Int. J. Environ. Res. Public Health 2015, 12, 7752-7776; doi:10.3390/ijerph120707752

OPEN ACCESS

International Journal of
Environmental Research and
Public Health

ISSN 1660-4601
www.mdpi.com/journal/ijerph

Conference Report

U.S. Recreational Water Quality Criteria: A Vision for the
Future

Roger S. Fujioka '*, Helena M. Solo-Gabriele 2, Muruleedhara N. Byappanahalli * and
Marek Kirs *

1

Water Resources Research Center, University of Hawaii, 2540 Dole Street, Holmes Hall Rm.283,
Honolulu, HI 96822, USA
Department of Civil, Arch., and Environmental Engineering, University of Miami, 1251 Memorial
Drive, Coral Gables, FL 33146, USA; E-Mail: hmsolo@miami.edu
U.S. Geological Survey, Great Lakes Science Center, Lake Michigan Ecological Research Station,
1100 N. Mineral Springs Road, Porter, IN 46304, USA; E-Mail: byappan@usgs.gov
Water Resources Research Center, University of Hawaii, 2540 Dole Street, Holmes Hall Rm.283,
Honolulu, HI 96822, USA; E-Mail: kirs@hawaii.edu

Author to whom correspondence should be addressed; E-Mail: roger@hawaii.edu;
Tel.: +1-808-956-3096; Fax: +1-808-956-5044.

Academic Editor: Samuel Dorevitch

Received: 20 April 2015 / Accepted: 1 July 2015 / Published: 9 July 2015

Abstract: This manuscript evaluates the U.S. Recreational Water Quality Criteria (RWQC)
of 2012, based upon discussions during a conference held 11-13 March 2013,
in Honolulu, Hawaii. The RWQC of 2012 did not meet expectations among the research
community because key recommended studies were not completed, new data to assess risks
to bathers exposed to non-point sources of fecal indicator bacteria (FIB) were not developed,
and the 2012 RWQC did not show marked improvements in strategies for assessing health
risks for bathers using all types of recreational waters. The development of the 2012 RWQC
was limited in scope because the epidemiologic studies at beach sites were restricted to
beaches with point sources of pollution and water samples were monitored for only
enterococci. The vision for the future is development of effective RWQC guidelines based
on epidemiologic and quantitative microbial risk assessment (QMRA) studies for sewage
specific markers, as well as human enteric pathogens so that health risks for bathers at all
recreational waters can be determined. The 2012 RWQC introduced a program for states and
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tribes to develop site-specific water quality criteria, and in theory this approach can be used
to address the limitations associated with the measurements of the traditional FIB.

Keywords: recreational water quality criteria; recreational water quality standards; nonpoint
source pollution; traditional fecal indicator bacteria; extra-enteric fecal indicator bacteria;
alternate indicators; microbial source tracking

1. Consent Decree and Recommendations to Implement the 2012 Recreational Water Quality
Criteria (RWQC)

Shuval [1] estimated that swimming in contaminated beach waters causes over 120 million cases of
gastrointestinal (GI) disease and 50 million cases of acute respiratory diseases world-wide. Shifts in
rainfall and temperatures driven by climate change are expected to exaggerate microbial contamination
issues and increase risk of water-borne disease in our coastal and inland regions [2,3]. Since most of the
world’s population is distributed along the coasts, contaminated beach water has far reaching impacts
on public health and ecosystem services, including a safe recreational experience.

To protect bathers in the US from contracting GI illness, the Beaches Environmental Assessment and
Coastal Health Act (BEACH Act) [4] mandated through the U.S. Clean Water Act (CWA) that coastal
beaches, including the Great Lakes, be monitored and the public notified when water quality does not
comply with the regulatory standards. In 2006, The Natural Resources Defense Council (NRDC) filed a
lawsuit against United States Environmental Protection Agency (USEPA) for not publishing revised
recreational water quality criteria (RWQC) by 2005 as mandated by the BEACH Act. To avoid the
expected cost and time for a trial, both parties agreed to a Consent Decree [5], under which USEPA
agreed to complete the following key tasks:

1. Publication of the revised RWQC by October of 2012.

2. Provide timely progress reports and workshops for stakeholders.

3. Conduct epidemiological studies in temperate waters contaminated with urban runoff and at a tropical
region (i.e., Hawaii, Puerto Rico, Guam or south Florida).

