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A nested-PCR method was used to detect the occurrence of human adenovirus in coastal waters of Southern
California. Twenty- to forty-liter water samples were collected from 12 beach locations from Malibu to the
border of Mexico between February and March 1999. All sampling sites were located at mouths of major rivers
and creeks. Two ultrafiltration concentration methods, tangential flow filtration (TFF) and vortex flow filtra-
tion (VFF), were compared using six environmental samples. Human adenoviruses were detected in 4 of the 12
samples tested after nucleic acid extraction of VFF concentrates. The most probable number of adenoviral
genomes ranged from 880 to 7,500 per liter of water. Coliphages were detected at all sites, with the concen-
tration varying from 5.3 to 3332 PFU/liter of water. F-specific coliphages were found at 5 of the 12 sites, with
the concentration ranging from 5.5 to 300 PFU/liter. The presence of human adenovirus was not significantly
correlated with the concentration of coliphage (r = 0.32) but was significantly correlated (r = 0.99) with
F-specific coliphage. The bacterial indicators (total coliforms, fecal coliforms, and enterococci) were found to
exceed California recreational water quality daily limits at 5 of the 12 sites. However, this excess of bacterial
indicators did not correlate with the presence of human adenoviruses in coastal waters. The results of this
study call for both a reevaluation of our current recreational water quality standards to reflect the viral quality

of recreational waters and monitoring of recreational waters for human viruses on a regular basis.

Southern California and its beaches are unique recreational
and economic resources due to the long coastline and year-
round temperate climate. More than 100 million people world-
wide visit Southern California beaches annually to surf, swim,
sunbathe, snorkel, and scuba dive (State of California Eco-
nomic Resources data, 1993). Therefore, the safety of beach
waters is of concern to both the state and county health de-
partments and beachgoers. For example, the closure of Hun-
tington Beach in Orange County, Calif., due to elevated levels
of bacterial indicators during the summer of 1999, caused a
tremendous economic loss to the county and state (www.ocsd
.com/Environment/Monitoring The Environment) and raised
concerns among local residents regarding the safety of coastal
recreational waters. Southern California is one of the most
densely populated coastal regions in the country. Population
growth results in conversion of open land into nonpermeable
surfaces, which increases the rate of runoff and can impact
water quality through addition of sediment, toxic chemicals,
microbial pathogens, and nutrients to the coastal ocean.

To govern the public health and safety of recreational
beaches, the State of California has instated beach-monitor-
ing programs in accordance with U.S. Environmental Protec-
tion Agency (EPA) policy. Bacterial indicators, such as total
coliforms, fecal coliforms, and enterococci, are routinely mon-
itored by more than 20 agencies at 510 stations along the
Southern California coast (Southern California Coastal Water
Research Project, 1998 [http://www.sccwrp.org/regional/98bight
/micbio/]). Routine bacteriological monitoring has reduced the
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incidence of waterborne diseases related to recreational water
contact, but water-related illnesses, particularly those caused
by viral pathogens, are still of concern (3).

More than 100 different types of viruses are found in human
waste and are potentially transmitted by water (3). These vi-
ruses are more resistant to environmental conditions and sew-
age treatment processes, including chlorination and UV radi-
ation, than many of the sewage-associated bacteria (11). In
laboratory studies, enteric viruses have been reported to sur-
vive for 2 to 130 days in seawater. These survival periods
surpass those reported for coliform bacteria in similar environ-
ments (23). Therefore, the use of bacterial indicators to predict
the virological quality of water is questionable.

