be about pH 1, although the total
pH of the stomach is highly variable, depending on the in-
gested material and the stimuli influencing the secretions. The
contents of the stomach always have a pH higher than 4 when
they pass into the duodenum. We have observed intact JCV
particles after treatment at pH 5 for 90 min and also after
treatment at pH 3 for 30 min. The stability of these viral
particles was confirmed by treatment with DNase. Viruses
could enter humans through the digestive tract by infecting
intestinal epithelia, by pinocytic mechanisms in the cells, or
through M cells in Peyer’s patches. Although archetypal JCV is
highly difficult to grown in cell cultures, further studies are
currently under way to evaluate the potential infectivity of the
excreted polyomaviruses in the gastrointestinal tract.

Moreover, there are other aspects that need to be consid-
ered. It has been shown that foreign DNA ingested with food
is not completely degraded in the gastrointestinal tract in an

FIG. 5. Electrophoretic gel showing the bands obtained by analysis
of a sewage sample containing JCV (A) and BKV (B) after exposure
to different pHs for 30 min. The pH assayed and also the absence or
presence of DNase treatment are indicated. Lanes M contained mo-
lecular size standards. C�, negative control; C�, positive control.
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animal model and a study by Schubbert et al. (45) suggests that
transport of foreign DNA through the intestinal wall and Pey-
er’s patches to peripheral blood leukocytes and into several
organs can occur. According to this information, free polyoma-
virus DNA, either completely or partially digested, could also
enter the human body through the gastrointestinal tract. JCV
DNA has been described in the epithelium of the upper and
lower parts of the gastrointestinal tract (42), and although it
has been not proven, this could be a direct consequence of the
frequent ingestion of polyomaviruses and the intake of viral
particles or viral DNA by the oral route.

JCV strains fall into two groups, designated archetypal and
rearranged, based on the structure of their TCRs. The TCR of
archetypal JCV contains a single copy of the promoter and
enhancer, while the rearranged strains contain deletions and
duplications in this region (5, 10, 52, 53). The archetypal strains
can be isolated from normal individuals and immunocompro-
mised patients and are believed to be the viruses that spread
throughout the population and establish persistent infections;
however, this has not been firmly established. The rearranged
strains found in PML patients appear to be derived from the
archetypal strains which can be isolated from the same indi-
viduals (53). All of the JCV genomes amplified from the sew-
age samples and the urine sample contained identical arche-
typal structures in the RR. In contrast, the CSF samples from
PML patients used as a positive control in these experiments
(CSFE and CSFB) presented rearranged genomes (12) with
duplicated regions, including the binding sites for a variety of
transcription factors. Recently, Ricciardiello et al. (41) have
described the presence of Mad-1 strains in the human colon. It
is necessary to analyze the source of these strains, which may
have originated from viremia associated with reactivation of
persistent infections, from infection by the small percentage of
excreted strains containing tandem repeats sporadically iden-
tified in urine (6), or from rearrangements in the RR of ar-
chetypal strains.

Analysis of the polyomaviruses excreted by the human pop-
ulation by studying the viral nucleic acids extracted from urban
sewage provides information on the status of these viruses in
the environment, the potential transmissibility of polyomavi-
ruses and polyomavirus genes, and the characteristics and di-
versity of the viral strains excreted by humans in different
geographic locations.
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