4. Determine applicability of data obtained from coastal freshwater sites to inland waters.

5. Evaluate molecular methods, such as quantitative polymerase reaction (qPCR), and evaluate
quantitative microbial risk assessment (QMRA) for water quality assessment.

6. Organize an expert’s scientific workshop to provide recommendations for USEPA.

In 2007, USEPA organized the “Experts Scientific Workshop”, which directed 43 expert scientists to
provide science-based recommendations for the development of the revised 2012 RWQC. Three of the
key recommendations of this Expert Workshop [6] are listed below:

1. Conduct epidemiological/water quality studies at beaches known to be characterized by point source
and non-point sources of pollution, to include tropical beaches as well as inland recreational
water sites.

2. Reassess the reliability of linking concentrations of fecal indicator bacteria (FIB) (Escherichia coli,
enterococci) at all recreational water sites with human health effects.
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3. Assess reliability of alternative sewage indicators, such as Clostridium perfringens, coliphages, and
Bacteroides, in epidemiological and water quality studies.

Boehm et al. [7] reviewed the findings of the 2007 USEPA workshop and concluded that the major
short coming of the 1986 RWQC was the uncertainty of monitoring data for fecal indicator bacteria
(FIB) to determine health risks to bathers. Correlations have not been established between FIB
concentrations and GI illness at beaches characterized by non-point sources of FIB. In this regard,
Boehm et al. [7] discussed extra-enteric sources of FIB, which have been reported to multiply in
environmental habitats (soil, sediments, sand, plants, algae) in tropical [8,9], as well as temperate,
climates [10—12]. It should be noted that since extra-enteric FIB multiplied in environmental habitats,
such as soil rather than intestinal habitats of humans or animals, these bacteria are not indicators of fecal
contamination. As a result, the numbers of extra-enteric FIB in environmental water samples are not
related to degree of sewage contamination or degree of animal fecal contamination.

Previously, The BEACH Act focused on determining the quality of water at coastal beaches but not
for inland waters. However, since the 2012 RWQC has been extended to all recreational waters, the
Water Environment Research Foundation [13] organized an inland water quality workshop. For this
workshop, 31 expert scientists characterized differences between coastal and inland waters.
Dorevitch et al. [14] summarized the results of this workshop and reached two conclusions. First, inland
waters are characteristically different from coastal waters based on their lower volume, higher sediment
load, unidirectional flow through multiple land use areas, and many potential sites for contamination by
numerous sources of FIB as well as pathogens. Second, the health risks, developed by epidemiological
studies conducted at coastal beach sites, are not likely to be applicable to inland waters because the ratios
between FIB and pathogens at inland water sites differ from those at coastal water sites. Dorevitch ef al.
[14] recommended that epidemiological studies as well as quantitative microbial risk assessment
(QMRA) studies be conducted at inland water sites so that illness rates among bathers can be correlated
with specific sources of FIB (e.g., birds, livestock, wildlife mammals) or with specific pathogens.

2. Limitations and Issues of the 2012 RWQC

In the development of the 1986 and 2012 RWQC, USEPA used similar epidemiological study designs
and selected beaches, which were known to be contaminated with point source sewage discharges. In
the development of the 1986 RWQC, USEPA used highly credible gastrointestinal intestinal symptoms
(HCG]I) as a stringent measurement of waterborne disease transmission, which were observed 7—-10 days
after exposure to beach waters (see Table 1). Distinctive and appropriate RWQC were established for
fresh versus marine recreational waters. In the development of the 2012 RWQC, USEPA conducted the
National Epidemiological and Environmental Assessment of Recreational Water (NEEAR), and used
NEEAR gastrointestinal illness (NGI) symptoms (see Table 1) as the measurement for water-borne
disease transmission, which were observed 10—12 days after exposure to beach waters. The NGI
endpoint is less stringent than HCGI endpoint and might be more sensitive to detect illness from viral
(e.g., noroviruses) and protozoan (e.g., Crytosporidium) infections. The 2012 RWQC were set at
geometric means of 30 and 35 CFU/100 mL of enterococci, which statistically detected swimming
associated illness rates at 32 or 36 illness rate per 1000 people exposed to either fresh or marine

recreational waters (see Table 1).
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Table 1. Comparison of illness measurements, water quality criteria and illness rates between
the 1986 and 2012 RWQC.