The human enteric virus group, which includes Norwalk
virus, rotavirus, hepatitis A virus, adenovirus, and enterovirus,
is one of the leading causes of human illness. Adenoviruses are
the only human enteric viruses that contain DNA rather than
RNA. Specifically, adenoviruses 40 and 41 have been recog-
nized as important etiological agents of gastroenteritis in chil-
dren (10, 32), second in importance only to rotaviruses. Re-
spiratory adenoviruses are capable of causing large, persistent
epidemics (22), and it is suspected that they may be more
important than enteric viruses as a contagion during recre-
ational water activities because of their potential transmission
in aerosols. Studies conducted in Europe have suggested using
adenovirus as an index of human viral pollution since this virus
was most often detected in aquatic samples (27). Adenoviruses
have been consistently found in greater numbers than entero-
viruses in raw sewage around the world (18, 20, 21) and are
substantially more stable than either poliovirus or hepatitis A
virus in tap water and seawater (13). For example, adenovirus
survives three to five times longer in seawater than poliovirus,
taking 99 days for a 2-log reduction of infectivity (13). The
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FIG. 1. Sampling locations for detection of human adenoviruses, coliphage, and fecal bacterial indicators in coastal waters of Southern
California. All sampling sites are located at the mouth of a river or creek: 1, Malibu Lagoon; 2, Santa Monica Canyon Creek; 3, Los Angeles River;
4, San Gabriel River; 5, Santa Ana River; 6, Aliso Creek; 7, San Juan Creek; 8, San Luis Rey River; 9, Moonlight Creek; 10, Los Penosquitos

Lagoon; 11, Sand Diego River; 12, Tijuana River.

presence of adenovirus in U.S. coastal water has not been
investigated. Here we report the detection of human adenovi-
rus in Southern California coastal waters by nested PCR and a
preliminary examination of their relationship to coliphage, F-
specific coliphage, and bacterial indicators.

MATERIALS AND METHODS

Sampling sites. Water samples were taken from the wavewash (point zero
location where the freshwater input meets the ocean) of 12 freshwater outlets
from Malibu to the Mexican border between 8 February and 1 March 1999 (Fig.
1). The locations sampled were Malibu Lagoon, Santa Monica Canyon storm
drain, Los Angeles River, San Gabriel River, Santa Ana River, Aliso Creek, San
Juan Creek, San Luis Rey River, Moonlight Creek, Los Penosquitos Lagoon, San
Diego River, and Tijuana River. Twenty- to forty-liter water samples were
collected with acid-washed and sample-rinsed carboys at each sampling site and
transported back to the laboratory for immediate processing. The sample salinity
was determined by refractometry.

Concentration of viruses from water samples. To compare the efficiency of
viral recovery, six of the water samples (from Malibu Lagoon, Santa Monica
Canyon storm drain, Los Angeles River, San Gabriel River, Santa Ana River,
and Aliso Creek) were concentrated both by tangential flow filtration (TFF) with
a 30-kDa spiral filter cartridge (29) and by vortex flow filtration (VFF) with a
100-kDa filter cartridge (19). Samples from the other six locations were concen-
trated using only VFF.

Using TFF, 20 liters of water was first sequentially filtered through a 142-mm-
diameter glass fiber filter and a 0.22-um-pore-size Durapore filter to remove
particulates. This filtration step is necessary to prevent clogging of the spiral filter
cartridge (Amicon, Inc.). The filtrates were concentrated from 20 liters to ca. 150
ml using the TFF system and then further concentrated using a Centriprep-30
ultraconcentration unit to a final volume of about 1 ml (R. Noble and J. Fuhr-
man, submitted for publication). Using VFF, 20-liter water samples were con-

centrated directly to 40 to 80 ml without removal of particulates from the sample
(19, 24).

Detection of indicator bacteria and coliphages. Water samples were collected
at the same time from all sites for analysis of total coliforms, fecal coliforms, and
enterococci by local agencies following the EPA standard protocols for bacterial
indicator analysis (9). Coliphage densities were determined using either freshly
VFF-concentrated or unconcentrated water samples. One milliliter and 0.1 ml of
sample were mixed with 1 ml of exponential Escherichia coli host in 1% soft agar,
then overlaid over bottom nutrient agar. Two E. coli hosts ATCC 15597 and HS
(pFamp)R, were used. E. coli ATCC 15597 is a general host for both DNA and
RNA coliphage; E. coli HS (pFamp)R contains a plasmid coding for both
ampicillin and streptomycin resistance and is a specific host for F-specific co-
liphage (25). When HS (pFamp)R was employed the bottom agar contained 15
wg each of ampicillin and streptomycin per ml to prevent background growth of
indigenous bacteria. On each host, plaques were enumerated after 12 h of
incubation at 37°C.

