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Enterovirus detection in storm drain-impacted

waters along the shoreline of the Southern

California Bight

ABSTRACT

ssays for the detection of enteroviruses by reverse

transcriptase-polymerase chain reaction (RT-PCR)

were performed on coastal seawater samples taken
at 15 randomly selected freshwater outlet sites along the
shordine of the Southern California Bight (SCB). All of the
sites from which these samples were taken are influenced
year-round by urban runoff and many are proximal to high-
use sandy beaches that are recreationa *hot spots’ in
southern California. Reverse transcriptase-PCR (RT-PCR)
is a primer-based molecular biology technique that can be
used to detect specific groups or types of viruses based
upon the complementarity of primer sequences with con-
served sequencesin viral genomes. Pan-enterovirus primers
were used for the detection of enteroviruses, the family of
which includes poliovirus, Coxsackievirus, and echovirus.
The results of our analyses showed that the concentration
methods and RT-PCR protocol can be used consistently to
detect enterovirus genomes from 20l samples of coastal
seawater. Results were presence-absence for enterovirus
detection. In addition, a most probable number (MPN)
approach was used to estimate the number of viral genomes
present in each sample. Of the 15 samples taken, 7 were
positive for enteroviruses. Results of the virus estimates did
not demonstrate a strong significant logistical or rank
correlation to total and fecal coliforms, or enterococci (p >
0.05). However, aweak logistical correlation was observed
between fecal coliforms and the detection of enteroviruses.
Our results demonstrate that enteroviruses, which are
indicative of local human feca contamination, are found in
nearly haf of the freshwater outletsin southern Cdifornia.
Since enteroviruses are known to be causative agents of
disease in humans from recreational water contact, the
analysis of their presence will assist managers in protecting
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the public health a high-risk locations (e.g., high-use sandy
beaches) or during certain seasons of the year.

INTRODUCTION

The beaches of southern California are popular destina-
tions for recreation, water contact sports, and relaxation.
However, serious concerns have been raised by the public,
government agencies, and the scientific community about
ocean water quality, particularly in areas heavily impacted
by urban runoff. In southern California, the main sources of
urban runoff are freshwater outlets (more specificaly, the
concrete-lined drains and rivers that empty the watershed
of the entire region). Many of these freshwater outlet
locations directly impact “high-use” sandy beaches that are
vital to the economy of the region. Although waterborne
illnesses in humans can be caused by protozoa, bacteria,
and viruses, methodologicd limitations have until recently
forced monitoring to focus only on the use of bacteria
indicators such as total and fecal coliforms and enterococci.
However, the time required to produce results with bacterial
indicator analysis can delay management action (e.g., beach
closure or posting) following a deterioration in water quality
from activities such as a storm event or illicit dumping.
Also, indicator bacteria cannot always be cultured effec-
tively when introduced into aguatic environments; traditional
plate counts often dramatically underestimate actua
bacteria concentrations (Byrd et al. 1991). Asaresult,
human pathogenic viruses are not monitored routingy in
coastal waters and no guidelines or thresholds have been
established for viral indicators.

Viruses have been shown to cause a significant portion
of the waterborne diseases transmitted to humans through
water contact, mostly from the ingestion of sewage-
contaminated water and contaminated seafood (Fogarty et
al. 1995). Large numbers of viruses are excreted in the



feces and urine of infected individuals, which even at low
concentrations can cause a range of diseases when in-
gested (Moore et al. 1994). These diseases include
meningitis, vomiting, gastrointestina distress, diarrhea,
myocarditis, and infectious hepatitis. However, virus
detection in the past was based upon infectivity assays,
which have limitations. Cell-culture methods are labor
intensive, dow (taking days to weeks), insenditive to certain
types of viruses, and not suitable as a basis for management
decisons. However, infectivity-based methods are not the
only way to detect human pathogenic viruses in seawater.
Molecular genetic techniques have been developed in

recent years, such as reverse transcriptase-polymerase
chain reaction (RT-PCR), that detect viral genetic materia
(Metcalf et al. 1995). Testsin southern Cdifornia (Noble
and Fuhrman 2000, Tsai et al. 1993, Tsal et al. 1994),
Forida (Griffin et al. 1999, Rose et al. 1997), and Europe
(Pinaet al. 1998) have detected the genetic material of
enterovirus, hepatitis A virus (HAV), rotavirus, and adenovi-
rus genomes in seawater.

