water research 43 (2009) 4929–4939

Available at www.sciencedirect.com

journal homepage: www.elsevier.com/locate/watres

Persistence of nucleic acid markers of health-relevant
organisms in seawater microcosms: Implications for their
use in assessing risk in recreational waters
Sarah P. Walters*, Kevan M. Yamahara, Alexandria B. Boehm
Stanford University, Department of Civil and Environmental Engineering, 473 Via Ortega, M-06, Stanford, CA 94305, USA

article info

abstract

Article history:

In the last decade, the use of culture-independent methods for detecting indicator
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organisms and pathogens in recreational waters has increased and has led to heightened
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interest in their use for routine water quality monitoring. However, a thorough under-
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standing of the persistence of genetic markers in environmental waters is lacking. In the
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present study, we evaluate the persistence of enterococci, enterovirus, and human-specific
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Bacteroidales in seawater microcosms. Two microcosms consisted of seawater seeded with
human sewage. Two additional seawater microcosms were seeded with naked Enterococcus
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faecium DNA and poliovirus RNA. One of each replicate microcosm was exposed to natural

Nucleic acid persistence

sunlight; the other was kept in complete darkness. In the sewage microcosms, concen-

Fecal indicator bacteria

trations of enterococci and enterovirus were measured using standard culture-dependent

Enterococci QPCR

methods as well as QPCR and RT-QPCR respectively. Concentrations of human-specific

Enterovirus persistence

Bacteroidales were determined with QPCR. In the naked-genome microcosms, enterococci

Human-specific Bacteroidales

and enterovirus markers were enumerated using QPCR and RT-QPCR, respectively. In the
sewage microcosm exposed to sunlight, concentrations of culturable enterococci fell below
the detection limit within 5 days, but the QPCR signal persisted until the end of the
experiment (day 28). Culturable enterococci did not persist as long as infectious enteroviruses. The ability to culture enteroviruses and enterococci was lost before detection of the
genetic markers was lost, but the human-specific Bacteroidales QPCR signal persisted for
a similar duration as infectious enteroviruses in the sewage microcosm exposed to
sunlight. In the naked-genome microcosms, DNA and RNA from enterococci and enterovirus, respectively, persisted for over 10 d and did not vary between the light and dark
treatments. These results indicate differential persistence of genetic markers and culturable organisms of public health relevance in an environmental matrix and have important
management implications.
ª 2009 Elsevier Ltd. All rights reserved.

1.

Introduction

Monitoring fecal indicator bacteria (FIB), including Escherichia coli and enterococci (ENT) in waters used for recreation

and shellfish harvesting aids in mitigating health risks
associated with human exposure to water polluted with
feces. These indicators were chosen for health risk monitoring because their concentrations are quantitatively
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linked to adverse health outcomes in swimmers exposed to
waters polluted by urban runoff and treated wastewater
effluent (Cabelli et al., 1983; Haile et al., 1999; Prüss, 1998).
Currently, cultivation of enterococci (ENT) is the standard
method used to monitor marine waters for fecal pollution
(USEPA, 2004).
Despite their widespread use, the suitability of FIB for
assessing risk has been challenged for multiple reasons. FIB
occurrence often does not correlate with the presence of fecal
pathogens (Baggi et al., 2001; Boehm et al., 2003; Bonadonna
et al., 2002; Geldenhuys and Pretorius, 1989; Horman et al.,
2004; Lemarchand and Lebaron, 2003; Noble and Fuhrman,
2001; Pusch et al., 2005; Wade et al., 2003), so there is concern
about whether they really indicate a health risk. FIB can grow
and survive in extra-intestinal environments including beach
sand, soil and sediments (Anderson et al., 2005; Fujioka et al.,
1999; Hardina and Fujioka, 1991; Whitman et al., 2003;
Yamahara et al., 2009) and therefore the presence of FIB in
a water sample may not indicate the presence of feces. Finally,
standard enumeration of FIB is accomplished using culturebased methods that require 24 h incubations (USEPA, 2004).
This has several drawbacks. First, because of the lengthy
incubation, exposure to polluted waters can occur before
beach advisories are posted (Hou et al., 2006; Kim and Grant,
2004). Second, the risk of exposure to polluted waters may no
longer exist by the time results are available, making beach
advisories and closures costly and futile. Third, culture-based
methods can miss starved and damaged cells or cells that are
in a viable but non-culturable (VBNC) state (Menon et al., 2003;
Pommepuy et al., 1996; Rahman et al., 1996), thereby underestimating the true number of FIB and the risk to human
health.
To address the problems with using traditional FIB to
assess risk of recreational waterborne illness, newly proposed
methods of diagnosing fecal pollution have been developed.
The majority of these are culture-independent methods that
detect a genetic marker using polymerase chain reaction (PCR)
and quantitative PCR (QPCR) (Bae and Wuertz, 2009: Bernhard
and Field, 2000b; Haugland et al., 2005; McQuaig et al., 2006;
Seurinck et al., 2005; Shanks et al., 2006). Since nucleic acids
can remain in the environment and be detected by PCR after
an organism is no longer alive (Espinosa et al., 2008) it is
important to understand how long the genetic markers persist
in environmental waters as entities separate from intact cells
or viruses.
The present study evaluated culturability and genome
persistence of enteroviruses and ENT, and persistence of the
human-specific fecal Bacteroidales marker in seawater microcosms. We chose to focus on ENT because it is the preferred
health indicator for monitoring marine waters (Wade et al.,
2003) and used a human virus as a model pathogen since
viruses are believed to be the main etiology of recreational
waterborne illness (Jiang and Chu, 2004; Rusin et al., 1999).
The human-specific marker in Bacteroidales was chosen
because it shows promise as a human-specific marker of fecal
pollution (Bernhard and Field, 2000a; Kildare et al., 2007;
Seurinck et al., 2005). Our goal was to measure persistence
and decay rates of genetic markers and naked genomes to
understand indicator and pathogen fate and to evaluate the
ability of ENT and human-specific Bacteroidales genetic

markers to predict the presence of human viruses in marine
waters.

2.

Methods

Four microcosms were used; two were exposed to natural
sunlight and two were kept in complete darkness. Sunlight
exposure and darkness were the only treatments. From this
point forward the treatments are referred to as ‘‘light’’ and
‘‘dark’’ microcosms. One light and one dark microcosm were
seeded with sewage influent. Subsequently, we followed the
persistence of sewage-derived culturable ENT, infectious
enterovirus, and sewage-derived ENT, enterovirus, and
human-specific Bacteroidales genetic markers. The remaining
light and dark microcosms were seeded with naked Enterococcus faecium and Poliovirus 3 (PV3) genomes. Hereafter, the
sewage-seeded microcosms are referred to as ‘‘sewage
microcosms’’, and the microcosms seeded with genomes are
referred to as ‘‘naked-genome microcosms’’.

2.1.

Microcosm design

Seawater (pH ¼ 7.85, salinity ¼ 34.2) from the Upper Elkhorn
Slough (Monterey, CA, USA) was collected in 20 l, acid washed,
collapsible polyethylene containers. Containers were rinsed
three times with source water before collection. Sewage
influent from the Regional Water Quality Control Plant (Palo
Alto, CA, USA) was collected in sterile 1 l polyethylene bottles.
Seawater and sewage influent were transported back to the
lab and kept at 4  C, in the dark, until use.
Microcosms consisted of four, five gallon, high density
polyethylene buckets that were weighted and placed in a 162
qt marine cooler (2 buckets per cooler). The sewage microcosms received 14 l of unfiltered seawater and the nakedgenome microcosms received 15 l. The coolers were filled with
tap water to 5 cm below the lip of the buckets and served as an
insulated water bath for the microcosms. Microcosm
temperature was maintained near the in situ temperature of
the Elkhorn Slough (w17  C) by chilling water to 10  C using
a NESLAB RTE-7 Digital One Refrigerated Bath (Thermo Fisher
Scientific, Waltham, MA) and continually circulating the
chilled water through 3⁄4 00 copper tubing piped through the
water bath, surrounding the buckets. The water bath was
protected from solar radiation and ambient heat by placing
white, 5 cm foam board insulation on top of the coolers with
openings for the buckets to allow exposure to sunlight.
Sewage microcosms received 1 l of sewage influent to
make the final volume 15 l. Naked-genome microcosms were
seeded with naked, purified genomes from E. faecium (ATCC
#19434) and Poliovirus 3 (ATCC VR-300) (see extraction and
purification method below). Light microcosms remained
uncovered, and dark microcosms were kept from sunlight by
an opaque black cover. To mimic mixing of the water column,
an airstone was placed in each microcosm and air was pumped continuously for the duration of the experiment. Evaporation occurred over the course of the experiment in light
microcosms. The volume of water lost due to evaporation was
noted on each sampling day. Concentrations of targets in the
light microcosms were corrected for evaporation.
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2.2.