Detection of human adenovirus by nested PCR. Concentrated water samples
were either used directly for PCR or further purified to remove PCR inhibitors
using the method originally developed by Boom et al. (4) with minor modifica-
tions. In brief, 50 pl of viral concentrate was lysed by 900 pl of guanidinium
thiocyanate (GuSCN) lysis buffer at room temperature for 10 min. Then 40 pl of
silica particles (Sigma Chemical Inc.) was added and nucleic acids were adsorbed
at room temperature for 10 min with gentle shaking. Silica beads were pelleted,
washed, and briefly dried. The nucleic acid was eluted from the beads using 50
pl of Tris-EDTA buffer at a temperature of 56°C.

For samples showing negative results by both the above methods, 10 ml of
VFF concentrate was further concentrated by ultracentrifugation at 41,000 rpm
(Beckman rotor SW41) for 2 h. The pellets were resuspended in 200 ul of
Tris-EDTA buffer and nucleic acid purified by GuSCN extraction as described
above.

Nested PCR for human adenovirus was performed following the protocol of
Pina et al. (27) with minor modifications. Adenovirus-specific primers were
5'-GCCGCAGTGGTCTTACATGCACATC-3" and 5'-CAGCACGCCGCGG
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TABLE 1. Comparison of TFF and VFF concentration and nested-PCR detection of adenovirus in coastal waters

Adenovirus detection by nested PCR using:

Sampling site”

Purified nucleic acid from TFF,

TFF, Centriprep, and . . VFF Purified nucleic acid from
: Centriprep, and Centricon
Centricon concentrates concentrates VFF concentrates
concentrates
Malibu Lagoon - - - -
Santa Monica — — - —
Canyon Creek
Los Angeles River + + -

San Gabriel River —
Santa Ana River -
Aliso Creek -

|
[
I+ + +

“ All sites are at the mouth of a river or creek.

ATGTCAAAGT-3', yielding an amplicon of 300 bp. The nested primers were
5'-GCCACCGAGACGTACTTCAGCCTG-3" and 5'-TTGTACGAGTACGC
GGTATCCTCGCGGTC-3', with the resulting amplicon being 143 bp. For each
PCR, 1 pl of sample was used in a 25-pl reaction mixture containing 10 mM
Tris-HCI (pH 8.3), 50 mM KCl, 1X TagM (Eppendorf Inc.), 1.3 mM MgCl,, 200
wM deoxynucleoside triphosphosphate and a 0.1 wM concentration of each
primer. The PCR cycles were 94°C for 4 min, followed by 30 cycles of 92°C for
1.5 min, 55°C for 1.5 min, and 72°C for 2 min and a final extension at 72°C for
10 min. The second round of PCR was performed with the nested primers using
the same conditions as described above. PCR products were resolved on 2%
agarose. For PCR-positive samples, multiple analyses (5 to 12 replicates) were
performed for each sample to estimate the most probable number using Tho-
mas’s formula (9).

Recovery of VNA by GuSCN extraction. To determine the viral nucleic acid
(VNA) recovery using the GuSCN-silica bead extraction method and the pres-
ence of PCR inhibition, concentrated seawater samples from Malibu Lagoon,
Moonlight Creek, and San Diego River that were negative for adenovirus by
nested PCR were seeded with 10° viral genomes of sample per pl. The seeded
sample was extracted by the GuSCN-silica bead method, and serial dilutions
were made in deionized (DI) water to determine the recovery of viral genome
after extraction. In parallel, the seeded sample was also diluted with the con-
centrated seawater to determine the effect of PCR inhibition among concen-
trated water samples. Seeding and extraction were performed twice using each
sample to determine the variability associated with these procedures.

Statistical analysis. Pearson linear correlation was used to analyze the rela-
tionship between the abundance of human viruses and other parameters tested
in this study. The correlation was considered significant at a 95% confidence
level. The Microsoft Excel program (Microsoft Inc.) was used for the statistical
analysis.

RESULTS

Comparison of TFF and VFF concentration methods. The
use of TFF in combination with Centriprep-30 (Amicon Inc.)
concentration was capable of concentrating viruses ca. 10°-
fold. Among six coastal samples concentrated by this method,
only the sample collected from the mouth of the Los Angeles
River tested PCR positive for adenovirus (Table 1). PCR in-
hibition was observed in samples seeded with adenoviruses,
while a 1:5 dilution in DI water resulted in an increase of PCR
amplification efficiency (data not shown). However, further
purification of viral genome by nucleic acid extraction did not
yield additional PCR-positive samples (Table 1).

