
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Nov. 2004, p. 6695–6705 Vol. 70, No. 11
0099-2240/04/$08.00�0 DOI: 10.1128/AEM.70.11.6695–6705.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Use of Cell Culture-PCR Assay Based on Combination of A549 and
BGMK Cell Lines and Molecular Identification as a Tool To

Monitor Infectious Adenoviruses and Enteroviruses in
River Water

Cheonghoon Lee, Seung-Hoon Lee, Euiri Han, and Sang-Jong Kim*
School of Biological Sciences, College of Natural Sciences, Seoul National University, Seoul, South Korea

Received 7 January 2004/Accepted 5 July 2004

Viral contamination in environmental samples can be underestimated because a single cell line might
reproduce only some enteric viruses and some enteric viruses do not exhibit apparent cytopathic effects in cell
culture. To overcome this problem, we evaluated a cell culture-PCR assay based on a combination of A549 and
Buffalo green monkey kidney (BGMK) cell lines as a tool to monitor infectious adenoviruses and enteroviruses
in river water. Water samples were collected 10 times at each of four rivers located in Gyeonggi Province, South
Korea, and then cultured on group 1 cells (BGMK cells alone) and group 2 cells (BGMK and A549 cells).
Reverse transcription and multiplex PCR were performed, followed by phylogenetic analysis of the amplicons.
Thirty (75.0%) of the 40 samples were positive for viruses based on cell culture, and the frequency of positive
samples grown on group 2 cells (65.0%) was higher than the frequency of positive samples grown on group 1
cells (50.0%). The number of samples positive for adenoviruses was higher with A549 cells (13 samples) than
with BGMK cells (one sample); the numbers of samples positive for enteroviruses were similar with both types
of cells. By using phylogenetic analysis, adenoviral amplicons were grouped into subgenera A, C, D, and F, and
enteroviral amplicons were grouped into coxsackieviruses B3 and B4 and echoviruses 6, 7, and 30, indicating
that A549 and BGMK cells were suitable for recovering a wide range of adenoviral and enteroviral types. The
cell culture-PCR assay with a combination of A549 and BGMK cells and molecular identification could be a
useful tool for monitoring infectious adenoviruses and enteroviruses in aquatic environments.

Large numbers of human enteric viruses are excreted in
human feces and urine, and these viruses have been found in a
variety of aquatic environments and shellfish (21, 24, 36, 45).
The presence of these viruses in aquatic environments is a
public health concern because they can cause illness when even
low concentrations are ingested (64). Generally, microbial wa-
ter quality is assessed by using bacterial indicators such as fecal
coliforms, including Escherichia coli. However, bacteria are
thought to have limited value as indicators of enteric viruses
because these viruses are generally more resistant to water
treatment processes than bacteria are (57). Therefore, there is
a need to monitor the virological quality of water.

Among the enteric viruses, the adenoviruses and enterovi-
ruses are prevalent in various aquatic environments (12, 22, 36,
51, 53). Enteroviruses consist of more than 70 distinct sero-
types of human pathogens and cause illnesses ranging from
gastroenteritis to pericarditis and aseptic meningitis (7, 40, 43).
Adenoviruses also comprise many serotypes that are classified
into six subgenera (subgenera A to F). In particular, members
of adenovirus subgenus F (types 40 and 41) have been recog-
nized as important etiological agents of gastroenteritis in chil-
dren (15), second in importance only to rotaviruses. Subgenera
A and C have also been implicated in the etiology of acute
diarrhea (9, 29), and other subgenera are frequently associated

with respiratory illnesses and epidemic conjunctivitis (25, 39).
Both adenoviruses and enteroviruses are listed on the Drinking
Water Contaminant Candidate List of the U.S. Environmental
Protection Agency as regulated contaminants (63), but little
information regarding human health or analytical methods is
currently available.

Traditionally, enteric viruses have been detected in environ-
mental samples with a cell culture assay based on the expres-
sion of viral cytopathic effects (CPE) in the cultured cell lines.
However, with this method the total level of viral contamina-
tion can be greatly underestimated because in a single cell line
only some of the enteric viruses present may reproduce. More-
over, some human viruses that replicate in cell culture do not
cause apparent CPE (12), and additional experiments, which
are time-consuming and difficult to interpret, are required to
identify the viruses detected.

The limited sensitivity and complicated identification proce-
dure of the cell culture assay for the detection of enteric viruses
can be improved by optimizing the combination of appropriate
cell lines and by employing molecular techniques. For adeno-
viruses and enteroviruses, the A549 cell line (a human lung
epithelial cell line) and Buffalo green monkey kidney (BGMK)
cells might be the optimal combination, as BGMK cells are
effective for propagating enteroviruses (12, 41) and A549 cells
are susceptible to a broad range of enteric viruses, including
adenoviruses and enteroviruses (27–29, 33, 66). Amplification
by reverse transcription (RT) and nested multiplex PCR of the
viral sequences replicated in a cell culture increases the copy
numbers of target nucleic acids and provides an infectivity
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assay (12, 13). In addition, molecular identification of viral
sequences by phylogenetic inference complements the RT-
PCR diagnosis and supplies information about the viral types
circulating in the community (45), as well as the suitability of
the cell lines used for these viruses (33). In this study, we
performed the cell culture assay with A549 and BGMK cells,
followed by cell culture-RT-multiplex nested PCR and molec-
ular identification. The usefulness of this method for monitor-
ing infectious adenoviruses and enteroviruses in river water
was evaluated.