Enumeration of culturable ENT (cENT)

Culturable ENT (cENT) were enumerated, in triplicate,
according to EPA method 1600 (USEPA, 2002). The microcosm
exposed to sunlight was sampled on days 0, 1, 5, and 6; the
dark microcosm was sampled on days 0, 1, 4, 5, 6, 8, and 11.
Plates were incubated at 41  0.5  C for 24 h on days 0–4. On
days 5–11 an extra 24 h of incubation was provided for
recovery of cells that may have entered a viable but non-culturable (VBNC) state, or slowed their metabolism to accommodate a reduced nutrient environment (Shrestha et al.,
2007). The detection limit was 0.01 CFU/ml.

2.3.

Detection of infectious enteroviruses

Samples from sewage microcosms were assayed for infectious
enteroviruses using plaque assays on days 0, 1, 4, 6, 8, 11, 14, 18,
22, and 28. On each sampling day, triplicate 30 ml sample
volumes were concentrated to 200 ml using Amicon Ultra-15
centrifugal filtration devices with a 10,000 NMWL cutoff (Millipore, Billerica, MA) by concentrating 15 ml volumes twice.
The concentration efficiency of using Amicon Ultra-15 filtration devices for recovery of infectious enteroviruses was
nearly 100% (data not shown). Plaque assays were carried out
according to methods developed by Vincent Racaniello’s
Laboratory (personal communication, 2007). Briefly,
2  106 HeLa cells/plate were grown for 24 h (or until 85–90%
confluency) on 60 mm Costar cell culture plates (Thermo
Fisher Scientific Inc.) in Dulbecco’s Modified Essential Medium
(DMEM; Hyclone, Thermo Fisher Scientific Inc.) supplemented
with 10% fetal bovine serum and 1  Penicillin/Streptomycin
(Invitrogen, Carlsbad, CA). Growth medium was removed and
cells were rinsed once with phosphate buffered saline (PBS,
pH ¼ 7.4). Dilutions, 50% and 10%, of each concentrated
sample, were prepared in viral buffered saline (VBS; 1 PBS
(pH ¼ 7.4) and 0.2% fetal bovine serum (Invitrogen)). Cells were
infected using 100 ml of each dilution; duplicate infections were
performed for the 50% and 10% dilutions. Infections were
allowed to proceed for 45 min then cells were overlaid with
0.9% agar þ 1 DMEM supplemented with 5% fetal bovine
serum, 1 Penicillin/Streptomycin, and 0.024 units/ml
Nystatin (Sigma–Aldrich, St. Louis, MO) warmed to 45  C. After
solidifying, plates were incubated at 37  C in 5% CO2. After 48 h,
2 ml of 10% trichloroacetic acid was applied to each plate and
allowed to soak into the agar for 10 min. The agar was removed
and discarded. Cells were stained with crystal violet for
10 min. A positive result for infectious enterovirus was determined by the presence of visible plaques. The limit of detection
was determined to be 1 pfu/30 ml.

2.4.

Nucleic acid preparation

Samples from sewage microcosms were collected on days 0, 1,
4, 6, 8, 11, 14, 18, 22, and 28 for all molecular marker analyses.
Samples were collected in sterile high density polyethylene
bottles, transported back to the laboratory on ice and processed immediately. One hundred milliliters of each sample
were filtered onto 47 mm, 0.45 mm HAGW membranes
(Thermo Fisher Scientific Inc.), under 15 mm Hg vacuum.
Filters were rolled and placed in sterile, 15 ml polypropylene
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tubes containing 500 ml of guanidine isothiocyanate (GITC)
buffer (5 M guanidine thiocyanate, 100 mM EDTA, 0.5% Nlauroyl sarcosine; Sigma–Aldrich). Tubes were vortexed for
30 s to saturate the filter with GITC buffer and were stored at
80  C until extraction.
The naked-genome microcosms were sampled on days 0–
8, 11, 14, 18 and 22. On each sampling day triplicate 30 ml
volumes were concentrated to 200 ml using Amicon Ultra-15
Centrifugal Filter Devices with a 10,000 NMWL cutoff (Millipore). For storage purposes each 200 ml concentrated sample
received 500 ml of Qiagen buffer RLT, containing 1% (v/v) bmercaptoethanol (Sigma–Aldrich) and was stored at 80  C
until extraction.
Nucleic acids (DNA and RNA) were extracted and purified
from all samples using the AllPrep DNA/RNA Micro Kit
(Qiagen, Valencia, CA) with modifications. For sewage microcosm samples 500 ml of GITC buffer was used to preserve the
sample for freezing. After thawing, 350 ml of Buffer RLT Plus,
containing 1% (v/v) b-mercaptoethanol (Sigma–Aldrich) and
20 ng of carrier RNA (supplied by manufacturer), was added to
each filter containing tube. Since samples from the nakedgenome microcosms received 350 ml Buffer RLT Plus prior to
freezing, these samples were thawed and 20 ng carrier RNA
was added. Sample tubes were vortexed for 1 min. Next,
lysates were added to the AllPrep DNA spin column and were
processed from this point forward following the manufacturer’s instructions. Filtration blanks and extraction blanks were
included with all nucleic acid extractions. All DNA preparations were eluted in 50 ml Buffer EB and RNA preparations were
eluted in 14 ml RNase free water. DNA and RNA samples were
stored at 20 and 80  C respectively, until used.

2.5.

Human-specific Bacteroidales PCR

Using conventional PCR we followed persistence of the
human-specific Bacteroidales fecal marker (Bernhard and Field,
2000a,b) in DNA extracts from the sewage microcosms. PCRs
and cycling parameters were performed using primers HF183F
and Bac708R (Table 1) as previously described (Walters et al.,
2007). Two microliters of DNA extract were used as template
in each reaction. PCR products were visualized on 1% agarose
gels stained with ethidium bromide (Sigma–Aldrich), using
a BioRad Gel Doc XR system (BioRad, Hercules, CA). No
template controls were included with each PCR.

2.6.

QPCR and RT-QPCR standards

RNA standards were synthesized in vitro for quantification of
enterovirus genomes in reverse transcriptase-QPCR (RTQPCR). Primer PV1279R (Table 1) was used to create Poliovirus
3 (PV3) cDNA during RT-PCR using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA), according to manufacturer’s instructions. Ten microliters
of cDNA from the RT-PCR were used as template in PCR for
cloning. PCR mixtures consisted of 1 PCR SuperMix which
contained 220 mM dNTPs and 1 U recombinant Taq DNA
polymerase (Invitrogen), 2.65 mM MgCl2, 500 mM of each
primer, PV228F and PV1191R (Table 1). Thermal cycling was
performed using a GeneAmp 9700 thermal cycler (Applied
Biosystems) with an initial denaturation of 95  C for 5 min,
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Table 1 – Primer and probe sequences used in PCR, QPCR, and RT-QPCR.
Name
HF183F
708R
PV1279R
PV228F
PV1191R
EVupstream
EVdownstream
EV probe
ECST748F
ENC854R
GPL813TQ
BacHum-160f
BacHum-241r
BacHum-193p