VFF coconcentrates viruses along with other plankton and
humic material which may interfere or inhibit PCR. When
VFF concentrates were used for PCR directly, no positive
results were detected in any of the samples (Table 1). To
remove PCR-interfering substances, viral nucleic acid was pu-
rified from VFF concentrates by the GuSCN-silica bead ex-
traction. After extraction, three of the six coastal samples
tested PCR positive for adenovirus (Table 1).

Recovery of VNA using GuSCN and silica beads extraction.
VNA recovery from various seeded samples, shown in Fig. 2,
displayed a positive relationship with the presence of PCR-
inhibiting substances. For example, samples having less PCR
inhibition also had a lower recovery of VNA after GuSCN-
silica bead extraction, while a high VNA recovery was seen
with samples initially having substantial PCR inhibition. Spe-
cifically, little PCR inhibition was detected in samples collected
from Moonlight Creek, yet the recovery of VNA after extrac-
tion was only 1% of the seeded viral genome (Fig. 2B). In
contrast, strong PCR inhibition was experienced in seeded
samples from the San Diego River, yet the VNA recovery was
nearly 100% (Fig. 2A). Little variation was detected for repli-
cate seeded samples, extracted at different times (data not
shown), suggesting the differences in VNA recovery observed
were due to the intrinsic character of the original sample.

Adenovirus, coliphage, and indicator bacteria in southern
California coastal waters. Adenoviruses were detected by PCR
in 4 of the 12 samples collected from Southern California
beaches (Table 2; Fig. 3). The genomic numbers of adenovirus
in each sample were estimated based on the most probable
number and then corrected for concentration factors. The con-
centrations varied from 880 to 7,500 per liter of water. High
concentrations of adenovirus were detected at the mouths of
the Los Angeles and San Gabriel rivers, while at the mouth of
the Tijuana River, which drains northern Mexico, a relatively
lower concentration of adenovirus was detected.

Fecal bacterial contamination at each sampling site was re-
ported as the exceeding of the California recreational water
quality daily limits, where the threshold is set at 10,000, CFU/
100 ml for total coliforms, 400 CFU/100 ml for fecal coliforms,
and 104 CFU/100 ml for enterococci. Five of the 12 samples
tested exceeded at least one daily bacterial indicator threshold
(Table 2). The mouths of the Malibu Lagoon, Los Angeles
River, and Moonlight Creek exceeded the daily threshold for
all three indicators.

The concentration of coliphage ranged from 5.3 to 3,332
PFUl/liter (Table 2). The highest concentration was found at
the mouth of the Tijuana River, while the lowest concentration
was detected at Los Penosquitos Lagoon. F-specific coliphages
were detected at five sites (Table 2), but the concentration did
not correlate with the concentration of coliphage (r = 0.20).
The salinity of samples ranged from 9 to 34 ppt, with most sites
above 27 ppt (Table 2), suggesting low levels of freshwater
input to the ocean during the time of sampling at most sites.
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FIG. 2. Efficiency of VNA recovery from environmental samples by the GuSCN-silica bead extraction method. Concentrated samples from
either San Diego River (A) or Moonlight Creek (B) were seeded with adenoviruses to a final concentration of 10%/pl. Lane 1, negative control;
lanes 2 to 7, seeded samples were diluted from 10° to 1075 in seawater concentrates and detected by nested PCR; lanes 8 to 13, seeded
environmental samples were extracted by the GuSCN-silica bead method and diluted with sterilized DI water from 10° to 105, respectively; lane

M, 25-bp molecular weight ladder.

DISCUSSION

This study demonstrates that ultrafiltration combined with
nested PCR is an effective method of detecting human adeno-
viruses from 20 liters of coastal water. Ultrafiltration concen-
tration requires minimal manipulation of the water sample,
avoiding the complicated procedures that cause viral inactiva-
tion (i.e., pH adjustment) or PCR inhibition (i.e., beef extract
elution and organic flocculation) used in the EPA standard
filtration-elution method. Compared with the EPA standard
viral concentration method, in which volumes of at least 100
liters of water are typically filtered, the ultrafiltration method
has a higher efficiency of viral recovery (24).