Water Quality Criteria
Illness . Illness Rate
Symptoms Geometric Mean
Measurement . (Per 1000 Bathers)
Enterococci/100 mL

1986 RWQC [15]

Highly credible gastrointestinal Vomiting or diarrhea; nausea 33 (freshwater) 8 (freshwater)
illness (HCGI) or stomach ache with fever 35 (marine water) 19 (marine water)
2012 RWQC [16]

. L Vomiting or diarrhea; nausea 32 or 36 (freshwater)
NEEAR gastrointestinal illness 30 or 35 (freshwater) .
or stomach ache, that . 32 or 36 (marine
(NGI) . . . 30 or 35 (marine water)
interefere with usual activity water)

For stakeholders who are charged with implementation of the 2012 RWQC, the following are some
limitations and issues to be considered:

1. Since data to determine health risks were restricted to waters with point source (sewage)
contamination, the 2012 health risk data are applicable to water sites with point source contamination
but not at sites with non-point sources of contamination.

2. The recommended study to assess health risks at a water site with non-point sources of FIB did not
generate data that were used to develop the 2012 RWQC. As a result, concentrations of non-point
sources of FIB have not yet been correlated to GI illness rates.

3. The recommended study to evaluate the effectiveness of alternative sewage indicators
(Clostridium perfringens, some coliphages, Bacteroides), did not generate data that were used to
develop the 2012 RWQC. As a result, the reliability of using these alternative and more sewage specific
indicators to overcome the wuncertainty of monitoring data for FIB has not been
properly evaluated.

4. Although the site-specific criteria program of the 2012 RWQC was announced, there is insufficient
information for its implementation by states and tribes.

5. Since environmental conditions and ratio of FIB to sewage-borne pathogens were reported to differ at
coastal and inland water sites, it remains unclear why the 2012 RWQC are uniformly applied at all
recreational water sites.

6. In the application of molecular methods, states and tribes will require more funding and resources for
training of laboratory personnel and costs to upgrade facilities.

7. Interpreting data from molecular methods such as qPCR for public health assessment will require
careful analysis because of two issues. First, some water samples contain substances that interfere
with molecular assays. Second, molecular methods measure both dead and viable microorganisms
and only viable microorganisms can cause infections and water-borne diseases. Since, molecular
methods do not provide infectivity information, these data alone should not be used to predict health
risks to swimmers and these data will not likely detect reduced health risks due to disinfection of
sewage effluents [17].

In December of 2011, the draft final report for the 2012 RWQC (EPA-HQ-OW-2011-0466) [18] was
published. On 25 January 2012, USEPA organized a webinar to answer questions and to receive written
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comments that stakeholders may have for this draft final report. Stakeholders submitted nearly 10,000
comments and USEPA published an 87 page document to respond to all written comments [19]. Based on
stakeholders comments, the following three needs were identified: (1) Since stakeholders experienced
difficulty in understanding many details in the final report, the first identified need was for a detailed
scientific explanation on the theory as well as limitations in the methods used to develop the 2012
RWQC:; (2) Since the final report introduced the methods but not the detailed procedure to develop site-
specific criteria, the second identified need was for more detailed explanation on how the available
methods can be used to develop site-specific criteria; (3) Since the final report did not include discussions
on experimental methods to assess water quality, the third identified need was to discuss these
experimental methods and their potential to be approved for use in developing future RWQC. To address
these three needs, The Water Resources Research Center (WRRC) of the University of Hawaii organized
a conference titled, “U.S. Recreational Water Quality Criteria:
A Vision for the Future” in Honolulu (11-13 March 2013). The three identified needs were the themes
for each day of the conference. For this conference 17 scientists were selected as speakers (Table 2)
based on their knowledge and expertise in the application of various microbiological methods to assess
risks to bathers. The discussions by these expert scientists at the 2013 WRRC conference provided the
basic information and motivation for this manuscript. However, in the synthesis of this manuscript,
critical analyses of ideas and research findings from more recent publications were included. The goals
of this manuscript are: (a) to provide an independent, critical evaluation of the major scientific issues
related to development and implementation of the 2012 Recreational Water Quality Criteria; and (b) to
synthesize a vision for the future in the development of RWQC. The specific objectives of this
manuscript are to evaluate the following three needs of the 2012 RWQC: (1) Theory, assumptions and
interpretation of the 2012 RWQC; (2) Evaluation of the 2012 proposed program to develop site-specific
criteria; (3) Evaluation of alternate and experimental methods to determine health risks to bathers for the
purpose of improving RWQC in the future.