Sequence 50 / 30

Target

ATCATGAGTTCACATGTCCG
CAATCGGAGTTCTTCGTG
GCACCGTGTAGCCTGATCTCC
CGCTCAGCACTCTACCCCG
CCACCACCCCTTGGATTCC
CCTCCGGCCCCTGAATG
ACCGGATGGCCAATCCAA
FAM-ACGGACACCCAAAGTAGTCGGTTC-BHQ-1
AGAAATTCCAAACGAACTTG
CAGTGCTCTACCTCCATCATT
6FAM-GGTTCTCTCCGAAATAGCTTTAGGGCTA-TAMRA
TGAGTTCACATGTCCGCATGA
CGTTACCCCGCCTACTATCTAATG
6FAM-TCCGGTAGACGATGGGGATGCGTT-TAMRA

Human-specific Bacteroidales
Bacteroidales bacteria
PV3 genome

Bernhard and Field (2000a)
Bernhard and Field (2000b)
This study

Pan-enterovirus 50 -UTR

DeLeon et al. (1990)

Pan-enterovirus 50 -UTR
ENT 23S rRNA gene

Gregory et al. (2006)
Haugland et al. (2005), Ludwig
and Schleifer (2000)
Ludwig and Schleifer (2000)
Kildare et al. (2007)

followed by 35 cycles of 95  C for 45 s, 57  C for 45 s, and 72  C
for 60 s and a final extension step of 72  C for 7 min. PCR
products were visualized on a 1.5% agarose gel stained with
ethidium bromide (Sigma–Aldrich). The 963 bp fragment was
excised and gel purified using the QIAquick Gel Extraction Kit
(Qiagen) and cloned into the pCR 2.1-TOPO TA cloning vector
(Invitrogen). Quantification standards were created following
the procedure outlined by Gregory et al. from this point
forward (Gregory et al., 2006).
Whole genomic DNA from E. faecium and plasmid DNA
from an E. coli clone harboring the Bacteroidales humanspecific rRNA gene were used to generate standard curves for
the ENT and BacHum QPCR assays respectively.
DNA and RNA standards were quantified using an ND-1000
spectrophotometer (NanoDrop, Wilmington, DE). ENT cell
equivalents (CE) were calculated using 6 rrn operons per
genome of E. faecium with a genome size of 2.6 Mb (Oano et al.,
2002; Sechi et al., 1994), and were serially diluted to a range of
1.76  102 to 1.76  106 copies/ml. Enterovirus RNA standards
were serially diluted to a range of 3.75  100 to
3.75  106 copies/ml, calculated based on the size of the in vitro
transcribed RNA fragment. The number of rRNA gene copies
for the Bacteroidales human-specific DNA standard was
calculated using 4425 bp (the size of the insert, 525 bases, plus
the size of the vector, 3.9 kb), and were serially diluted to
2.04  100 to 2.04  105 copies/ml. Human-specific Bacteroidales
cell equivalents were calculated using 6 rrn operons/genome
(Walters and Field, 2009). All standards fall within the range of
quantification of each QPCR assay. Standard dilutions were
included in triplicate with each QPCR or RT-QPCR and were
used to determine the CT and efficiency of each run. Copy
number estimates of targets in unknown samples were
extrapolated from the linear fit of the standard copy number
versus threshold cycle.

2.7.

QPCR

QPCR was used to enumerate ENT 23S rRNA genes (Haugland
et al., 2005; Ludwig and Schleifer, 2000) and human-specific
Bacteroidales 16S rRNA genes (Kildare et al., 2007) in each of the
microcosms over time. All samples were analyzed by QPCR in
triplicate. Two microliters of DNA were used as template in

Human-specific Bacteroidales

Reference

each reaction. For ENT QPCR each 25 ml reaction included 1
TaqMan Universal PCR Master Mix (Applied Biosystems),
1000 nmol primer ECST748F and ENC854R and 200 nmol probe
GPL813TQ (Table 1). For human-specific Bacteroidales QPCR
each 25 ml reaction consisted of 1 TaqMan Universal PCR
Master Mix, 400 nM of each primer, BacHum-160f and
BacHum-241r, and 80 nM BacHum-193p probe (Table 1). QPCR
for both assays was carried out using an ABI StepOnePlus
thermocycler (Applied Biosystems) with the following cycling
parameters: an initial 2 min incubation at 50  C to activate
uracil-n-glycosylase (UNG) activity, a 95  C denaturation step
of 10 min, followed by 40 cycles of 95  C for 15 s and 60  C for
60 s. No template controls, extraction blanks and filtration
blanks were included with each QPCR run. Two additional
human-specific Bacteroidales QPCRs for each sample were
spiked with a known quantity of DNA target prior to account
for inhibition. The spiked reactions consisted of 1 ml sample
DNA and 1 ml of w2000 copies of target DNA. The copy number
of the spike was confirmed during each QPCR run. The limit of
detection was 4 gene copies for both ENT and human-specific
Bacteroidales QPCR assays. Limits of detection were determined by QPCR on serial dilutions of standard DNA, and were
defined as the lowest concentration at which all replicates
were reliably detected. Our limits of detection were 0.17 CE/ml
water sample for enterococci and human-specific Bacteroidales
markers in the sewage microcosms, and 0.55 enterococci CE/
ml water sample in the naked-genome microcosms.

2.8.

Enterovirus RT-QPCR

We used RT-QPCR to enumerate the number of enterovirus
genomes in each microcosm over time. RT-QPCR was carried
out using an ABI StepOnePlus thermocycler (Applied Biosystems). The TaqMan RNA-to-CT 1-Step Kit (Applied Biosystems) was used in all enterovirus RT-QPCRs. Each 25 ml
reaction mixture consisted of 2 ml RNA template, 1 TaqMan
RT-PCR Mix, 1 TaqMan RT Enzyme Mix, 400 nM each panenterovirus primer (EVupstream and EVdownstream) and
200 nM EV probe (Table 1). The amplification conditions
included a 30 min reverse transcription step at 48  C, followed
by a 10 min denaturation step of 95  C and 40 cycles of 60  C
for 60 s and 95  C for 15 s. All samples were analyzed by RT-
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QPCR in triplicate. No template controls, extraction blanks
and filtration blanks were included with each RT-QPCR run.
The limit of detection for the enterovirus RT-QPCR assay was 1
copy of the enterovirus target which corresponds to
0.07 copies/ml water sample in the sewage microcosms and
0.23 copies/ml in the naked-genome microcosms. This was
estimated from RT-QPCR on serial dilutions of RNA standards
and was defined as the lowest concentration at which all
replicates were reliably detected.

2.9.

Decay rate estimations and statistical comparisons

Replicates tended to be log-normally distributed, thus we
chose to describe the central tendency of the replicates from
each time point using the geometric mean and 95% confidence
intervals about the geometric mean. Data were normalized by
dividing each sample mean by the mean of the sample on the
day of microcosm set up (C/C0). Normalized data were transformed with the natural logarithm (ln(C/C0)). First-order decay
rates (k) and their 95% confidence intervals were estimated as
the slope of the regression line: ln(C/C0) ¼ kt, where t is time
(days) and k has units of d1. This model corresponds to the
Chick–Watson model. Only data points above the assay limit
of detection (shown in Fig. 1) were used in the regression. R2
values are reported for all curve fits. We compared decay rates
using the model: Yi ¼ (b0 þ b2) þ (b1 þ b3)t (Neter et al., 1990).
This model tests the null hypothesis of no difference between
regression slopes (decay rates).

3.

Results

3.1.