MATERIALS AND METHODS

Virus strains and cell lines. An adenovirus type 5 strain (ATCC VR-1343) and
the adenovirus type 40 Dugan strain (ATCC VR-931) were purchased from the
American Type Culture Collection (ATCC), Rockville, Md., and were propa-
gated in A549 cells growing in Dulbecco modified Eagle medium (Gibco-BRL
Life Technology, Gaithersburg, Md.) containing 10% (vol/vol) fetal bovine se-
rum (FBS) (HyClone, Logan, Utah). For enteroviruses, the poliovirus type 1
Chat strain (ATCC VR-192) was purchased from the ATCC and propagated in
BGMK cells growing in minimal essential medium (Gibco-BRL Life Technol-
ogy) containing 10% (vol/vol) FBS. Virus stocks were collected from infected
A549 or BGMK monolayers by freeze-thaw lysis, low-speed centrifugation (400
� g, 5 min), and filtration through a 0.2-�m-pore-size syringe filter. To confirm
the authenticity of the viruses, RT-PCR and sequencing were performed with
virus stocks. The stocks were stored at �70°C and used in this study as positive
controls.

Water sample collection. Surface water samples were collected 10 times
monthly or semimonthly over a 6-month period (12 May, 21 May, 13 June, 28
June, 17 July, 30 July, 15 August, 3 September, 17 September, and 1 October
2002; from late spring to early autumn) at each of four river tributaries (the
Sanbon, Hwajeong, Ansan, and Siheung rivers) located in Gyeonggi Province,
South Korea. The water samples were obtained at a depth of 30 cm in the
afternoon. All the rivers are typical streams with low flow rates and run through
urban areas; the pollution sources of these rivers are untreated domestic and
industrial wastewater. Two-liter portions of river water were collected aseptically
in sterile polypropylene bottles to avoid contamination. The samples were stored
at 4°C and immediately transported to the laboratory for processing. The water
temperature was measured in situ by using portable electrode-carrying devices
(Checkmate 90; Corning, Inc., Corning, N.Y.). Fecal coliforms were enumerated
in triplicate by using the membrane filtration technique (3) and m-FC agar
(Difco Laboratories, Detroit, Mich.) for each sample studied. The plates were
incubated aerobically at 44.5°C, and blue colonies were counted as fecal coli-
forms.

Sample processing. The viruses were concentrated by standard methods (3)
(Fig. 1), with a minor modification at the secondary concentration step (38).
Briefly, the pH and the MgCl2 level of 2 liters of water were adjusted to pH 5.5
and 0.1 N MgCl2, respectively, by adding 1.0 N HCl and 5 N MgCl2 solutions;
each sample was then filtered through a negatively charged 0.45-�m-pore-size
membrane filter (cellulose nitrate; diameter, 47 mm; Millipore Corporation,
Bedford, Mass.) at a rate not exceeding 130 ml/min, washed with 25 ml of a 0.14
N NaCl solution, and eluted with 7.5 ml of 0.05 M glycine buffer (pH 9.5)
containing 3.0% beef extract. The pH values of the eluates were immediately
adjusted to neutral with 1.0 N HCl; 13% (wt/vol) polyethylene glycol 8000 (plus
0.2 M NaCl) at pH 7.2 was added to each sample, and the samples were
incubated for 12 h at 4°C with gentle stirring. After incubation, the eluates were
centrifuged at 7,000 � g for 30 min. The resulting pellets were resuspended in 10
ml of 10 mM phosphate-buffered saline (PBS). The samples were filtered
through a 0.2-�m-pore-size filter and stored at �70°C until they were used for
cell culture analysis.

Cell culture assay. Forty water samples were analyzed by using BGMK and
A549 cells. The BGMK cell line (group 1), which has been suggested for mon-
itoring enteric viruses in water (3, 42), was used as a control to show the
suitability of the combination of the A549 and BGMK cell lines (group 2; the
BGMK cell line was designated group 2A, and the A549 cell line was designated
group 2B) for detection of infectious adenoviruses and enteroviruses in a cell
culture assay (Fig. 1). A 1-liter portion (one-half of the 10-ml concentrate) of
each sample was divided equally and inoculated into six individual tissue culture
dishes containing confluent monolayers of BGMK cells (group 1). The other
1-liter portion was inoculated equally into three dishes containing confluent
monolayers of BGMK cells and three dishes containing confluent monolayers of

A549 cells (group 2). All dishes were incubated for 90 min at 37°C with rocking
every 15 min. After incubation, the sample inoculum was removed, and the cells
were washed twice with 10 mM of PBS. Five milliliters of minimal essential
medium containing 2% (vol/vol) FBS was added to each dish containing BGMK
cells, and 5 ml of Dulbecco modified Eagle medium containing 2% (vol/vol) FBS
was added to each dish containing A549 cells. The adenovirus type 5 strain, the
adenovirus type 40 Dugan strain, and the poliovirus type 1 Chat strain were used
as positive controls; 10 mM PBS was the negative control. Tissue culture dishes
were incubated at 37°C in an atmosphere containing 5% CO2 and were examined
for CPE daily for the first 7 days and then every second day for 14 days. When
the cell monolayer exhibited CPE, the dish was frozen and thawed three times.
All dishes that did not show CPE were frozen and thawed three times on day 14.
One hundred microliters of lysate from each culture was subjected to a second
passage on a fresh monolayer. Third passages were performed when CPE were
observed in second-passage dishes inoculated with lysate from first-passage
dishes that had not exhibited CPE.