The PCR-based assays detect only vira nucleic acid, so
they have the capability to detect inactive as well as active
viruses (Maet al. 1994, Sobsey et al. 1998). However,
viruses have been shown to degrade rapidly in seawater
(Wommeack and Colwell 2000, Noble and Fuhrman 1997,
Noble and Fuhrman 1999), and a finding of inactive viruses
in marine plankton would probably indicate the co-occur-
rence of active viruses, even at alower level. Also, these
assays are based upon the detection of viral genomes of
picornaviridae, a family of viruses whose nucleic acid
composition is single-stranded RNA. Single-stranded RNA
is much more labile and likely to degrade than DNA. Also,
free virad RNA has been shown to be extremely unstable in
seawater, surviving for a period of only hours to days (Tsai
et al. 1995). Therefore, while a positive RT-PCR result
appears to be a reasonable indicator of a potential health
hazard warranting caution and/or further investigation, it

does not congtitute a known health hazard.
Tangentid flow filtration (TFF) was used to concentrate

viruses from seawater, and pan-enterovirus “universal”
primers were used for total enterovirus nucleic acid amplifi-
cation (these primers target multiple related pathogens) with
RT-PCR. Other concentration methods and PCR primer
sets have been used by other laboratories; e.g., for the
detection of HAV, rotavirus, and adenovirus (Griffin et al.
1999, Tsal et al. 1993, Tsal et al. 1994).

The goal of this study was to use molecular approaches
for enterovirus detection at freshwater outlet sites along the
shoreline of the Southern California Bight (SCB). A
regional approach was used for the sampling design to
provide a“snapshot” of the presence of potentially infec-

tious viruses enteroviruses throughout the SCB, while at the
same time developing and optimizing methods to make virus
screening faster, more convenient, and more affordable.

METHODS
Sampling Design

This study was a component of the 1998 Southern
Cdifornia Bight Shoreline Microbiology Regional Monitoring
Program (Noble et al. 1999). The study was conducted
during summer to coincide with the period of maximum
beach bathing usage. The study area extended 690 miles
from Point Conception in Santa Barbara County, California,
to Punta Bandain Bgja California, just south of Ensenada,
Mexico. A total of 81 freshwater outlets were identified
and differentiated as perennia or ephemeral based upon
whether water flowed year-round or seasonaly, respec-
tively. The freshwater outlets selected for inclusion in the
Summer 1998 Study are those outlets that account for 99%
of the total shoreline runoff flow inputsto the SCB. Of
those perennial freshwater outlets selected, 15 were chosen
randomly for enterovirus anayss.

To determine bacterial indicator levels, each participating
laboratory used its standard method for processing samples
from the 15 randomly selected freshwater outlets. Sampling
efforts were coordinated to ensure that samples for bacterio-
logical and vira analyses were taken smultaneously and at
the same location. More detailed information on the methods
used by al participants can be found in Standard M ethods for
the Examination of Water and Wastewater, 18th Edition, 1995
(APHA 1995).

Sample Collection and Concentration

Twenty liters of seawater were collected in a plastic
carboy from the wavewash at point zero (the point where
the outlet flow reaches the beach) for each freshwater
outlet site. Samples were placed on ice and returned
immediately to the laboratory at the University of Southern
Cdliforniawhere they were pressure filtered (15 psi)
through two 142 mm diameter stainless sted filtration units.
The firgt unit housed a glass fiber filter (Whatman, nominal
pore size of 1 mm), and the second unit housed a 0.22 mm
Durapore filter. While still on ice, the filtrate was
ultraconcentrated with a spira cartridge filtration system
(molecular weight cutoff of 30 kDa, SY 130, Millipore, Inc.)
to afina volume of ca. 150 mL. This sample was further
concentrated using Centriprep-30 centrifugal concentration
units (Amicon, Inc.). The Centriprep-30 concentration units
were centrifuged at 5,000 x g for 30 min at 4° C, then the
filtrate was poured off and the remaining concentrate was
added to the units until the volume reached approximately 5
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mL. The Centricon-30 concentration units were spunin a
Sorvall SS-34 rotor at 5,000 x g at 10° C to further concen-
trate the material to approximately 100 L. This volume of
concentrate was selected because it is sufficient for many
amplifications and dilution studies of the sample (each uses
2nb).