Bacterial persistence in sewage microcosms

There was a marked difference in the culturability of enterococci (ENT) in the light and dark sewage microcosms (Fig. 1A).
Concentrations of culturable ENT (cENT) were equal between
the light and dark microcosms at the start of the experiment.
The concentration of cENT decreased rapidly in the light
microcosm; cENT decreased nearly 5-logs and fell below the
detection limit of 0.01 CFU/ml by day five. In the dark microcosm the numbers of cENT remained above the detection limit
until day 12. The presence of sunlight produced a statistically
significant increase in the decay rate of cENT
(klight ¼ 2.21 d1, kdark ¼ 0.907 d1, p ¼ 0.029; Table 2). cENT
decayed an order of magnitude in concentration two and
a half times as fast in the light compared to the dark microcosms (T90(light) ¼ 1.04 d, T90(dark) ¼ 2.54 d).
On the day the microcosm experiments were started the
concentration of ENT cell equivalents (CE) obtained by QPCR was
approximately twice as high as the concentration of cENT
(Fig. 1A). While cENT were readily inactivated in the light
microcosm, it took eight times as long for ENT cell equivalents to
decline by the same order of magnitude (T90(cENT_light) ¼ 1.04 d,
T90(ENT_CE_light) ¼ 8.28 d). In the dark microcosm there was also
a difference in decay rates between the two enumeration
methods (membrane filtration and ENT 23S QPCR). cENT
decreased an order of magnitude approximately four times
faster than the ENT genetic markers (kcENT_(dark) ¼ 0.907 d1,
p < 0.001;
T90(cENT_dark) ¼ 2.54 d,
kENT_CE_(dark) ¼ 0.241 d1,

4933

T90(ENT_CE_dark) ¼ 9.55 d). We did not observe a significant difference between decay rates of ENT cell equivalents between the
light and dark treatments in sewage microcosms over the
course of the experiment (klight ¼ 0.278 d1, kdark ¼ 0.241 d1,
p ¼ 0.595; Table 2). In both treatments the concentration of ENT
cell equivalents reached the QPCR limit of detection by day 28
(Fig. 1A). Though there was not a statistically supported difference in the decay rates of ENT cell equivalents between the light
and dark sewage microcosms, ENT cell equivalents concentrations were consistently higher in the dark microcosm. Initial
concentrations were equal between the light and dark microcosms but in the first 24 h of the experiment a substantial postinoculation increase in the concentration of ENT was observed
in the dark microcosm.
We followed persistence of the Bacteroidales human-specific
fecal marker in the sewage microcosms using conventional PCR
and QPCR. A statistically significant difference in decay rate of
the human-specific Bacteroidales genetic marker was observed
between the light and dark microcosms (klight ¼ 1.30 d1,
kdark ¼ 0.264 d1, p ¼ 0.015; Table 2). The marker concentration
decreased nearly 5 times faster in the light microcosm than the
dark (T90_(light) ¼ 1.77 d, T90_(dark) ¼ 8.72 d). The human-specific
Bacteroidales marker was not detected in the light microcosm
after 8 d. In the dark microcosm concentrations decreased to
0.1 CE/ml by day 18 and fell below the limit of detection by day 28
(Fig. 1B). The human-specific Bacteroidales QPCR assay was
completely inhibited in light microcosm samples on days 22 and
28, the last two days of the experiment. This observation is
based on the fact that when environmental DNA was spiked
with w2000 copies of the target these samples did not amplify.
This finding does not alter the interpretation of our data about
the persistence of the human-specific Bacteroidales genetic
marker because the marker was not detected after day 8 in these
samples. Inhibition was not detected until day 22 and was not
observed in QPCR performed on DNA from any samples from the
dark microcosm. The inhibition could have been caused by
a phytoplankton bloom in the light microcosm near the end of
the experiment. We did not observe the same level of inhibition
in the ENT QPCR assay based on the fact that we were always
able to amplify our target. This difference in QPCR assay
susceptibility to inhibition has been previously observed
between the human fecal Bacteroidales and ENT QCR assays (data
not shown) and is not surprising given the various mechanisms
of PCR inhibition (Wilson, 1997).
Samples from the sewage microcosms were also assayed for
the presence of the human-specific Bacteroidales marker using
conventional PCR. The human-specific Bacteroidales genetic
marker was detected through day 4 in the sewage microcosm
exposed to sunlight and until day 11 when kept in the dark, this
is approximately half the number of days we detected the
human-specific Bacteroidales marker with QPCR in both
treatments.

3.2.
Persistence of infectious enterovirus and enterovirus
genomes in sewage microcosms
Enteroviruses in samples from sewage microcosms remained
infectious for 8 days in the light microcosm and 14 days in the
dark. The enterovirus genome was detected in the same
samples through day 28 regardless of sunlight exposure.
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Initial concentrations of enteroviruses were higher in the light
microcosm than the dark microcosm but this relationship
shifted the first day post-inoculation (Fig. 1C) after which the
concentration of enterovirus genomes was consistently
higher (1.5–2.5 times) in the dark microcosm. No difference in
decay rates of the genomes was observed between the two
treatments (klight ¼ 0.147 d1, kdark ¼ 0.140 d1, p ¼ 0.847);
(T90_(light) ¼ 15.7 d, T90_(dark) ¼ 16.4 d).

3.3.
Persistence of E. faecium and Poliovirus 3 genomes
in naked-genome microcosms
To provide additional understanding about the fate of genetic
markers and their use as indicator species for fecal pollution
and human health risks, we evaluated the effect of sunlight on
persistence of naked genomes. We examined persistence of
naked E. faecium genomes, because ENT are the current standard FIB for marine waters, and naked poliovirus genomes
because of the labile nature of RNA.
Naked E. faecium genome was detected until day 18 in both
treatments (Fig. 1D). There was no difference between decay
of the ENT genome in sunlight or dark microcosms
(klight ¼ 0.167 d1, kdark ¼ 0.126 d1, p ¼ 0.455; Table 2). The
concentration of ENT genomes remained constant over the
first two days of the experiment at which time numbers began
declining. Concentrations of detectable ENT genetic markers
were reduced by 90% after approximately 14 days in the light
and 18 days in the dark (T90_(light) ¼ 13.8 d, T90_(dark) ¼ 18.3 d),
and persisted at low levels near the detection limit until the
end of the experiment.
Naked PV3 genome fell to the detection limit by days 11 and
14 in the light and dark microcosms, respectively (Fig. 1E).
Naked PV3 genome decay did not differ between light and
dark microcosms (klight ¼ 0.071 d1, kdark ¼ 0.069 d1,
p ¼ 0.989; Table 2). Concentrations of poliovirus genomes
decreased rapidly over the first 3 days of the experiment and
hovered near the limit of detection for the RT-QPCR assay
until days 11 (light) and 14 (dark). The time to 90% decay was
22.3 d and 32.4 d in the light and dark naked-genome microcosms, respectively.

4.

Fig. 1 – (A)–(C) Concentrations obtained from the sewageseeded microcosms. (D)–(E) Concentrations obtained from
the naked-genome microcosms. Concentrations of (A)
cultured enterococci (cENT) cells (CFU/ml), ENT (cell
equivalents/ml),(B) human-specific Bacteroidales (cell
equivalents/ml),(C) enterovirus (copies/ml),(D) naked ENT
genomes (cell equivalents/ml),(E) naked enterovirus
genomes (copies/ml) in light and dark microcosms over
time (days). Note: data from days where the sample
quantities dropped below the limits of detection for the
assay are omitted from the figure.

Discussion

We sought to address two central issues in our study. First,
because sunlight inactivation is an important factor influencing survival of enteric bacteria and persistence of infectious viruses (Boehm, 2007; Davies-Colley et al., 1994; Noble
and Fuhrman, 1997; Sinton et al., 1999, 2002) we wanted to
assess the impact of sunlight exposure on survival (measured
by culturability) of sewage-derived ENT and enteroviruses,
concomitant with persistence of the ENT, human-specific
Bacteroidales, and enterovirus genetic markers. Second,
because PCR-based methods detect nucleic acids from living
and dead organisms, as well as exogenous nucleic acids, we
wished to describe how exposure to sunlight influenced
persistence of naked ENT and naked enterovirus genomes. To
explore these issues we seeded unfiltered seawater microcosms with either (1) sewage influent, or (2) naked ENT DNA
and poliovirus RNA, and exposed them to natural sunlight

–
0.206 to 0.046
–
0.182 to 0.044
–
0.126 [0.452]
–
0.069 [0.229]
–
0.239 to 0.096
–
0.265 to 0.124
0.029
0.595
0.015
0.847
1.32 to 0.493
0.344 to 0.138
0.462 to 0.066
0.196 to 0.084
[0.836]
[0.836]
[0.606]
[0.885]
0.907
0.241
0.264
0.140
5.48 to 1.06
0.410 to 0.145
2.37 to 0.219
0.222 to 0.072
2.21 [0.987]
0.278 [0.745]
1.30 [0.830]
0.147 [0.755]
cENT
Enterococci QPCR
Human Bacteroidales QPCR
Enterovirus RT-QPCR

95% C.I.
Rate (k) [RSQ]
Rate (k) [RSQ]

95% C.I.