Table 2. List of 19 experts in the field of recreational water quality, who were invited to the
WRRC 2013 “U.S. Recreational Water Quality Criteria: A Vision for the Future”
conference, Honolulu, Hawaii.

Alexandria B. Boehm Dr. Sandra L. McLellan

Stanford University University of Wisconsin-Milwaukee
Muruleedhara N. Byappanahalli Mr. John E. Ravenscroft

U.S. Geological Survey U.S. Environmental Protection Agency
John M. Colford

Dr. Joan B. Rose

School of Public Health
chool of Fublic Hea Michigan State University

University of California, Berkeley
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Table 2. Cont.

Roger S. Fujioka Mr. Watson Okubo

University of Hawaii Hawaii Department of Health

Dr. Hyatt C. Green Dr. Michael J. Sadowsky

U.S. Environmental Protection Agency University of Minnesota

Dr. Daniel Y.C. Fung Dr. Mitchell L. Sogin

Kansas State University Marine Biological Laboratory at Woods Hole
Dr. Charles P. Gerba Dr. Helena Solo-Gabriele

University of Arizona University of Miami

Dr. John F. Griffith

Mr. Ki th T
Southern California Coastal Water r. henneth Lenno

. City and County of Honolulu
Research Project

Dr. Valerie J. Harwood Dr. Gary A. Toranzos
University of South Florida University of Puerto Rico
Dr. Marek Kirs

University of Hawaii

3. Theory, Assumptions and Interpretation of 2012 RWQC

The theory used by USEPA to establish the 1986 and 2012 RWQC is based on a cohort and
prospective epidemiological study design. The studies measured GI illness rates in a population of
bathers, who were engaged in primary contact recreational activities (e.g., wading, swimming) at a given
beach, and compared to a similar population at the same beach, who were not exposed to the water.
During the water exposure period, water samples were collected and assayed for concentrations of
enterococci as indicators of sewage contamination. In the development of the 1986 RWQC [15] and the
2012 RWQC [16], the beach sites selected were characterized by contamination with point source
discharges of sewage from publicly owned treatment works (POTW). As a result, these sites were
impacted by point sources of human fecal pollution. The validity of this situation was supported by the
results, which showed a correlation between increasing incidences of GI illness among bathers, who
were exposed to waters with increasing concentrations of FIB. USEPA then established the 2012 RWQC
based on geometric mean concentrations of enterococci, which predicted a target level of GI illness
among exposed swimmers. However, Colford ef al. [20] used the same USEPA epidemiological study
design, and reported that at beaches that were contaminated with non-point sources of FIB,
no correlation between FIB densities and GI illness rates were observed. In addition, two other
epidemiological studies by Calderon ef al. [21] and Fleisher et al. [22] at beaches contaminated by non-
point sources of FIB also concluded that concentrations of FIB at these sites did not predict GI illness
rates. It should be noted that the experimental designs of these two additional epidemiological studies
were not identical to the USEPA study design and they used a smaller sample size. Since
60%—80% of the impaired waters in the US, are due to non-point sources of FIB [23-25], these results
indicate that the health effects predicted by the 2012 RWQC will not be applicable to the majority of the
recreational water sites in the US. In this regard, Gooch-Moore ef al. [26] reported their concern that the
2012 RWQC may not be applicable to beaches in the Gulf of Mexico, where non-point sources of FIB
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and environmental conditions differ from those beaches that were selected for the development of the
2012 RWQC.