In comparing the two ultrafiltration methods used in this
study, TFF concentration required preremoval of plankton and
other suspended solids; therefore, the final viral concentrates
contained fewer potential PCR inhibitors. With TFF, adeno-

virus was detected directly by PCR without the need for further
purification of viral nucleic acid. This method offers a distinct
advantage in that viral particles are intact prior to PCR. Pro-
tected by the viral protein coat, VNA is not subjected to deg-
radation due to nuclease activity. This is particularly important
for detecting RNA viruses such as enterovirus, because RNA is
known to be rapidly degraded once exposed to the environ-
ment. This method has been successfully used for PCR detec-
tion of enterovirus in Santa Monica Bay in a previous study
(Noble and Fuhrman, submitted for publication). In contrast,
the VFF method is more time-efficient than TFF, by bypassing
the filtration of a large volume of water prior to viral concen-
tration, but tends to concentrate more PCR inhibiting sub-
stances with the viruses. VNA extraction and purification are
necessary to yield PCR-positive results. In the side-by-side
comparison of the two methods using environmental water

TABLE 2. Adenovirus, coliphage, and bacterial indicators in Southern California beach waters

Sampling Date Salinity Indicator Coliphage F-specific coliphage Adenovirus
location? (day/mo/yr) (%0) exceedance” (PFUl/liter)” (PFU/liter)” (genomes/liter)®
Malibu Lagoon 2/8/99 10 Tc, Fc, En 192 + 40.7 <2
Santa Monica 2/8/99 9 En 96 = 0.2 55
Canyon Creek
Los Angeles River 2/9/99 28 Tc, Fc, En 4725 = 112 300 7.5 X 10°
San Gabriel River 2/16/99 28 106.2 = 30.7 38 2.3 % 10°
Santa Ana River 2/16/99 33 95=*15 <2 9.24 X 10?
Aliso Creek 2/16/99 31 23 =16 4.6
San Juan Creek 3/1/99 24 En 2056 <6.5
San Luis Rey River 3/1/99 27 20 = 13.9 <3
Moonlight Creek 3/1/99 34 Tc, Fc, En 375+ 4.4 <3
Los Penosquitos Lagoon 2/22/99 325 53x25 <3.53
San Diego River 2/22/99 31 367.5 £22.7 <3
Tijuana River 2/22/99 29.5 3,332 = 80.9 22,6 = 7.8 8.8 X 10?

“ All sites are near mouths of rivers or creeks.

® Bacterial indicators—total coliform (Tc), fecal coliform (Fc), and enterococci (En)—that exceed California recreational water daily limits.

¢ Plaque assay using E. coli ATCC 15597 as a host.
4 Plaque assay using E. coli HS (pFamp)R as a host.
¢ Determined by nested PCR.
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FIG. 3. Detection of adenoviral genomes from the VFF-concen-
trated environmental samples by nested PCR. Lane N, negative con-
trol; lane P, positive control; lane 1, mouth of Los Angeles River; lane
2, mouth of San Gabriel River; lane M, 100-bp molecular weight
ladder.

samples, VFF detected adenoviruses more often than TFF
(Table 1). Based on a small number (six) of environmental
samples collected during this study, it appears that the TFF
method has a lower viral recovery than VFF. This may be due
to the loss of particle-associated viruses when samples were
filtered to remove other plankton and suspended solids prior
to TFF concentration. Many viruses are known to attach to
particulate material. Previous studies have indicated that a
large portion of viruses can be lost during 0.2-pm-pore-size
filtration (24).

The PCR detection of viruses in coastal waters offers advan-
tages over current tissue culture methods. PCR is both less
laborious and highly sensitive (e.g., see references 2, 7, 16). In
addition, the method is capable of detecting viruses that are
either difficult to grow in tissue culture or replicate without
producing cytopathic effects in cells (6, 26). Adenovirus be-
longs to this group of viruses and therefore is not easily de-
tected by culture methods. Furthermore, the PCR method is
also highly specific and capable of differentiating different
types of viruses. The primers used in this study were previously
shown to specifically amplify 47 serotypes of human adenovi-
ruses (28). During our experiments, important control mea-
sures were included to ensure the quality of our PCR results.
Precautions were taken to prevent cross-contamination, i.e.,
UV sterilization of PCR equipment and the working environ-
ment, utilization of aerosol tips, etc. Positive and negative
controls were included with each series of reactions.