Dark
Light

–
0.167 [0.732]
–
0.071 [0.080]

Rate (k) [RSQ]
Rate (k) [RSQ]

95% C.I.

95% C.I.

–
0.455
–
0.989

p-value
Dark
p-value

Light

Naked-genome microcosms
Sewage-seeded microcosms
Indicator

Table 2 – Decay rates (k) and corresponding 95% confidence intervals for each indicator in 17 8C seawater microcosms exposed to sunlight (light) or darkness (dark). RSQ
values for curve fits are provided in square brackets beneath k values. p-values represent comparison between decay rates in light and dark microcosm treatments. Units
for decay rates are dL1.
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with a diurnal light and dark cycle, or excluded sunlight
completely. We followed survival and persistence of the indicator organisms and genetic markers in these microcosms
using culture-based and culture-independent methods.
We assumed first-order decay to calculate inactivation
rates. We found first-order decay was fairly good at describing
the decay kinetics: 9 of the 12 curve fits have R2 values greater
than 0.6. One drawback to using this simple model is the
inability to account for shouldering or tailing during decay. To
account for these, more complex models can be used (e.g., Bae
and Wuertz, 2009; Maier et al., 2000). Under some experimental conditions, biphasic decay, in which a resistant or
protected sub-population persists, has been shown to occur
(see Hellweger et al., 2009 and references therein). It is
possible that biphasic decay may better describe the decline of
the naked DNA and RNA genomes in the naked-genome
microcosms given that some of the R2 values are relatively
low. However, given the large error bars in these measurements, we chose to retain the first-order decay model.

4.1.
Persistence of human-specific Bacteroidales
in light and dark microcosms
Genetic markers from the Bacteroidales group of fecal bacteria
are promising alternative indicators of fecal pollution because
they are host-specific and are unlikely to grow in extraintestinal environments due to their anaerobic metabolism.
Here, sunlight produced a difference in how long we detected
the human-specific Bacteroidales genetic marker using traditional PCR and QPCR in sewage microcosms; the markers
decayed more rapidly in the microcosm exposed to sunlight.
This contrasts with the findings of Bae and Wuertz who saw
no difference in decay rates of the human-specific Bacteroidales genetic marker due to sunlight exposure in seawater
microcosms (Bae and Wuertz, 2009). Walters and Field also did
not observe a difference in persistence of human-specific
Bacteroidales markers due to sunlight exposure but reported
a similar decay rate in freshwater microcosms (1.7 d1) as we
observed in our seawater microcosms (1.3 d1) when
exposed to sunlight (Walters and Field, 2009). The differences
between these studies could be attributed to the physicochemical differences between seawater and freshwater (pH,
buffering capacity, ionic strength, dissolved nutrients, etc.),
the type of inoculum (feces versus sewage), the presence of
autochthonous organisms including grazers and bacteriophage, or the time of year the experiments were conducted.
The use of propidium monoazide (PMA)-QPCR which tracks
the concentration of cells with intact cell membranes may
yield more insight into the persistence of the bacteria containing the human-specific marker (Bae and Wuertz, 2009).
We observed a difference in detection of the Bacteroidales
human-specific fecal marker between conventional PCR
(525 bp) and QPCR (81 bp). This difference was observed
despite the fact that the same volume of DNA sample was
used in both PCR assays. This observation could be explained
by the higher number of cycles and sensitive fluorescent
detection used in QPCR or differential persistence of different
sized fragments, assuming the probability of UV damage
increases with increasing fragment size as seen for RNA
(Simonet and Gantzer, 2006).
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4.2.
Decay of sewage-derived enterococci
in light and dark microcosms
Exposure to sunlight significantly impacts survival of ENT in
culture-based studies (Barcina et al., 1997; Deller et al., 2006;
Noble et al., 2004; Sinton et al., 2002; Walters and Field, 2009).
The results of our microcosm experiments provide additional
evidence that this is true. Where sunlight had a large influence
on the ability to culture ENT, it did not have an effect on decay
of the ENT genetic markers. ENT genetic markers were
detected 23 days longer than cENT exposed to sunlight, and
could have potentially been detected longer if the experiment
had lasted longer. Enterococcus spp. can enter a viable but nonculturable (VBNC) state when subjected to adverse growth
conditions in environmental waters (Hartke et al., 1998; Heim
et al., 2002; Lleo et al., 2006; Signoretto et al., 2004, 2005),
a phenomenon that could be responsible for the vast difference in detection of between the two methods. Alternately,
QPCR could be detecting the genomes of dead enterococci that
are protected from environmental degradation by the cell wall
and envelope. To discern between these two, an approach
such as PMA-QPCR may be useful.

4.3.
Comparison of sewage-derived ENT and humanspecific Bacteroidales genetic marker decay
The human-specific Bacteroidales markers and ENT genetic
markers had different persistence profiles in the sewage
microcosms with the human-specific Bacteroidales being more
sensitive to sunlight. Since amplicon size for these two assays
is similar (ENT is 106 bp, human-specific Bacteroidales is 81 bp),
this cannot be explained by differential persistence of
different size fragments. It is plausible that differential
persistence is attributable to differences in cell wall composition between the two indicator organisms. ENT are gram
positive cells with thick layers of peptidoglycan, whereas
Bacteroidales bacteria are gram negative cells and have
a thinner peptidoglycan layer. If gram negative cells are more
prone to grazing by protists and cellular lysis than gram
positive cells, this could explain the more rapid disappearance
of the human-specific Bacteroidales makers. Another possible
explanation is that since Bacteroidales are anaerobic, they are
more sensitive to oxygen and reactive oxygen species generated from sunlight exposure.

4.4.

Persistence of enterovirus in sewage microcosms

We examined the persistence of bacterial indicators relative to
infectious enterovirus and enterovirus genomes measured
using RT-QPCR in sewage-seeded microcosms. In the sewage
microcosm exposed to sunlight infectious enteroviruses were
detected 3 days longer than cENT (8 d versus 5 d). Persistence
of infectious enterovirus was also not similar to the persistence of enterovirus and ENT genetic markers. These markers
were detected 20 days longer than infectious enterovirus (28 d
for markers versus 8 d for infectious virus) in microcosms
exposed to sunlight. A close relationship between persistence
of infectious enteroviruses and the human-specific Bacteroidales marker was seen in the sewage microcosm exposed to
sunlight (both detected for 8 d) suggesting this marker could be

useful in assessing health risks from exposure to waterborne
enteric viruses. However, our comparison is one of relative
persistence as we did not include a quantitative assay for
infectious enteroviruses due to sampling volume constraints.
Multiple studies have explored the nature of viral infectivity and genome persistence over time in natural waters
(Espinosa et al., 2008; Lipp et al., 2002; Noble and Fuhrman,
1997; Skraber et al., 2004; Tsai et al., 1995; Wetz et al., 2004). In
our sewage microcosm exposed to sunlight we detected
enterovirus genetic markers 3.5 times longer than infectious
enteroviruses and twice as long in the dark microcosm. A
similar observation was found for poliovirus when incubated
in river water under dark conditions (Skraber et al., 2004). In
unfiltered seawater (22  C, in darkness), a 99% reduction in
infectious poliovirus occurred after 4.5 days and detection of
the genome by RT-PCR ceased after day 10 (Wetz et al., 2004).
We detected infectious enteroviruses for 14 days and enterovirus genomes for the duration of our experiment (28 d) in the
sewage microcosm kept in darkness. In fresh surface water
incubated in the dark at 25  C, poliovirus decayed at a rate of
0.322 d1 as measured by RT-QPCR (Bae and Schwab, 2008).
This rate is faster than we observed for seawater in the sewage
microcosm (0.140 d1, in darkness). Loss of virus via culture
or PCR-based detection is consistently higher in warmer
waters (Bae and Schwab, 2008; John and Rose, 2005; Rzezutka
and Cook, 2004; Wetz et al., 2004), due to increased grazing and
enzyme activity (Sherr et al., 1988). This may explain our ability
to detect infectious enteroviruses and genetic markers longer
than previous studies – our water temperature was colder than
previous studies. Our extended detection of enterovirus
genetic markers over previous studies may also be due to the
increased sensitivity of QPCR over conventional PCR.