The explanation for why human fecal discharges, represented by sewage sources of FIB, are reliable
predictors of GI illness rate and non-point sources of FIB are unreliable predictors of GI illness rate is
based on the principle of the species barrier, which is demonstrated by susceptibility of humans to one
set of disease causing pathogens and various other animals being susceptible to their own set of disease
causing pathogens. Based on this principle, WHO [27] concluded that water, which has been contaminated
by human feces or sewage effluent, has the greatest potential for transmitting diseases to humans.
In contrast, water contaminated by various animal feces represents variable and generally lower risks to
bathers. As discussed at the WRRC conference, the theory for the reliability of FIB as indicators of
sewage-borne pathogens is based on their site of multiplication and the probability that all, some or none
of the sewage-borne pathogens can be expected to multiply in that given habitat or source. In this regard,
the relative risks for bathers in contracting GI illness are based on the following sources of FIB: (1)
Expect highest risk when the source of FIB is sewage because it includes fecal discharge from human
intestinal tract, which is the site of multiplication for FIB and all human enteric pathogens;
(2) Expect moderate risk when the source of FIB is not sewage but due to contamination of fecal
discharges of some animals (cattle, pig, chicken, gulls) because some human enteric pathogens can
multiply in the intestinal tract of some animals; (3) Expect lower risk when the source of FIB is from
fecal discharge from other animal species (including wildlife) because such animals are generally not
carriers of human enteric pathogens; (4) Expect lowest risk when the source of FIB is due to
multiplication in environmental habitats because most of the human enteric pathogens (e.g., human
viruses, protozoa) do not multiply outside of the intestinal tracts of humans or animals. In summary,
since we assume that the specific source of FIB determines the health risks to bathers and monitoring
methods cannot determine their specific source, health risks cannot be determined based only on the
measured concentrations of FIB in recreational water samples. One possibility is to use molecular
methods to determine the specific source of the measured FIB using microbial source tracking
technology [28-30]. Another possibility is to evaluate the effectiveness of alternative sewage markers
(Clostridium perfringens, coliphages, Bacteroides) in recreational waters because they have been
reported to be more specific markers of sewage than FIB [7]. In this regard, information on molecular
methods and alternate sewage markers are discussed in Section 6.

4. Assessing Regional Water Quality Issues in the Implementation of 2012 RWQC

Water quality issues at popular beach sites, located in four different locations (Hawaii, Southern
California, Great Lakes, Southern Florida) of the US were compared to determine if regional differences
in climate, hydrogeology, distribution of animals and plants, frequency of rain, coastal marine waters
versus inland lakes will affect the implementation of the 2012 RWQC. Despite obvious climatic,
physical and biological differences at recreational waters at these four locations, three common water
quality issues were identified as an outcome of the March 2013 meeting in Hawaii.

The first issue was how to interpret water quality data when the recreational waters are contaminated
with non-point sources of FIB and especially when these FIB multiplied in environmental sources (soil,
sediment, sand, algae mat). The concentrations of these extra-enteric FIB in recreational waters no longer
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represent the degree of sewage contamination and correlative concentrations of sewage-borne pathogens.
Therefore, state agencies are currently faced with a situation where they need to implement water quality
standards that may not be indicative of actual health risk; yet the agencies need to be able to communicate
to the general public what the standard means and provide meaningful explanations as to why the
warning signs are posted. Polluted runoff that drains from land with rain, snowmelt and irrigation, was
identified as the major source of microbial contaminants and responsible for regional water quality
challenges at Hawaii, Great Lakes, Florida and California [8,31-33]. Due to these non-point sources of
FIB, some recreational water sites in these four regions exceed the 2012 RWQC.

The second issue is related to overcoming the limitations of determining the risk to bathers based only
on monitoring data for FIB. The most promising sewage-specific markers were identified as
C. perfringens, various coliphages, Bacteroides, as well as human enteric viruses [7,34]. Ecology and
physiology, as well as sensitivity to treatment processes, of indicator bacteria varies vastly from those
of many pathogens, such as viruses and protozoa. Therefore, there is a need at state and national levels
for supplemental indicator organisms that would be indicative of risk for a wide array of human
pathogens and to provide better protection of public health. In Hawaii, due to ambient growth and high
elevated concentrations of FIB in soil and streams, C. perfringens is used as a secondary water quality
standard because it is a more reliable marker of sewage contamination than FIB. This is supported by
recent QMRA study of 22 streams in Hawaii where positive significant correlation between
C. perfringens concentrations and health risk was observed [35].

The third issue is identification of beach sand as an unregulated source of FIB as well as some
pathogens. Recent studies have demonstrated that sand can harbor various pathogenic viruses,
bacteria, protozoa, helminthes and fungi, which can pose direct health risk and impact adjacent water
quality [36,37]. Currently there are no microbiological criteria for beach sand, as the association between
the health risk and microbial pathogens in sand is poorly understood. Beach sand has been implicated as
source of FIB in coastal water by studies conducted in Hawaii [38], California [39], Great Lakes [40—44],
Florida [45,46], and in other regions, hence quality of beach sand needs to be considered in projects
intending to evaluate and improve adjacent water quality. In Florida, recent extensive beach renovation
projects conducted on Hobie Cat Beach, which included beach sand replenishment, application of
appropriate stormwater management practices and bacterial containment methods. This project resulted
in a 50% decrease of observable enterococci loads and led to less frequent beach closures [47]).
Moreover, studies of beach sand in Florida [48], have demonstrated that concentrations of FIB in sand
can be used to characterize beach sites as being susceptible or not susceptible to chronic contamination
sources.