Rever seTranscriptase-Polymerase Chain Reaction
Detection of enterovirus genomes was by RT-PCR.
With one primer pair, this method can detect a whole group
of related viruses, the human enteroviruses (Hyypiaet al.
1989). Selection of atarget RNA sequence for the primers
depends upon identification of regions within the enterovirus
genome that show maximum sequence conservation at the
RNA level among the serotypes. Enterovirus detection by
RT-PCR essentially followed that reported by Tsai et al.
(1993), using pan-enterovirus “universa” primers for total
enterovirus nucleic acid amplification. The amplification
was performed with a GeneAmp RNA PCR kit (PE
Applied Biosystems, Inc., Foster City, CA) with dight
modifications. Specific amplification of enteroviruses was
performed using specific primers (Tsal et al.1993), EV-L
and EV-R. The upstream primer sequence was 5'-
CCTCCGGCCCCTGAATG-3, and the downstream primer
sequence was 5'-ACCGGATGGCCAATCCAA-3
(DelLeon et al. 1990). This primer set can amplify at least
25 enterovira types, and the relatively short length of the
PCR amplicon ensures efficient amplification. Perkin
Elmer’'s RNA PCR core kits were used for the RT-PCR.
Also, poliovirus Type 1 strain Lsc was used for positive
controls. Positive RT-PCR reactions for enteroviruses
produced amplified DNA fragments of 196 bp. Visudization
of amplified DNA products was performed by electro-
phoresis on 2% SeaKem agarose stained with ethidium
bromide (0.5 ug/mL) and illumination with ultraviolet light.
Lane markers of 100 bp increments were used for size
comparison. Senditivity assays were performed by spiking
ocean samples with known amounts of poliovirus and
subsequently amplifying the sample with pan-enterovirus
primers. Our preliminary results suggest that there are
natural variaionsin the concentration of potentialy interfer-
ing substances in seawater. The detection limit of the RT-
PCR assay ranged from 0.1-10.0 infectious units and was
comparable to detection limits reported in Similar studies
(Tsa et al. 1993, Rose et al. 1997). Triplicate analyses
were run for each sample by using the RT-PCR protocol
for each dilution. Negative and positive signals observed on
agarose gels were recorded, and quantitative results were
calculated using a most probable number (MPN) approach.
Basicdlly, for each sample, five replicate RT-PCR tests
were run on each of five seria dilutions. Using an MPN
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table, the number of enterovirus genomes present in the
origina sample could be estimated.

Negative and positive controls were performed for each
RT-PCR run. For the negative controls, 2L of deionized
water was added to the PCR mixture rather than the
seawater sample. A positive control for the RT-PCR kit
was performed each time a new kit was used, and involved
the amplification of a given target RNA with random
hexamer primers. A positive control for the poliovirus
amplification was performed by adding known amounts of
high-titer stock poliovirus to the RT-PCR mixture, with
amplification using the EV-L and EV-R primer pair.

RESULTS

Seven of the 15 samples examined for human enteric
virus genetic material were positive (Table 1). The number
of enterovirus genomes detected ranged from 4 to 75 MPN/
100 i of concentrate, as determined by the MPN ap-
proach. Inhibitory substances, as evidenced by higher
concentrations in more dilute samplesin serid dilutions,
were present in only a single sample from the Los Angeles
River.

Correlations between human enteric virus genomes and
each of the bacterial indicators (total coliforms, feca
coliforms, and enterococci) were statisticaly insignificant
using rank correlation andysis. A significant logistical
correlation was found between feca coliform concentration
and the presence or absence of human enteric virus ge-
nomes. In 73% of the samples, the presence of human
enteric virus genomes coincided with the exceedence of the
fecal coliform threshold of 400 cfu/100 mL.

DISCUSSION

Our results demonstrated that genetic materia from
members of the enterovirus family was found in nearly 50%
of the freshwater outlets in the SCB during August 1998.
Severa dangerous viruses can be contracted by swimming
or diving in contaminated waters (Cabdlli et al. 1982,
Seyfried et al. 1985 aand b). Recently, severa anecdotal
stories have been reported in the media based upon inter-
views with swimmers who claimed they were infected with
serious intestind viruses after swimming in Los Angeles
County waters. Previous scientific studies have found that
coliform bacteria standards are not adequate for predicting
the virological quality of water for bathing, and that out-
breaks of gastroenteritis have been caused by swimming in
water with acceptable coliform counts (Cabelli et al. 1982).
Our results support these findings. In addition, Haile et al.
(1999) specifically discuss the increased risk of disease for



TABLE 1. Human enteric virus genome and bacterial indicator concentrations at virus sampling sites. Bold
face type indicates a threshold exceedence for that bacterial indicator (hm = not measured).