4.5.

Persistence of naked enterovirus RNA

We were surprised that naked PV3 RNA was detected for up
to 14 days in the naked-genome microcosms (17  C, in
darkness). A previous study found that naked poliovirus RNA
was not detected by RT-PCR after two days in unfiltered
seawater incubated at room temperature in darkness (Tsai
et al., 1995). The different results between our and Tsai
et al.’s results may be due to differences in the starting
concentrations of poliovirus RNA used in the experiments or
the sensitivity of the two assays used for detection. No
difference was observed in the persistence of naked poliovirus RNA between the treatments. This is somewhat
consistent with the results of Simonet and Gantzer who
showed that UV radiation-induced degradation of viral RNA
followed first-order kinetics according to fragment size and
that rates of degradation were low for fragments <200 bases
(Simonet and Gantzer, 2006). The amplicon size for panenterovirus RT-QPCR is between 143 and 196 bases (PV3
genome yields a 143 bp amplicon). Perhaps if our RT-QPCR
produced a larger product, we would have seen differences
between light and dark treatments.
We did not observe a difference in decay of the E. faecium
and PV3 genomes in the naked-genome microcosms ( p > 0.1
for both light and dark treatments). This finding was unexpected because we hypothesized that the single stranded PV3
RNA genome would decay more rapidly than the ENT double
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stranded DNA genome. One possible explanation for this
result is that the pan-enterovirus primers target the 50
untranslated region (UTR) of the RNA genome. This 50 -UTR
contains secondary structure that could be responsible for
the extended persistence of the enterovirus RNA marker. The
comparison between first-order decay constants for these
markers may be biased by the relatively poor fit of the firstorder decay model used to estimate the RNA decay (see R2 in
Table 2). When comparing only the time until decay below
the limit of detection, the PV3 RNA persisted until day 14
(dark) while the E. faecium genome was detected through day
18.

infectious virus was detected. This suggests that detection of
these genetic markers to assess risk may be overprotective.
Assuming that the best indicator is one that persists the same
amount of time as enteroviruses in seawater (Tamplin, 2003),
our findings suggest that under the conditions of our study the
best indicator for fecal pollution in marine waters may be the
human-specific Bacteroidales genetic marker when detected
using QPCR. This marker was detected through day eight in the
sewage microcosm exposed to sunlight which was the same
amount of time we detected infectious enterovirus in this
microcosm.

4.6.
Comparison of ENT and enterovirus marker decay
in naked and sewage microcosms

5.

We compared decay rates of the ENT and enterovirus markers
between the naked genome and sewage inoculated microcosms in order to elucidate the difference in persistence
between encapsulated genomes and free genomes in our
microcosms. In the naked-genome microcosms, enterovirus
genomes did not decay at a rate that differed significantly
from that of the enterovirus genomes in the sewage microcosms ( p > 0.1 for both treatments). This was surprising
because we hypothesized that the enterovirus capsid would
provide protection to the genomic RNA and provide prolonged persistence relative to naked genomic RNA. We also
found there was no difference in the rate of decay of the ENT
markers between the sewage and naked-genome microcosms
whether exposed to sunlight or kept in darkness ( p > 0.1).
This result was also unexpected because we anticipated that
DNA genomes protected by cell membranes would decay less
quickly than naked DNA. It is important to note that these
comparisons may be biased by our assumption of first-order
decay of targets, which based on the relatively low R2 values
for PV3 and E. faecium genome decay, may not be appropriate
for naked nucleic acids (Table 2). If we compare the persistence of the targets in naked genome versus sewage microcosms, targets in the naked-genome microcosms fell below
our detection limits more quickly than the targets in the
sewage microcosms.

4.7.

Implications for water quality monitoring

Caution should be exercised when extending results of
microcosm studies to field settings. Nevertheless, the results
reported here provide important information about the
comparative persistence and decay of a human virus and
health-relevant indicators in seawater. An ideal indicator of
fecal pollution should be detected when fecal pathogens are
present and persist in the environment in a way that is similar
to fecal pathogens (Tamplin, 2003). Detection of cENT did not
mimic detection of infectious enteroviruses; detection of cENT
ceased three days before infectious enteroviruses were no
longer detected. Therefore, enumeration of ENT using culturedependent methods is probably not an adequate means of
assessing risk of viral illness from exposure to seawater
polluted with sewage. In contrast, both the ENT and enterovirus genetic markers were detected in the light and dark
sewage microcosms until day 28, well past the last day

Conclusions

 There is differential persistence among sewage-derived
ENT, human-specific Bacteroidales and enterovirus genetic
markers. Enterovirus and ENT genetic markers persisted
longer than human-specific Bacteroidales genetic markers.
 The human-specific Bacteroidales QPCR marker was detected
as long as infectious enteroviruses in the sewage-seeded
seawater microcosm exposed to natural sunlight.
 Sunlight exposure exerted the greatest effect on decay of
cENT and decay of the human-specific Bacteroidales genetic
markers in the sewage microcosms.
 Sewage-derived ENT and enterovirus genetic markers disappeared at similar rates but were detected 2–3.5 times as
long as infectious enteroviruses.
 Sunlight did not produce an effect on decay rates or
persistence of the ENT and enterovirus genetic markers in
the either the sewage or naked-genome microcosms.

Acknowledgements
This work was supported by the Office of Technology and
Licensing at Stanford University, a NOAH Oceans and Human
Health Initiative Grant (NA04OAR4600195), and the National
Research Initiative of the USDA Cooperative State Research,
Education and Extension Service (award 2007-35102-18139).
The authors wish to thank Daniel Keymer, Tim Julian, Karen
Knee, and Nick de Sieyes for providing inputs on early versions
of this manuscript, Royal Kopperud for his assistance in
microcosm design, and three anonymous reviewers whose
comments helped to improve the manuscript. We would also
like to thank Applied Biosystems for involving us in a trial to
evaluate the TaqMan RNA-to-Ct 1-Step Kit for detection of
viruses in environmental samples.

references

Anderson, K.L., Whitlock, J.E., Harwood, V.J., 2005. Persistence
and differential survival of fecal indicator bacteria in
subtropical waters and sediments. Appl. Environ. Microbiol. 71
(6), 3041–3048.
Bae, J., Schwab, K.J., 2008. Evaluation of murine norovirus, feline
calicivirus, poliovirus, and MS2 as surrogates for human