The application of the nested-PCR protocol in our study
further increased the sensitivity and specificity of detection.
The nested protocol for adenovirus detection was shown in a
previous study (1) to have a sensitivity of detecting a single
purified viral particle. Therefore, nested PCR provided the
sensitivity level necessary to detect a few viral particles in the
sample concentrate. Nested PCR also increased the specificity
of detection. Routinely, specific PCR products are often con-
firmed by probing with an internal oligonucleotide probe (12,
15, 31). In the nested PCR assay, two specific internal primers
are used, which increases the specificity of reaction in much the
same way.
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A major obstacle of PCR detection of viruses in aquatic
environmental samples is the presence of organic material that
inhibits the PCR. As a result, many studies have focused on
developing an efficient method of VNA extraction from such
complex samples (e.g., 12, 14, 17, 31). Puig et al. (28) compared
a simple GuSCN-silica bead method with several other meth-
ods for VNA extraction and found this method to be the most
efficient at recovering viral RNA and/or DNA from complex
samples. In this study, we have shown that the efficiency of
extraction of this method was sample dependent (Fig. 2).
Therefore, it was not possible to have a general correction
factor to correct for losses during purification procedures.

Of the 12 samples tested in this study, 4 were positive for
human adenovirus. The presence of these human viruses did
not correlate with the exceedance of daily limits of bacterial
indicators in coastal waters. At the three sites where all three
indicator bacteria were above daily limits, the mouths of
Malibu Lagoon, Los Angeles River, and Moonlight Creek,
human viruses were only detected at the Los Angeles River
site. In contrast, while no bacterial indicator exceeded the daily
threshold at the mouths of the San Gabriel and Santa Ana
rivers, viral concentrations of 2,300 and 924/liter were detected
at each site, respectively. These results support previous find-
ings by Griffin et al. (15) for the coastal marine environment
and suggest that the current coastal recreational water quality
standards are inadequate to reflect the viral quality of the
water.

The presence of human viruses was also not correlated with
the concentration of coliphage. The Tijuana River had the
highest concentration of coliphage but a relatively low concen-
tration of adenovirus. However, a correlation exists between
the abundance of human adenovirus and F-specific coliphage.
The correlation coefficient for samples taken from the mouths
of the Los Angeles, San Gabriel, Santa Ana, and Tijuana rivers
was 0.99. These results agree with the previous report of a
significant association of F-specific phage with human enteric
viruses in oysters and their harvest waters (8) yet differ from
that reported for Florida coastal waters (15), where high fre-
quencies of human viruses were detected (95%) by PCR but
few or no coliphage were found in their samples. Future stud-
ies that include a broader geographical area of the marine
coast and a larger database are necessary to provide insights
into the utility of F-specific coliphage as a human viral indica-
tor.

Human adenoviruses were detected at the mouths of four
major urban rivers in Southern California, pointing to urban
runoff as a source of coastal viral contamination. This is not
surprising, because a wide distribution of adenovirus has been
previously reported for urban river waters (30) and a river
estuary (5). It is noteworthy that the river flow rate at all four
sites was relatively low, as indicated by the salinity, at the time
of sample collection. This was due to an unseasonally low level
of precipitation during the winter of 1999. A higher level of
contamination may be expected during heavy rainfall.

Although it is alarming to detect the presence of human
viruses in one-third of the beach locations tested in Southern
California, little is known about the infectivity of these viruses.
The PCR method detects both infectious and damaged viruses.
Caution should be made at the interpretation of these results.
If none or only a very small portion of viruses are infectious,
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there is little impact or public health concern. The detection of
adenovirus should be viewed as an index for human fecal
pollution and the presence of other human viruses. Therefore,
this study calls for a reevaluation of our current water quality
standards to reflect the viral quality of recreational waters and
to possibly include monitoring of recreational waters for hu-
man viruses in certain areas.
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