5. Evaluation of the 2012 Proposed Program to Develop Site-Specific Alternative Criteria

Although the use of a risk-based methodology for site-specific alternative criteria has been recommended
since 2000 [6,49], no States or local governments have been successful in developing alternate site-
specific criteria that relaxes the fecal indicator bacteria guideline established through the USEPA. Rather,
states have generally added monitoring parameters specific to their local concerns (e.g., measurements
of harmful algae, chemical contaminants, or additional microbiological parameters and microbial source
tracking tools) or adjusted their sampling programs and policies for issuing advisories, in an effort to
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work within the USEPA guidelines. For example, Florida modified its policy effective 2004 [50] such
that beach advisories would be issued only after two consecutive measures of exceedance values, as
opposed to one measure. Such operational adjustments were possible at the State level; however, much
more challenging was the substitution of alternative measures in lieu of the recommended fecal indicator
bacteria. A good example is the state of Hawaii’s use of monitoring data for C. perfringens to determine
when recreational waters are contaminated with sewage. This change in practice was made because
monitoring data had shown that the ambient and daily concentrations of FIB in the major streams of
Oahu, Hawaii greatly exceeded the previous fecal coliform standard [51] and the more recent E. coli and
enterococci standards [52]. Widespread occurrence and growth of FIB (E. coli, fecal coliforms,
enterococci) in the soil environment of Hawaii [9,32,53,54] was determined to be the reason for high
levels of these bacteria in freshwater streams and rivers. Due to high ambient concentrations of FIB in
the streams of Hawaii, it was not possible to determine when streams and coastal waters, which receive
stream discharges, were contaminated with sewage or other human fecal sources. However, concentrations
of C. perfringens, an alternative fecal indicator bacterium, were consistently low in streams [55] but
increased during a sewage contamination event [56]. As a result, the state of Hawaii adopted
C. perfringens as a state recreational water quality standard [57]. However, in the USEPA 2000
guidance document, the use of C. perfringens as an alternate indicator by the State of Hawaii was
questioned. Specific questions raised by the USEPA have included the ability of C. perfringens to predict
gastro-intestinal illness, to track recent fecal contamination, and the associated method of analysis.
The USEPA recommended that Hawaii maintain enterococci as the primary fecal indicator and use C.
perfringens as a secondary tracer. In summary, mutually agreeable “alternative indicators” were difficult
to establish based on the 1986 RWQC [15].

The new 2012 Recreational Water Quality Criteria expanded the site-specific alternative criteria
program and provided the following guidelines for its implementation: The proposed criteria must
(a) result in same risk to GI illness as the existing RWQC; (b) be based on scientifically defensible
methods; (c) be protective for the designated use of that water site and (d) be approved by USEPA.
The most likely situation to qualify for site-specific alternative criteria is when the concentrations of
enterococci at a recreational water site exceed the 2012 RWQC of 30 enterococci/100 mL (geometric
mean). In addition there must be strong evidence that the source of enterococci at that recreational water
site is not from a sewage discharge and therefore the predictable risks to bathers will differ from those
determined by the 2012 RWQC. To expedite the process for site-specific alternative criteria, USEPA
announced the planned publication of three Technical Support Materials (TSMs) which will provide
guidance on evaluating site information and on helping States and local governments decide which tools
would best support the development of site-specific alternative water quality criteria that are
scientifically defensible and protective of the recreational designated use [58]. Since the TSM will play
a key role in this program, each of the three TSMs will be described.

The TSM for Alternative Indicators and Enumeration Method describes the process for comparing
alternative methods of enumeration against the current USEPA approved enumeration method for
enterococci. It is suitable to use this TSM when the applicant wants to establish a more feasible
alternative indicator or alternative enumeration method instead of measuring for enterococci as specified
in the 2012 RWQC. At the writing of this manuscript, this was the only published TSM [59].
The drawback of this TSM is that it requires the comparison of the alternative indicator to an established
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method/indicator such as enterococci. Moreover, the established method/indicator and risk are based
upon water bodies impacted by point sources of fecal contamination. As a result, this TSM might be
less useful for water sites that are contaminated with non-point sources of enterococci.