Detection of adenoviruses and enteroviruses by cell culture-RT-multiplex
PCR assay. Adenovirus- and enterovirus-positive samples were determined by
performing RT-multiplex PCR with lysates from cell cultures with and without
cytopathic effects. The oligonucleotide primer sequences (Table 1) used for
detection of adenoviruses and enteroviruses were identical to those described by
Allard et al. (1) and Leparc et al. (37). Prior to PCR amplification, the cell
culture lysates were purified as described previously (55), except that Sephadex
G-50 columns (Pharmacia Biotech, Uppsala, Sweden) were used. The resulting
supernatants were immediately subjected to RT; the target viral genome was
heat released and reverse transcribed. The RT-PCR procedure was performed as
described by Cho et al. (13), with minor modifications. Briefly, 5 �l of cell culture
lysate was added to 5 �l of an RT mixture. RT was carried out at 42°C for 45 min,
and then the tubes were heated to 95°C for 5 min to inactivate the enzyme. The
mixture was added to 15 �l of a PCR mixture containing (final concentrations)
10 mM Tris-HCl (pH 8.8), 50 mM KCl, 0.1% Triton X-100, each deoxynucleo-
side triphosphate (dNTP) (Promega Co., Madison, Wis.) at a concentration of
200 �M, 1.25 U of Taq polymerase, 0.25 �M enterovirus primer EV1, 0.1 �M
adenovirus primer AV1, 0.1 �M adenovirus primer AV2, and 1.5 mM MgCl2.
The PCR protocol included an initial denaturation step at 94°C for 4 min; this
was followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min and
a final extension at 72°C for 7 min. For nested PCR amplification, 1 �l of each
RT-PCR product was added to 25 �l (final volume) of a PCR mixture containing
each member of an enterovirus seminested primer pair (EV1 and EV3) at a
concentration of 0.25 �M and each member of an adenovirus nested primer pair
(AV3 and AV4) at a concentration of 0.1 �M. Thermal cycling was carried out
with a Gene Amp 9600 PCR system (Applied Biosystems, Foster City, Calif.).
The results were analyzed by electrophoresis with a 2% agarose gel and staining
with ethidium bromide.

Molecular identification of adenoviruses and enteroviruses. To evaluate the
variety of the adenovirus and enterovirus strains detected, the amplified PCR
products were sequenced. For adenoviruses, nested PCR products obtained by
RT-multiplex nested PCR were used for identification. For enteroviruses, nested
PCR products, obtained by nested RT-PCR with degenerate primers (Table 1)
that allowed amplification of VP1 regions, were used. Direct PCR amplification
with these primers and the concentrates of environmental samples proved to be
very inefficient for detection due to the lower sensitivity of the primers compared
to the sensitivity of the 5� nontranslated region primers (21). However, entero-
viruses were successfully detected by using a cell culture-PCR assay with degen-
erate primers and cell culture lysates (data not shown). The PCR procedure with
degenerate primers was the procedure described by Casas et al. (11), with some
modifications. Five microliters of cell culture lysate was heat released and im-
mediately added to 7 �l of an RT mixture containing 5� reaction buffer, each
dNTP at a concentration of 400 �M, 2 mM MgSO4, 100 U of Moloney murine
leukemia virus reverse transcriptase, 10 U of RNasin, and 40 pmol of the
antisense degenerate primer VP1-1A. RT was carried out at 40°C for 45 min, and
then the tubes were heated to 95°C for 5 min to inactivate the enzyme. The
mixture was added to 13 �l of a PCR mixture containing (final concentrations)
10 mM Tris-HCl (pH 8.8), 50 mM KCl, 0.1% Triton X-100, each dNTP (Pro-
mega Co.) at a concentration of 200 �M, 1.25 U of Taq polymerase, 1.5 mM
MgCl2, and 40 pmol of the VP1 antisense and sense primers (VP1-1A and
VP1-1S). The following protocol was used: initial denaturation at 94°C for 3 min;
40 cycles of 94°C for 30 s, 50°C for 3 min, and 68°C for 30 s; and final extension
at 68°C for 5 min. For the nested PCR amplification, 1 �l of each product of the
RT-PCR was added to 25 �l (final volume) of a PCR mixture containing 60 pmol
of VP1 antisense and sense nested primers (VP1-2A and VP1-2S). The nested
PCR protocol was as follows: initial denaturation at 94°C for 2 min; 30 cycles of
94°C for 30 s, 50°C for 1 min, and 72°C for 30 s; and final extension at 72°C for
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FIG. 1. Procedure for the detection of infectious adenoviruses and enteroviruses in river water. PEG, polyethylene glycol.
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5 min. Thermal cycling and gel electrophoresis were carried out as described
above.

The amplicons were cut out of the gel and purified. The purified amplicons
were ligated into the pGEM-T vector (Promega Co.), and the construct was
transformed into E. coli DH5� competent cells. Subsequently, blue-white screen-
ing was performed according to the manufacturer’s instructions. Plasmid prep-
arations for DNA sequencing were obtained with Wizard mini-preps (Promega
Co.). A total of 17 amplicons of adenoviruses and 24 amplicons of enteroviruses
were sequenced with the ABI BigDye terminator by using ABI 3730 automated
sequencers (Applied Biosystems) and the T7 primer. The sequences were com-
pared with those available in the EMBL/GenBank databases by using the
PubMed NCBI BLAST program.