4938

water research 43 (2009) 4929–4939

norovirus in a model of viral persistence in surface water and
groundwater. Appl. Environ. Microbiol. 74 (2), 477–484.
Bae, S., Wuertz, S., 2009. Rapid decay of host-specific fecal
Bacteroidales cells in seawater as measured by quantitative
PCR with propidium monoazide. Water Res. 43 (19),
4850–4859.
Baggi, F., Demarta, A., Peduzzi, R., 2001. Persistence of viral
pathogens and bacteriophages during sewage treatment: lack
of correlation with indicator bacteria. Res. Microbiol. 152 (8),
743–751.
Barcina, I., Lebaron, P., Vives-Rego, J., 1997. Survival of
allochthonous bacteria in aquatic systems: a biological
approach. FEMS Microbiol. Ecol. 23 (1), 1–9.
Bernhard, A.E., Field, K.G., 2000a. A PCR assay to discriminate
human and ruminant feces on the basis of host differences in
Bacteroides–Prevotella genes encoding 16S rRNA. Appl. Environ.
Microbiol. 66 (10), 4571–4574.
Bernhard, A.E., Field, K.G., 2000b. Identification of nonpoint
sources of fecal pollution in coastal waters by using hostspecific 16S ribosomal DNA genetic markers from fecal
anaerobes. Appl. Environ. Microbiol. 66 (4), 1587–1594.
Boehm, A.B., 2007. Enterococci concentrations in diverse coastal
environments exhibit extreme variability. Environ. Sci.
Technol. 41 (24), 8227–8232.
Boehm, A.B., Fuhrman, J.A., Mrse, R.D., Grant, S.B., 2003. Tiered
approach for identification of a human fecal pollution source
at a recreational beach: case study at Avalon Bay, Catalina
Island, California. Environ. Sci. Technol. 37 (4), 673–680.
Bonadonna, L., Briancesco, R., Ottaviani, M., Veschetti, E., 2002.
Occurrence of Cryptosporidium oocysts in sewage effluents and
correlation with microbial, chemical, and physical water
variables. Environ. Monit. Assess. 75 (3), 241–252.
Cabelli, V.J., Dufour, P.A., McCabe, L.J., Levin, M.A., 1983. A marine
recreational water quality criterion consistent with indicator
concepts and risk analysis. J. Water Pollut. Control Fed. 55 (10),
1306–1314.
Davies-Colley, R.J., Bell, R.G., Donnison, A.M., 1994. Sunlight
inactivation of enterococci and fecal coliforms in sewage
effluent diluted in seawater. Appl. Environ. Microbiol. 60 (6),
2049–2058.
DeLeon, R., Shieh, Y.S.C., Daric, R.S., Sobsey, M., 1990. Detection of
Enteroviruses and Hepatitis A Virus in Environmental Samples
by Gene Probes and Polymerase Chain Reaction: Advances in
Water Analysis and Treatment. A.W.W.A., San Diego, CA.
Deller, S., Mascher, F., Platzer, S., Reinthaler, F.F., Marth, E., 2006.
Effect of solar radiation on survival of indicator bacteria in
bathing waters. Cent. Eur. J. Public Health 14 (3), 133–137.
Espinosa, A.C., Mazari-Hiriart, M., Espinosa, R., Maruri-Avidal, L.,
Mendez, E., Arias, C.F., 2008. Infectivity and genome
persistence of rotavirus and astrovirus in groundwater and
surface water. Water Res. 42 (10–11), 2618–2628.
Fujioka, R., Dian-Denton, C., Castro, J., Morphew, K., 1999. Soil:
the environmental source of Escherichia coli and enterococci in
Guam’s streams. J. Appl. Microbiol. 85, 83S–89S.
Geldenhuys, J.C., Pretorius, P.D., 1989. The occurrence of enteric
viruses in polluted water, correlation to indicator organisms,
and factors influencing their numbers. Water Sci. Technol. 21,
105–109.
Gregory, J.B., Litaker, R.W., Noble, R.T., 2006. Rapid one-step
quantitative reverse transcriptase PCR assay with competitive
internal positive control for detection of enteroviruses in
environmental samples. Appl. Environ. Microbiol. 72 (6),
3960–3967.
Haile, R.W., Witte, J.S., Gold, M., Cressey, R., McGee, C.,
Millikan, R.C., Glasser, A., Harawa, N., Ervin, C., Harmon, P.,
Harper, J., Dermand, J., Alamillo, J., Barrett, K., Nides, M.,
Wang, G.Y., 1999. The health effects of swimming in ocean

water contaminated by storm drain runoff. Epidemiology 10
(4), 355–363.
Hardina, C.M., Fujioka, R.S., 1991. Soil: the environmental source
of E. coli and enterococci in Hawaii’s streams. Environ. Toxicol.
Water Qual. 6 (2), 185–195.
Hartke, A., Giard, J.C., Laplace, J.M., Auffray, Y., 1998. Survival of
Enterococcus faecalis in an oligotrophic microcosm: changes in
morphology, development of general stress resistance, and
analysis of protein synthesis. Appl. Environ. Microbiol. 64 (11),
4238–4245.
Haugland, R.A., Siefring, S.C., Wymer, L.J., Brenner, K.P.,
Dufour, A.P., 2005. Comparison of Enterococcus measurements
in freshwater at two recreational beaches by quantitative
polymerase chain reaction and membrane filtration culture
analysis. Water Res. 39 (4), 559–568.
Heim, S., Del Mar Lleo, M., Bonato, B., Guzman, C.A., Canepari, P.,
2002. The viable but nonculturable state and starvation are
different stress responses of Enterococcus faecalis, as
determined by proteome analysis. J. Bacteriol. 184 (23),
6739–6745.
Hellweger, F.L., Bucci, V., Litman, M.R., Gu, A.Z., Onnis-Hayden, A.,
2009. Biphasic decay kinetics of fecal bacteria in surface water
not a density effect. J. Environ. Eng. 134 (5), 372–376.
Horman, A., Rimhanen-Finne, R., Maunula, L., von Bonsdorff, C.H., Torvela, N., Heikinheimo, A., Hanninen, M.-L., 2004.
Campylobacter spp., Giardia spp., Cryptosporidium spp.,
Noroviruses, and indicator organisms in surface water in
southwestern Finland, 2000–2001. Appl. Environ. Microbiol. 70
(1), 87–95.
Hou, D., Rabinovici, S.J.M., Boehm, A.B., 2006. Enterococci
predictions from partial least squares regression models in
conjunction with a single-sample standard improve the
efficacy of beach management advisories. Environ. Sci.
Technol. 40 (6), 1737–1743.
Jiang, S.C., Chu, W., 2004. PCR detection of pathogenic viruses in
southern California urban rivers. J. Appl. Microbiol. 97, 17–28.
John, D.E., Rose, J.B., 2005. Review of factors affecting microbial survival
in groundwater. Environ. Sci. Technol. 39 (19), 7345–7356.
Kildare, B.J., Leutenegger, C.M., McSwain, B.S., Bambic, D.G.,
Rajal, V.B., Wuertz, S., 2007. 16S rRNA-based assays for
quantitative detection of universal, human-, cow-, and dogspecific fecal Bacteroidales: a Bayesian approach. Water Res.
41 (16), 3701–3715.
Kim, J.H., Grant, S.B., 2004. Public mis-notification of coastal water
quality: a probabilistic analysis of posting errors at Huntington
Beach, California. Environ. Sci. Technol. 38, 2497–2505.
Lemarchand, K., Lebaron, P., 2003. Occurrence of Salmonella spp.
and Cryptosporidium spp. in a French coastal watershed:
relationship with fecal indicators. FEMS Microbiol. Lett. 218,
203–209.
Lipp, E.K., Jarrell, J.L., Griffin, D.W., Lukasik, J., Jacukiewicz, J.,
Rose, J.B., 2002. Preliminary evidence for human fecal
contamination in corals of the Florida Keys, USA. Mar. Pollut.
Bull. 44 (7), 666–670.
Lleo, M.d.M., Signoretto, C., Canepari, P., 2006. In: Belkin, S.,
Colwell, R.R. (Eds.), Ocean and Health: Pathogens in the Marine
Environment. Springer, pp. 307–330.
Ludwig, W., Schleifer, K.H., 2000. How quantitative is quantitative
PCR with respect to cell counts? Syst. Appl. Microbiol. 23 (4),
556–562.
Maier, R.M., Pepper, I.L., Gerba, C., 2000. Environmental
Microbiology. Academic Press, San Diego.
McQuaig, S.M., Scott, T.M., Harwood, V.J., Farrah, S.R., Lukasik, J.O.,
2006. Detection of human-derived fecal pollution in
environmental waters by use of a PCR-based human
polyomavirus assay. Appl. Environ. Microbiol. 72 (12),
7567–7574.