The TSM for Alternative Health Relationships describes approaches that can be used to document
potential health effects from exposure to various feces-contaminated waters, with health impacts
evaluated through epidemiologic studies (the method of choice). This TSM is suitable when the
applicants want to show a site-specific enterococci and bather health relationship, which differs from
that determined by the 2012 RWQC. This TSM is suitable when the applicant believes that health risks
to bathers based on concentrations of enterococci as determined by the NEEAR studies do not apply to
their recreational water sites. This TSM has not yet been published. It should be noted that
epidemiological studies require measurements of the environment and also concurrent measurements of
human health impacts. For example, for the recent epidemiologic studies conducted in California
(Doheny Beach [60], Avalon and Malibu Beaches [61]) and Florida (Hobie Cat Beach [22,62,63]),
the results showed that increased risks were observed for swimmers relative to non-swimmers. Illnesses
measured included gastro-intestinal, dermatological, respiratory, and other non-specific ailments.
Environmental measures included a large number of indicators and pathogens plus basic environmental
conditions, such as a nearby river berm as opened or closed for one of the study sites (Doheny Beach) or
whether it had rained in the prior 24 h (Hobie Cat Beach). Results of these studies provided strong evidence
for considering environmental characteristics, such as the berm open versus closed to assess the
relationships between health outcomes and FIB for the Doheny study. For the Florida study, prior rainfall
could serve as a means of predicting human health outcomes associated with recreational bathing.

The TSM for Alternative Fecal Sources describes the process that can be used to document non-human
sources of enterococci, to include non-point sources of FIB, which degrades the quality of that
waterbody. By using QMRA as the method of choice, risk of illness among bathers can be estimated.
This TSM has not yet been published. It should be noted that alternative fecal sources can be addressed
through microbial source tracking (MST) methods, which can determine the source of enterococci from
various animals, such as coastal birds [62], ruminants and cattle [64], canines [65], as well as human
sources [66]. In this regard, QMRA could serve as a less costly alternative to epidemiologic
studies [67—69]. QMRA is based on measurements of pathogens in recreational waters as a means to
estimate risk to bathers due to exposure to these pathogens. The analysis requires the identification of an
exposure route for the measured pathogen, knowledge about typical human behavior associated with that
exposure route (e.g., amount of water ingested during swimming), coupled with dose-response
relationships for the pathogen considered. Fortunately, there is now increased training and availability of
QMRA technologies. Work is currently ongoing for a QMRA Wikipedia web site [70] that provides
instructions for site-specific QMRA studies. Additional needs for the future are predictive risk modeling
that takes into account fate and transport, where dose varies with time depending upon the hydrodynamics
of the system. Ideally, a model can be developed to identify when to open and close beaches, for example,
along a river after a combined sewer overflow event. Ideally, on-line applications would be available with
built-in risk determination tools that would incorporate a transport model along with a variation in sources
to determine the overall probability of illness given the time variation of sources contributing to a particular
site (Joan Rose, Michigan State University, personal communication).
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One example of an approach for development of a site-specific alternative criteria program can be
illustrated by the work of Viau et al. [71] for stream impacted beaches within the State of Hawaii.
Samples were collected from Hawaiian streams before sunrise and at noon and analyzed for human
pathogens (Salmonella, Campylobacter), as well as for indicators and source specific markers
(enterococci, E. coli, C. perfringens, human-Bacteroides, pig-Bacteroides, and bovine-Bacteroides).
The link to human health was established through a QMRA, which evaluated the risk for each stream.
Comparisons were then made between risk and concurrent measures of FIB. Results showed that there
was no relationship between health risk and enterococci levels. A correlation was observed, however,
between C. perfringens levels and health risk. As for the ultimate cause of human health risk, the study
found that septic tank density related to norovirus levels and to levels of human-source Bacteroides
(BacHum) [71]. Apparently, C. perfringens appears to track human source Bacteroides and norovirus,
all of which appear to originate from septic tanks. In conclusion this study supported the State of
Hawaii’s long standing conclusion that C. perfringens can serve as an alternate indicator of human health
risk [35].