Quality control of the amplification method. To avoid false-positive results
due to contamination with DNA amplified in previous PCR assays, separate
areas and apparatus were used for sample preparation, reagent preparation, and
amplified samples. Each cabinet was equipped with an independent batch of
reagents, micropipettes, pipette tips, and sterile reagent tubes. Virus-seeded
positive controls (0.1 50% tissue culture infective dose [TCID50] of adenovirus
and 0.1 TCID50 of enterovirus), as well as negative controls, were included in all
PCR assays to ensure the propriety of the PCR assay. Negative controls were
added to all PCR assays to ensure that there was no carryover contamination.

Sequence alignment and phylogenetic analysis. Reference strains from a pre-
viously described database (2, 11, 14, 35, 46, 47, 62) were included in the analysis.
For the most conserved and consistent alignment, deduced amino acid sequences
from enterovirus DNA sequences were preliminarily aligned with Clustal X
(version 1.8) (60), with the multiple alignments set to a gap opening penalty
equal to 75 and a gap extension penalty equal to 6.66, as described by Palacios
et al. (50). For adenoviruses, DNA sequences were aligned as described above,
with the multiple alignments set to default. Regions of ambiguous alignment
were excluded, and all gaps were treated as missing data. Human rhinovirus type
89 (18) and bovine adenovirus 4 strain THT/62 (16) were used as outgroups.
Phylogenetic relationships were inferred with the PROTPARS program (as a
character state method) and the PRODIST program (as a distance method) for
enteroviruses and with the DNAPARS and the DNADIST programs for adeno-
viruses, followed by NEIGHBOUR from the PHYLIP package (version 3.57)
(20). The phylogenetic trees demonstrated the most robust relationships ob-
served and were determined by using the Kimura two-parameter distance and
neighbor joining for adenoviruses and the Dayhoff PAM matrix and neighbor
joining for enteroviruses. The phylogenetic tree obtained was plotted by using
TREEVIEW (version 1.6.1) (49). The statistical significance of phylogenies was
estimated by using the SEQBOOT program by bootstrap analysis with 1,000
pseudoreplicate data sets; only groups with bootstrap values higher than 50%
were considered significant.

Statistical analysis. Statistical analyses were performed with the SAS system
(release v.6.12) and EXCEL (Microsoft Office 2000) by using a Pentium III
computer. The possible differences in levels of fecal coliforms from sampling
sites and viral frequencies from cell culture groups were analyzed by using
Student’s t test at a 5% significance level. The possible relationships between

levels of fecal coliforms and viral frequency and between the results for adeno-
viruses and the results for enteroviruses at the study sites were evaluated by
Pearson correlation analysis.

Nucleotide sequence accession numbers. The original DNA sequences ob-
tained in this study have been deposited in the GenBank database under acces-
sion numbers AY280872 to AY280912.

RESULTS

Water temperature and levels of fecal coliforms. At each
sampling site, we measured the water temperature and the
level of fecal coliforms (Table 2). The mean water tempera-
tures were similar at the sites studied; they ranged from 22.7°C
at the Siheung River to 23.4°C at the Hwajeong River. A
seasonal difference in water temperature was not observed at
the sites studied. The water at four of the sites studied was
constantly affected by sewage effluent; the mean values for
fecal coliforms ranged from 1.78 log10 CFU/100 ml at the
Siheung River to 2.44 log10 CFU/100 ml at the Sanbon River.
The levels of fecal coliforms fluctuated between 2 and 3 log10

CFU/100 ml at the Sanbon River, the Hwajeong River, and the
Ansan River and between 1 and 2 log10 CFU/100 ml at the
Siheung River (data not shown). However, the seasonal pat-
tern during the sampling period was not determined. The
mean level of fecal coliforms was lower at the Siheung River
than at the other rivers (P � 0.05, as determined by Student’s
t test).

Frequency of viral occurrence in river water determined by
cell culture assay. A total of 40 water samples were analyzed

TABLE 1. Primers used in the multiplex PCR assays and sequencing

Virus Region Use Primer Sequence (5� 3 3�)c Polarity Position

Adenovirus Hexon Detection by multiplex
PCR and typing

AV1 GCCCGAGTGGTCTTACATGCACATC Sense 18858–18883d

AV2 CAGCACGCCGCGGATGTCAAAGT Antisense 19136–19158d

AV3a GCCACCGAGACGTACTTCAGCCTG Sense 18937–18960d

AV4a TTGTACGAGTACGCGGTATCCTCGCGGTC Antisense 19051–16079d

Enterovirus 5� Nontranslated
region

Detection by multiplex
PCR

E1 CAAGCACTTCTGTTTCCCCGG Sense 164–184e

E2 ATTGTCACCATAAGCAGCCA Antisense 599–578e

VP1 Typing E3b CTTGCGCGTTACGAC Antisense 526–511e

VP1-1S GGTTYGAYITGGARITIACITTYGT Sense 2764–2809f

VP1-1A TGIGAYTGRTAYCTIKYKGGRTARTA Antisense 3612–3637f

VP1-2Sa ARWTWATGTAYRTICCICCIGGIG Sense 2874–2898f

VP1-2Aa CCIGTKKWRCAIYKRCAYCTIGC Antisense 3507–3529f

a Primer used for nested PCR.
b Primer used for seminested PCR.
c Degenerate positions: I, deoxyinosine; Y, T or C; S, C or G; R, A or G; M, A or C; W, T or A; K, T or G.
d Relative positions of primers in human adenovirus type 2 (accession no. J01917).
e Relative positions of primers in coxsackievirus B3 (accession no. M16572).
f Relative positions of primers in echovirus 9 strain Barty (accession no. X92886).