water research 43 (2009) 4929–4939

Menon, P., Billen, G., Servais, P., 2003. Mortality rates of
autochthonous and fecal bacteria in natural aquatic
ecosystems. Water Res. 37, 4151–4158.
Neter, J., Wasserman, W., Kutner, M.H., 1990. Applied Linear
Statistical Models: Regression, Analysis of Variance, and
Experimental Designs. Richard D. Irwin, Inc., Boston, MA.
Noble, R.T., Fuhrman, J.A., 1997. Virus decay and its causes in
coastal waters. Appl. Environ. Microbiol. 63 (1), 77–83.
Noble, R.T., Fuhrman, J.A., 2001. Enteroviruses detected by
reverse transcriptase polymerase chain reaction from the
coastal waters of Santa Monica Bay, California: low correlation
to bacterial indicator levels. Hydrobiologia 460 (1–3), 175–184.
Noble, R.T., Lee, I.M., Schiff, K.C., 2004. Inactivation of indicator
micro-organisms from various sources of faecal
contamination in seawater and freshwater. J. Appl. Microbiol.
96 (3), 464–472.
Oano, K., Okimura, Y., Kawakami, Y., Hayashida, N.,
Shimosaka, M., Okazaki, M., Hayashi, T., Ohnishi, M., 2002.
Physical and genetic map of Enterococcus faecium ATCC19434
and demonstration of intra- and interspecific genomic
diversity in enterococci. FEMS Microbiol Lett. 207 (2), 133–139.
Pommepuy, M., Butin, M., Derrien, A., Gourmelon, M., Colwell, R.R.,
Cormier, M., 1996. Retention of enteropathogenicity by viable
but nonculturable Escherichia coli exposed to seawater and
sunlight. Appl. Environ. Microbiol. 62 (12), 4621–4626.
Prüss, A., 1998. Review of epidemiological studies on health
effects from exposure to recreational water. Int. J. Epidemiol.
27 (1), 1–9.
Pusch, D., Oh, D.Y., Wolf, S., Dumke, R., Schroter-Bobsin, U.,
Hohne, M., Roske, I., Schreier, E., 2005. Detection of enteric
viruses and bacterial indicators in German environmental
waters. Arch. Virol. 150 (5), 929–947.
Rahman, I., Shahamat, M., Chowdhury, M.A.R., Colwell, R.R.,
1996. Potential virulence of viable but nonculturable Shigella
dysenteriae Type 1. Appl. Environ. Microbiol. 62 (1), 115–120.
Rusin, P., Enriquez, C., Johnson, D., Gerba, C., 1999. In: Maier, R.M.,
Pepper, I.L., Gerba, C.P. (Eds.), Environmental Microbiology.
Academic Press Inc., San Diego, CA, pp. 475–476.
Rzezutka, A., Cook, N., 2004. Survival of human enteric viruses in
the environment and food. FEMS Microbiol. Rev. 28 (4), 441–453.
Sechi, L.A., Zuccon, F.M., Mortensen, J.E., Daneo-Moore, L., 1994.
Ribosomal RNA gene (rrn) organization in enterococci. FEMS
Microbiol Lett. 120 (3), 307–314.
Seurinck, S., Defoirdt, T., Verstraete, W., Siciliano, S.D., 2005.
Detection and quantification of the human-specific HF183
Bacteroides 16S rRNA genetic marker with real-time PCR for
assessment of human faecal pollution in freshwater. Environ.
Microbiol. 7 (2), 249–259.
Shanks, O.C., Nietch, C., Simonich, M., Younger, M., Reynolds, D.,
Field, K.G., 2006. Basin-wide analysis of the dynamics of fecal
contamination and fecal source identification in Tillamook
Bay, Oregon. Appl. Environ. Microbiol. 72 (8), 5537–5546.
Sherr, B.F., Sherr, E.B., Rassoulzadegan, F., 1988. Rates of digestion
of bacteria by marine phagotrophic protozoa: temperature
dependence. Appl. Environ. Microbiol. 54 (5), 1091–1095.
Shrestha, P.M., Noll, M., Liesack, W., 2007. Phylogenetic identity,
growth response time and rRNA operon copy number of soil
bacteria indicate different stages of community succession.
Environ. Microbiol. 9 (10), 2464–2474.
Signoretto, C., Burlacchini, G., Lleo, M.d.M., Pruzzo, C.,
Zampini, M., Pane, L., Franzini, G., Canepari, P., 2004. Adhesion

4939

of Enterococcus faecalis in the nonculturable state to plankton is
the main mechanism responsible for persistence of this
bacterium in both lake and seawater. Appl. Environ. Microbiol.
70 (11), 6892–6896.
Signoretto, C., Burlacchini, G., Pruzzo, C., Canepari, P., 2005.
Persistence of Enterococcus faecalis in aquatic environments via
surface interactions with copepods. Appl. Environ. Microbiol.
71 (5), 2756–2761.
Simonet, J., Gantzer, C., 2006. Inactivation of Poliovirus 1 and Fspecific RNA phages and degradation of their genomes by UV
irradiation at 254 nanometers. Appl. Environ. Microbiol. 72
(12), 7671–7677.
Sinton, L.W., Finlay, R.K., Lynch, P.A., 1999. Sunlight inactivation
of fecal bacteriophages and bacteria in sewage-polluted
seawater. Appl. Environ. Microbiol. 65 (8), 3605–3613.
Sinton, L.W., Hall, C.H., Lynch, P.A., Davies-Colley, R.J., 2002.
Sunlight inactivation of fecal indicator bacteria and
bacteriophages from waste stabilization pond effluent in
fresh and saline waters. Appl. Environ. Microbiol. 68 (3),
1122–1131.
Skraber, S., Gassilloud, B., Schwartzbrod, L.G.C., 2004. Survival of
infectious Poliovirus-1 in river water compared to the
persistence of somatic coliphages, thermotolerant coliforms
and Poliovirus-1 genome. Water Res. 38 (12), 2927–2933.
Tamplin, M.L., 2003. The application and suitability of
microbiological tests for fecal bacteria in pulp mill effluents:
a review. Water Qual. Res. Canada 38 (2), 221–225.
Tsai, Y.-L., Tran, B., Palmer, C.J., 1995. Analysis of viral RNA
persistence in seawater by reverse transcriptase-PCR. Appl.
Environ. Microbiol. 61 (1), 363–366.
USEPA, 2002. Method 1600: Enterococci in Water by Membrane
Filtration Using Membrane-Enterococcus Indoxyl-b-DGlucoside Agar (mEI), Washington DC.
USEPA, 2004. In: Quality, W. (Ed.), Water Quality Standards for
Coastal and Great Lakes Recreation Waters. U.S.
Environmental Protection Agency, pp. 67217–67243.
Wade, T.J., Pai, N., Eisenberg, J.N., Colford, J.M., 2003. Do U.S.
Environmental Protection Agency water quality guidelines for
recreational waters prevent gastrointestinal illness? Syst. Rev.
Meta-anal. Environ. Health Perspect. 111 (8), 1102–1109.
Walters, S.P., Field, K.G., 2009. Survival and persistence of human
and ruminant-specific fecal Bacteroidales in freshwater
microcosms. Environ. Microbiol. 11 (6), 1410–1421.
Walters, S.P., Gannon, V.P.J., Field, K.G., 2007. Detection of
Bacteroidales fecal indicators and the zoonotic pathogens E. coli
O157:H7, Salmonella, and Campylobacter in river water. Environ.
Sci. Technol. 41 (6), 1856–1862.
Wetz, J.J., Lipp, E.K., Griffin, D.W., Lukasik, J.O., Wait, D., Sobsey, M.,
Scott, T.M., Rose, J.B., 2004. Presence, infectivity, and stability of
enteric viruses in seawater: relationship to marine water
quality in the Florida Keys. Mar. Pollut. Bull. 48 (7–8), 698–704.
Whitman, R.L., Shively, D.A., Pawlick, H., Nevers, M.B.,
Byappanahalli, M.N., 2003. Occurrence of Escherichia coli and
enterococci in Cladophora (Chlorophyta) in nearshore water
and beach sand of Lake Michigan. Appl. Environ. Microbiol. 69
(8), 4714–4719.
Wilson, I., 1997. Inhibition and facilitation of nucleic acid
amplification. Appl. Environ. Microbiol. 63 (10), 3741–3751.
Yamahara, K.M., Walters, S.P., Boehm, A.B., 2009. Growth of
enterococci in unaltered, unseeded beach sands subjected to
tidal wetting. Appl. Environ. Microbiol. 75 (6), 1517–1524.