Virus Genomes Total Coliforms Fecal Coliforms Enterococci
Sampling per 2 L seawater (MPN or (MPN or (MPN or

Freshwater Outlet Site Date sample cfu/100 mL) cfu/100 mL) cfu/100 mL)
Tijuana River 8/03/98 75 30 8 10
Los Penosquitos Lagoon 8/03/98 75 8 4 2
San Luis Rey River 8/10/98 14 800 80 24
Los Angeles River 8/18/98 4 9,000 1,700 2
Aliso Creek 8/17/98 66 140 20 64
Ballona Creek 8/31/98 75 5,000 1,600 170
Malibu Creek 8/31/98 75 1,353 616 175
San Diego River 80/3/98 0 36 38 54
Moonlight Beach 8/10/98 0 3,000 230 nm
San Juan Creek 8/17/98 0 160 70 20
Goleta Creek 8/24/98 0 314 314 20
Mission Creek 8/24/98 0 240 85 10
Arroyo Burro 8/24/98 0 24,192 589 99
Carpinteria Creek 8/24/98 0 41 20 10
Calleguas Creek 8/31/98 0 1,100 170 140

those swimming in waters near storm drains. Although the
microorganism responsible for inducing symptoms of

disease in infected swimmers is often difficult to determine,
it is probable that some of the symptoms encountered during
the study of Haile et al. (1999) were caused by enterovi-
ruses similar to those detected in our study.

Enteroviruses, unlike most bacterial indicators, are
direct indicators of the presence of human fecal contamina
tion. This study focused upon the detection of the genetic
material specific to enteroviruses, afamily of viruses that
includes 67 human serotypes including poliovirus, Coxsackie
virus, echovirus, and other poorly defined viruses. Even
though the vaccine strain of poliovirus genomesis an
atenuated version of the virus and thus poses no risk to the
public hedlth, the viruses and their genetic material detected
using our RT-PCR technique are still adirect indicator of
human feca contamination. Vaccine-strain poliovirus may
be found in elevated quantitiesin fecal materia from
children, asit is actively shed by those that have been
recently vaccinated. Other viruses found in human fecal
material that are capable of posing serious health risks,
include astrovirus, adenovirus, Norwalk virus, coronavirus,
rotavirus, and HAV. These viruses were not pursued as
part of this study. While enteroviruses are responsible for a
variety of illnesses or symptoms, including upper respiratory
tract infections, meningitis, myocarditis, and hemorrhagic
conjunctivitis, the measurement techniques used in this
study do not provide direct information about the infectivity
of the observed virus particles. The RT-PCR identifies the
presence of viral RNA based upon conserved sequences of
RNA found within the viral genome of specific virus

families, in this case enteroviruses, without distinction as to
whether the virdl RNA isfree or contained within an intact,
infective virus particle. Thistechnique is valuable for
detecting the vird materia found in human feca contamina-
tion and thus distinguishing between human and animal
waste. Work is under way to define whether arelationship
exists between the detection of the genetic materia of a
virus and the presence of infectivity. To thisend, RT-PCR
must be combined with other measures, such as direct
plating of coliphages or cell culture techniques, to assess
infectivity.

Our study is not the first to examine the presence of
enteroviruses in the coastal waters of the SCB. A pilot
study performed in Santa Monica Bay in 1989 using cell
culture techniques reveal ed the presence of infective human
enteric virusesin 11 of 15 samplestaken at a single storm
drain in Santa Monica Bay, and repesat testing in 1990
revealed positive resultsin 3 of 4 samples (Gold et al.
1990). In another study in 1991, human enteric viruses
were detected in dl five of the storm drain samples tested
in Santa Monica Bay (Gold et al. 1992). In this study, one
of the enterovirus types identified by antibody neutralization
was Coxsackie B virus, a known etiological agent. More
recently, in an epidemiologica study in Santa MonicaBay in
1995, human enteric viruses were detected in all three of
the storm drain systemstested (Haile et al. 1999). Our
findings demonstrate the positive detection of enterovirus
genomes at both of the Santa Monica Bay storm drains
tested, where positive detection for enteroviruses has been
demonstrated previoudy (e.g., Haile et al. 1999; Table 1),
with quantitative results suggesting that the levels of human
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enteric virus genomes at these sites were among the highest
of the sites studied. However, our study is the first to
examine storm drains in the entire southern Cadifornia
region. By using a random site selection process, we were
able to provide aregiond perspective for the presence of
enteroviruses, rather than focusing purely on storm drains
that are considered to be “problem areas.” Throughout the
entire SCB, enterovirus genomes were detected at nearly
50% of the freshwater outlets tested.