TABLE 2. Water temperatures and levels of fecal coliforms at
sampling sites

Sampling site Temp (°C)a Fecal coliforms
(log10 CFU/100 ml)a

Sanbon River 23.3 � 1.2 2.44 � 2.01
Hwajcong River 23.3 � 0.7 2.32 � 1.84
Ansan River 22.9 � 1.3 2.29 � 1.74
Siheung River 22.7 � 1.3 1.78 � 1.64

a Means � standard deviations.
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for infectious viruses by cell culture assays. Overall, 30 (75.0%)
of the 40 samples, representing 20 (50.0%) of the 40 samples in
group 1 and 26 (65.0%) of the 40 samples in group 2, exhibited
CPE (Table 3).

The viral frequency in the Sanbon River (60 [50.0%] of 120
subsamples) was the highest frequency, followed by the viral
frequencies in the Hwajeong River (36 [30.0%] of 120 sub-
samples), the Siheung River (13 [10.8%] of 120 subsamples),
and the Ansan River (10 [8.3%] of 120 subsamples) (Table 3).
However, a seasonal pattern of viral frequency at each site
studied was not observed. The viral frequencies in the water
samples for group 2 (77 [32.1%] of 240 subsamples) were
higher than the viral frequencies in the water samples for
group 1 (42 [17.5%] of 240 subsamples) for all of the sub-
samples tested (P � 0.05, as determined by Student’s t test). In
addition, the viral frequencies detected were higher when
A549 cells were used (group 2B) than when BGMK cells were
used (groups 1 and 2A; P � 0.05, as determined by Student’s
t test), and the difference in viral frequency between group 1
and group 2A was not significant. The viral frequency was
positively correlated for groups 1 and 2 and for group 2A
(BGMK cells) and group 2B (A549 cells) (P � 0.05, as deter-
mined by Pearson correlation analysis).

The viral frequency at each site studied was not related to
the level of fecal coliforms; the viral frequencies at the Siheung
River (13 [10.8%] of 120 subsamples) and the Ansan River (10
[8.3%] of 120 subsamples) were similar, while the fecal coli-

form level was lower at the Siheung River than at the other
rivers (Table 2).

Detection of adenoviruses and enteroviruses by cell culture-
RT-multiplex nested PCR assay. Forty samples were analyzed
by the cell culture-RT-multiplex nested PCR assay for the
detection of adenoviruses and enteroviruses. Overall, 31
(72.5%) of the 40 samples, representing 19 (47.5%) of the 40
samples in group 1 and 26 (65.0%) of the 40 samples in group
2, were positive for adenoviruses and/or enteroviruses (Table
4).

We found that 37 (15.4%) of the 240 subsamples in group 1
and 59 (24.6%) of the 240 subsamples in group 2 (27 [21.7%]
of the 120 subsamples in group 2A and 32 [26.7%] of the 120
subsamples in group 2B) were positive for enteroviruses. Three
subsamples that did not exhibit CPE were subsequently deter-
mined to be positive by the cell culture-RT-multiplex nested
PCR assay. One subsample taken from the Siheung River on
28 June that did not exhibit CPE was positive for enteroviruses
as determined by the cell culture-RT-multiplex nested PCR
assay (Table 4). Two group 1 subsamples taken from the San-
bon River on 1 October did not exhibit CPE but were positive
for adenoviruses as determined by a nested PCR. Nineteen
subsamples (15.8%) from 13 samples (32.5%) of group 2B
exhibited CPE and were also successfully amplified by a nested
PCR. In addition, one group 2B subsample taken from the
Hwajeong River on 13 June was coinfected with both adeno-
viruses and enteroviruses. Six group 1 subsamples (2.1%) ex-

TABLE 3. River water results for detection of culturable viruses by the cell culture assay

Sampling site

No. of positive samples/no. of samples tested (no. of positive subsamples/no. of subsamples tested)

Group 1 (BGMK)
Group 2 (BGMK � A549)

Group 2A (BGMK) Group 2B (A549) Totala

Sanbon River 8/10 (23/60) 8/10 (15/30) 9/10 (22/30) 10/10 (37/60)
Hwajeong River 5/10 (10/60) 5/10 (8/30) 7/10 (18/30) 8/10 (26/60)
Ansan River 3/10 (4/60) 3/10 (4/30) 2/10 (2/30) 4/10 (6/60)
Siheung River 4/10 (5/60) 0/10 (0/30) 4/10 (8/30) 4/10 (8/60)

Total 20/40 (42/240) 16/40 (27/120) 22/40 (50/120) 26/40 (77/240)

a Total number of samples that exhibited CPE in both group 2A and group 2B.

TABLE 4. Detection of adenoviruses and enteroviruses in river water samples by cell culture-RT-multiplex PCR assay

Sampling site

Virus detection by cell culture-RT-multiplex PCR assay

Group 1 (BGMK)
Group 2 (BGMK � A549)

Group 2A (BGMK) Group 2B (A549) Total (groups 2A and 2B)

Adenovirus Enterovirus Othersa Adenovirus Enterovirus Adenovirus Enterovirus Adenovirus Enterovirus

Sanbon River 1/10 (2/60)b,c 8/10 (22/60) 1/10 (1/60) 0/10 (0/30) 8/10 (15/30) 6/10 (10/30) 5/10 (12/30) 6/10 (10/60) 8/10 (27/60)f

Hwajeong River 0/10 (0/60) 4/10 (8/60) 2/10 (2/60) 0/10 (0/30) 6/10 (8/30) 3/10 (4/30)e 7/10 (15/30)e 3/10 (4/60) 8/10 (23/60)f

Ansan River 0/10 (0/60) 3/10 (3/60) 1/10 (1/60) 0/10 (0/30) 3/10 (4/30) 2/10 (2/30) 0/10 (0/30) 2/10 (2/60) 3/10 (4/60)
Siheung River 0/10 (0/60) 4/10 (4/60)d 2/10 (2/60) 0/10 (0/30) 0/10 (0/30) 2/10 (3/30) 3/10 (5/30) 2/10 (3/60) 3/10 (5/60)

Total 1/40 (2/240) 19/40 (37/240) 6/40 (6/60) 0/40 (0/120) 17/40 (27/120) 13/40 (19/120) 15/40 (32/120) 13/40 (19/240) 22/40 (59/240)

a Samples exhibited CPE, but the cell culture-RT-multiplex PCR results were negative.
b No. of positive samples/no. of samples tested. (No. of positive subsamples/no. of subsamples tested).
c Two subsamples obtained on 13 June 2002 did not exhibit CPE but were positive for adenoviruses as determined by a nested PCR.
d One subsample obtained on 28 June 2002 that did not exhibit CPE was positive for enteroviruses as determined by a nested PCR.
e One subsample obtained on 13 June 2002 was coinfected with both adenoviruses and enteroviruses.
f Total number of positive samples detected in either group 2A or group 2B.
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hibited CPE but were negative for both viruses as determined
by the cell culture-RT-multiplex nested-PCR assay.

The data obtained were analyzed further to determine
whether there was any possible correlation between the occur-
rence patterns of adenoviruses and enteroviruses in the groups.
The occurrence patterns of enteroviruses for groups 1 and 2
and for group 2A (BGMK cells) and group 2B (A549 cells)
were positively correlated according to a Pearson correlation
analysis (P � 0.05). However, the occurrence patterns for
adenoviruses and enteroviruses did not show statistically sig-
nificant correlations in the groups used.

Molecular identification of adenoviruses and enteroviruses
by sequence analysis. For adenoviruses, nested PCR products
were used for molecular identification. In the case of entero-
viruses, PCR products generated from the VP1 gene were used
for molecular identification instead of products from the 5�
nontranslated region; the VP1 region was the most suitable
target, due to the high correlation between serotypes and se-
quences and the availability of a large database of enteroviral
sequences (47). Seventeen amplicons (one amplicon from
group 1 and 16 amplicons from group 2A) of 21 subsamples
that were positive for adenoviruses and 24 amplicons (9 am-
plicons from group 1, 6 amplicons from group 2A, and 9
amplicons from group 2B) of 96 subsamples that were positive
for enteroviruses were sequenced and initially compared to
sequences available in the GenBank databases by using the
BLAST program. All of the amplicons sequenced belonged to
human adenoviruses or enteroviruses.

To obtain accurate molecular identification of the amplicons
sequenced, a phylogenetic inference analysis was performed
(6, 50). For adenoviruses, 90-bp nucleotide sequences from
which the primer sequences were excised were used for the
analysis. Because all the phylogenetic methods generated the
same tree topology, the phylogenetic tree was determined by
using the Kimura two-parameter distance and neighbor join-
ing, and bootstrap values were obtained (Fig. 2). Five subgen-
era (subgenera A, B, C, D, and F) supported by bootstrap
values were clustered in a pattern similar to the patterns ob-
tained in previously published studies (2, 6). The reference
strains of subgenus E were omitted in order to simplify the
tree. Six amplicons were grouped with reference strains with
bootstrap values that were highly significant (90%; one ampli-
con grouped with enteric adenovirus type 40 Dugan) and mod-
erately significant (50%; four amplicons grouped with human
adenovirus type 31 and one amplicon grouped with human
adenovirus type 44). Seven amplicons were grouped with ref-
erence stains without significant bootstrap values (�50%;
three amplicons grouped with human adenovirus type 1, three
amplicons grouped with human adenovirus type 5, and one
amplicon grouped with human adenovirus type 6), but these
amplicons were assigned to subgenus C with a highly signifi-
cant value (	90%). The remaining four amplicons were not
grouped with reference strains but could be assigned to sub-
genus D with a moderately significant value (	50%).

Alternatively, the deduced 101 amino acid sequences of en-
teroviruses were used for analysis. Because all the phylogenetic
methods generated the same tree topology, the phylogenetic
tree was determined by using the Dayhoff PAM matrix and
neighbor joining, and bootstrap values were obtained (Fig. 3).
Three separate clusters (clusters A to C) supported by boot-

strap values (	50%) clustered in a pattern similar to the pat-
terns reported previously (44, 50, 54). The reference strains of
cluster D were omitted in order to simplify the tree. All 24
amplicons were grouped with reference strains with highly
significant bootstrap values (	90%; nine amplicons grouped
with human coxsackievirus B3, six amplicons grouped with
human echovirus 6 strains, five amplicons grouped with human
coxsackievirus B4, three amplicons grouped with human echo-
virus 7 Wallace, and one amplicon grouped with human echo-
virus 30 Giles).

The results of the phylogenetic analysis demonstrated that
none of the amplicons was significantly different from the other
amplicons, irrespective of the sampling site and time. How-
ever, differences in viral types between cell lines were observed
in this study. Three amplicons (S10-1-1, H07-1-1, and S07-
2A-1) that grouped with echovirus 7 were recovered from only
BGMK cells, whereas one amplicon (H08-2B-1) that grouped
with echovirus 30 was recovered from only A549 cells.