Our finding that bacterial indicator levels do not corre-
late with the presence of human pathogenic virusesis
supported by previous studies (Dufour 1984, Elliott and
Colwdl 1985). Anayzing samples from southern Cdifornia
through funding from USC Sea Grant, Noble and Fuhrman
(2000) examined the incidence of enterovirus genomes by
RT-PCR over 5 years in over 50 coastal seawater samples,
and found that 35% of the samples were positive, with no
sgnificant Satistical relationship to any of the standard
bacterial indicators (total coliforms, fecal coliforms, and
enterococci; but only about one-third of the samples had
corresponding enterococcus counts for comparison). The
findings of this sudy are aso consistent with those of
earlier related reports. For example, the analysis of wild
shellfish from the Atlantic coast of France indicated no
significant correlation between feca coliforms and enterovi-
ruses or HAV (LeGuyader et al. 1993, Leguyader et al.
1994), and viruses have sometimes been found in oysters
without coliform contamination (Goyd et al. 1984,
Yamashitaet al. 1992). The lack of reliable standards for
safe or unsafe levels of viruses in ocean waters has
sparked an ongoing debate about the best way to use
bacteria indicators); however, the weak relationship
between positive bacterial and viral indicators suggests that
the health risks of vira exposure are not reliably predicted
by bacterid indicators.

Although aweak correl ation was found between the pres-
ence of enterovirus genomes and fecal coliforms, the correla
tion did not extend to al of the other bacterial indicators. The
poor relationship between bacteria and vira indicators may
indicate the substantia influence of non-human sources of
bacteria contamination. All of the samples from this study
weretaken inthe surf zoneimmediately adjacent to the fresh-
water outlets. Many of these outlets drain lagoonal systems
inhabited by waterfow! that can contribute large amounts of
animal wastes. High bacteria counts in the absence of hu-
man enteric virus genomes were found at Calleguas Creek,
Moonlight Beach, and Arroyo Burro, where hundreds of birds
were observed near the storm drain at the time of sampling.
If animal wastes are a significant source of viral contamina-
tion to the coastal waters, then bacteria indicators may pro-
vide an overly conservative estimate of microbiologica water
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quality conditions, since anima waste does not typically con-
tain pathogens of concern to humans.

An dternative explanation for the poor correlation be-
tween bacterid and viral indicators is the difference in the
surviva rates of pathogensin seawater (McNeill 1992). Many
complex factors that influence the persistence of pathogenic
microorganisms, amnong them sedimentation, turbulence, sun-
light intensity, temperature, and predation. Under some cir-
cumstances, viral pathogens can survive longer in the marine
environment than indicator bacteria as they adsorb to solids
that can protect them from inactivation by biological, chemi-
cal, and physical factors (U.S. EPA 1985). Conversdly,
McNeill (1992) has shown that coliforms and enterococci not
only persist but, in warmer water temperatures such as those
found in tropical areas, can also grow in the marine environ-
ment. Understanding the relative degradation rates between
bacterial indicators and the viral pathogens of human health
concern, and how various environmental factors such astem-
perature affect their relative rates of attenuation, is essential
to knowing how well bacterial indicators predict human hedlth
threats in marine waters.

The poor relationship between bacterial indicators and
the presence of human enteric viruses leads to the conclu-
sion that viral monitoring is probably advisable. Unfortu-
nately, current genetic virus tests are technically demanding,
expensive, and not particularly quantitative, so they are not
yet suitable for routine monitoring. Such monitoring idedly
would use reatively inexpensive methods, not require very
large samples, permit analysis of several samples at atime,
be quantitative, and be readily amenable to qudlity control.
The RT-PCR technique presented here provides advance-
ments toward these goals. The RT-PCR radically improves
upon the time required to detect the presence of human
pathogens in seawater, and requires a day rather than the
weeks required for conventional cell culture techniques.
Additionaly, RT-PCR can be used to detect a variety of
human pathogenic viruses not detectable by cell-culture
techniques. The cost of RT-PCR, however, remains 50
times higher than that for bacterial indicator measurements.
Further refinements to reduce cost and improve quality
control will be required before the technique is feasible on a
routine basis for addressing management decisions about
local coastal health hazards.
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