DISCUSSION

The cell culture-PCR method described here provided reli-
able information about the presence of infectious adenoviruses
and enteroviruses in river water. This method included a cell
culture assay and a cell culture-RT-multiplex nested PCR as-
say to eliminate false-positive results and to provide high levels
of sensitivity and specificity (13); this allowed us to overcome
the technical limitations of isolating the viruses in cell culture
assays and to use sequence analysis to molecularly identify viral
amplicons recovered from water samples.

Although the cell culture-PCR method is a useful method
for detection of enteric viruses in water samples, the viral level
can be underestimated because in a single cell only some of the
enteric viruses present may reproduce. To reduce false-nega-
tive results resulting from the limited susceptibility of a single
cell line for enteric viruses, several investigators have com-
bined appropriate cell lines for expanding the range of detect-
able viruses. Taylor et al. (59) reported cell culture assays
based on PLC/PRF/5 and FRhK-4 cells, and PLC/PRF/5 and
CaCo-2 cells enhanced the detection of human hepatitis A
viruses and human astroviruses, respectively. Grabow et al.
(26) also reported similar findings for poliovirus. Overall, these
findings indicate that a combination of different cell lines could
be more useful than single cell line for monitoring enteric
viruses in water samples.

We used A549 cells together with BGMK cells for the cell
culture assay. A549 cells are susceptible to a broad range of
viruses, including adenoviruses and enteroviruses (27–29, 33,
66), and showed good integrity of cell monolayers during the
2-week incubation period (33). Although the BGMK cell line
was shown in previous studies (12, 36) to be suitable for en-
teroviruses and to be able to propagate some enteric viruses, it
is difficult to produce CPE in BGMK cells with adenoviruses,
and BGMK cells seem to select for enteroviruses, which rep-
licate more rapidly than adenoviruses (36). We obtained a
higher viral frequency when we used A549 cells than we used
BGMK cells in this study (Table 3). While the enteroviral
frequencies in A549 and BGMK cells were similar, the adeno-
viral frequency was much higher with A549 cells (13 samples)
than with BGMK cells (one sample) (Table 4). It seemed that
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the adenoviral frequency obtained with BGMK cells could be
influenced by interference from enteroviruses, and thus adeno-
viruses in aquatic environments could be very inefficiently
propagated in BGMK cells. These hypotheses are supported
by the results of previous studies of adenoviral receptors (4, 5,
8, 10). The binding of adenovirus to target cells is mediated by
its fiber (17), and the cellular receptor for adenovirus subgen-

era A, C, E, and F and for adenovirus type 9 and type 19p of
subgenus D has been identified recently as the coxsackievirus-
adenovirus receptor (CAR) (8). It has been noted that CAR is
differentially regulated during development, that the expres-
sion of CAR appears to be dependent on both tissue type and
development stage, and that the expression in various tissues
and cell lines corresponds closely to the known tropisms of the

FIG. 2. Phylogenetic tree based on nucleotide sequences of 17 adenoviral amplicons. Subgenera A, B, C, D, and F of the adenoviruses are
indicated. The reference strains of subgroup E were omitted to simplify the tree. Bovine adenovirus 4 strain THT/62 was used as the outgroup.
Nodes supported by bootstrap values of 	90% are indicated by solid circles; open circles indicate 	70% support, and open squares indicate 	50%
support. The scale bar corresponds to 0.10 substitution per nucleotide position. Amplicon designations are in boldface type. A, H, I, and S indicate
the Ansan River, the Hwajeong River, the Siheung River, and the Sanbon River, respectively, and these letters are followed by sampling dates (01,
12 May 2002; 02, 21 May 2002; 03, 13 June 2002; 04, 28 June 2002; 05, 17 July 2002; 06, 30 July 2002; 07, 15 August 2002; 08, 3 September 2002;
09, 17 September 2002; 10, 1 October 2002); 1, 2A, and 2B indicate the cell line groups and are followed by the subsample number. The numbers
in parentheses are accession numbers. See Materials and Methods for details.
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FIG. 3. Phylogenetic tree based on deduced amino acid sequences of 24 enteroviral amplicons. Clusters A, B, and C of the enteroviruses are
indicated. The reference strains of cluster D were omitted to simplify the tree. Human rhinovirus 89 was used as the outgroup. The scale bar
corresponds to 0.10 substitution per amino acid position. The bootstrap values and amplicon designations are described in the legend to Fig. 2.
The numbers in parentheses are accession numbers. See Materials and Methods for details.
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viruses (10). These findings explain the increased susceptibility
to adenoviruses and coxsackievirus B during the early neonatal
period and the differential susceptibility to adenoviruses
among cell lines. Therefore, it seems that CAR in BGMK cells
has a higher affinity for coxsackievirus B than for adenoviruses,
and thus adenoviruses are inefficiently recovered in BGMK
cells. In this study, subgenus D adenoviruses were recovered
from five river water samples by using A549; however, they
were not detected with several other cell lines, including
BGMK cells, as has been noted in previous studies (13, 33, 35,
50). Several subgenus D adenoviruses are known to use sialic
acid as a receptor instead of CAR (5). Because A549 cells
express sialic acid as well as CAR (4), they can propagate a
broad range of adenoviruses, including subgenus D adenovi-
ruses. Consequently, our study demonstrated that the A549
cell line was suitable for recovering human adenoviruses from
environmental samples and could be useful for detecting cul-
turable enteric viruses, including adenoviruses and enterovi-
ruses, at least in polluted river water.

On the basis of the results of the molecular identification of
the recovered adenoviruses, we concluded that a broad range
of adenoviruses belonging to subgenera A, C, D, and F were
present in river water (Fig. 2). One reason for this may be the
input of a variety of adenoviruses excreted from patients. In
addition, adenoviruses can survive and persist longer than
other enteric viruses in different environments, and they are
more resistant to UV radiation than other viruses are in water
(19, 23, 58, 61).

The following two approaches were used for suitable molec-
ular identification of enteroviruses: (i) cell culture and PCR
amplification of the VP1 region with degenerate primers and
(ii) phylogenetic inference from comparisons of deduced
amino acid sequences of recovered enteroviruses and refer-
ence strains (11, 50). Twenty (83.3%) of 24 amplicons se-
quenced were grouped as coxsackievirus B3 and B4 and echo-
virus 6 (Fig. 3). These viruses are similar to the causative agent
of enteroviral diseases in Korea (32) and have also been found
in aquatic environments and in shellfish around the world (21,
34, 52). Interestingly, three amplicons grouped with echovirus
7 were recovered from only BGMK cells, and one amplicon
grouped with echovirus 30 was recovered from only A549 cells
(Fig. 3). However, these results may not reflect a difference in
cell tropism for these viruses, as they use the same cellular
receptor, decay-accelerating factor (65). Although it is cur-
rently accepted that BGMK cells are effective for the propa-
gation of enteroviruses, especially coxsackievirus B (12, 41, 48),
many types of enteroviruses, especially coxsackievirus A, are
still unable to propagate in BGMK cells, and the levels of
enteroviruses in some environments analyzed with BGMK
cells could be underestimated. A large number of enteroviral
types, including the types that do not grow in BGMK cells (33),
could propagate in A549 cells, and thus the use of both A549
and BGMK cells could reduce false-negative results. However,
there is still a problem due to the lack of sensitivity of these
cells to a large number of coxsackievirus A viruses. Therefore,
it is necessary to look for improved cell lines and better com-
binations of appropriate cell lines for enteroviral detection.

The occurrence patterns of adenoviruses and enteroviruses
did not show statistically significant correlations in this study. A
difference in the occurrence patterns of adenoviruses and en-

teroviruses has also been reported in previous studies (34, 36).
One reason for this phenomenon is the difference in the input
frequency between adenoviruses and enteroviruses excreted
from patients in the community (57). In addition, this phenom-
enon could be affected by the different survival rates of adeno-
viruses and enteroviruses and by interference with each other
(23, 36).

In previous studies, it was documented that the cell culture-
PCR method was more sensitive than the cell culture assay
alone for the detection of enteric viruses, including adenovi-
ruses and enteroviruses that did not produce CPE (12, 59).
However, only three subsamples (0.6%) that did not exhibit
CPE were determined to be virus positive by the cell culture-
PCR method in this study. The small increase in the sensitivity
in this study is not presumed to be due to the misuse of the
method, as the two positive controls (0.1 TCID50 of adenovirus
and 0.1 TCID50 of enterovirus) included with each PCR pro-
cedure were successfully amplified by this method. Rather,
because the sampling sites in this study were directly affected
by domestic sewage and because the viruses were exposed to
inactivating agents, such as sunlight, for a relatively short pe-
riod, it seems that most of the viruses in this study were very
stable, thus easily replicating and exhibiting CPE on the cell
lines.

On the other hand, we also found that five samples that
exhibited CPE on BGMK cells were negative for both adeno-
viruses and enteroviruses according to the cell culture-PCR
assay. Chapron et al. (12) reported similar results and sug-
gested that their results could be explained by the presence of
reoviruses. This explanation is supported by the findings that
reoviruses are capable of replicating in BGMK cells and are
present in environmental samples (30).

Several investigations have pointed out that bacterial indi-
cators are not related to the presence of enteric viruses (3, 53,
59). Our results also showed that the level of fecal coliforms,
which is one of standard bacterial indicators, was not related to
the viral frequency at each site studied, confirming that bacte-
rial indicators have limited value as a parameter for the viro-
logical quality of water. Moreover, the frequencies of viral
occurrence in river water were very high, indicating that the
river water at the study sites was chronically exposed to viral
contamination. Previous studies have also reported contami-
nating levels of adenoviruses and enteroviruses in a variety of
aquatic environments in Korea, including tap water (13, 36).
Several types of the viruses detected in this study and previous
studies are similar to the causative agents of viral diseases in
Korea (31, 32). Because drinking water may be exposed to
unusual contamination by river water leaking into distribution
systems or household wells, the presence of infectious adeno-
viruses and enteroviruses in river tributaries may be potentially
harmful to public health. Therefore, it is necessary to monitor
these viruses periodically in the aquatic environments of Ko-
rea.

Understanding the origin of fecal pollution and predicting
the presence of fecal pollution in water are important for
maintenance of the microbial quality and safety for human
public health. The methods of microbial source tracking and
the concept that the origin of fecal pollution can be traced by
microbiological, genotypic, phenotypic, and chemical methods
have been developed to predict and identify sources of fecal
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pollution in the environment (reviewed in reference 56). One
significant result of this study was the extension of the infor-
mation about infectious adenoviruses and enteroviruses gen-
erated with the specific cell lines and primers into molecular
identification of recovered viral amplicons. Therefore, our
method is potentially useful for investigators attempting to
monitor infectious enteric viruses for microbial source track-
ing.

Overall, the monitoring of infectious adenoviruses and en-
teroviruses in aquatic environments is useful for the assess-
ment of public health risks associated with these viruses. The
cell culture-PCR assay based on a combination of the A549
and BGMK cell lines and the molecular identification estab-
lished in this study provide a more efficient way of detecting
infectious adenoviruses and enteroviruses and thus could be
useful for monitoring these viruses in aquatic environments.
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