6. Scientific Assessment of Experimental Methods and Approaches to Improve or Revise RWQC

Current Assessment to Improve RWQC. The limitations of the 2012 RWQC were previously
discussed (Section 2). In this regard, the major limitation was the uncertainty in correlating health risks

to bathers based on monitoring data for traditional FIB (E. coli, enterococci) at all recreational water
sites. As a result, in developing new and improved RWQC, monitoring data should no longer be based
on monitoring data for only traditional FIB. In the development of the 2012 RWQC, three alternative
fecal indicators (C. perfringens, coliphages, Bacteroides) were identified as most likely to overcome the
limitations of traditional FIB. However, the effectiveness of these three alternative fecal indicators was
not determined during the development of the 2012 RWQC. As a result, these three alternative fecal
indicators should be identified as the primary candidates for water quality assessment during the
development of new RWQC. In addition, other possible fecal indicator such as human enteric viruses or
new genomic approaches (e.g., metagenomics) should also be evaluated in developing new RWQC.
In preparation for new RWQC, detailed and relevant information on the potential indicators and methods
expected to be evaluated are presented below.

Culturable versus Molecular Methods of Assay. In assessing new methods to be used in the

development of future RWQC, the traditional culturable methods should be compared with the newer
molecular methods. The main advantage of culture-based method is that it measures the viable
population of the target microorganism (e.g., FIB, C. perfringens, bacteriophages, viruses) in water
samples. Since only the viable populations of pathogens in water are involved in the transmission of
diseases to bathers, culturable levels of sewage indicators, such as FIB, are generally more representative
of sewage-borne pathogens and GI illness rates [72], although one study [73] found that the molecular
signal was more sensitive. The major disadvantages with culture based methods are length of time, cost,
insensitivity of method and method limitation such as inability to feasibly culture some water-borne
pathogen such as norovirus [74,75]. In contrast, molecular methods can overcome most of the limitations
of culturable methods because they rely primarily on detecting unique sequences of the genetic
composition of each microorganism. As a result, molecular methods do not require the development of
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specific growth medium and theoretically any microorganism can be detected by this method. For public
health assessment, molecular methods have one disadvantage because they measure both live and dead
populations in the sample. Since only live organisms are involved in disease transmission and the ratio
of dead to live populations vary with each sample, many assumptions need to be made to correlate
concentrations of microbial population determined by molecular methods to the potentially infectious
population in that water sample.

Culturable Assay for Clostridium perfringens. C. perfringens, a spore-forming, gram-positive

bacterium, is consistently present in relatively high concentrations in sewage (10°~10* CFU/100 mL)
and is known to be more stable in environmental waters than sewage-borne pathogens. As a result,
C. perfringens is often considered as a conservative indicator of sewage and some critics argue that
C. perfringens should be used as an indicator of past contamination rather than recent contamination
events [76,77]. In this regard, culturable assay for C. perfringens was used in the original USEPA
epidemiological studies in the 1970s [78]. In those studies, the concentrations of C. perfringens were not
correlated to increasing concentrations of GI illness rate. As a result, the value of monitoring for
C. perfringens was not pursued. However, in 1994 an epidemiological study in Hong Kong did show a
correlation between increasing concentrations of C. perfringens and illness rate [79]. In Hawaii, using
ambient concentrations of these bacteria as an index, Fujioka et al. [55,80] have proposed the following
standards for C. perfringens for freshwater streams and marine beaches: geometric mean of
<50 CFU/100 mL and <5 CFU/100 mL, respectively. These bacterial standards are currently being used
in Hawaii as a secondary standard to determine when environmental samples are contaminated with
sewage and when the contamination event has cleared. As described above, a recent study by Viau et al.
[35] in Hawaii concluded that detection of C. perfringens was correlated to presence of pathogens in
Hawaii’s streams.

Unlike E. coli and enterococci, which are known to grow under environmental conditions
(see reviews by Ferguson et al. [28]; Byappanahalli and Ishii [81]), there are not many reports of
C. perfringens growth in non-enteric habitats, aside from a study in temperate lakes (Lake Michigan) where
these bacteria were shown to grow in decomposing algal matter [82]. More studies are needed to confirm
such observations since it is not clear whether C. perfringens in temperate lakes originate as environmental
strains or just residual populations from incidental contaminants from human or animal feces. Because of
low background levels of C. perfringens in environmental waters (e.g., in Hawaii) [55,56], these bacteria
seem to work well as an alternate indicator in certain locations. Further, recent progress in
methodological developments, such as the double-tube method [83], show that C. perfringens colonies
can be observed after 5 h of incubation. Other studies to support the use of C. perfringens as a reliable
alternative indicator include use of qPCR methods to detect C. perfringens in drinking water and
biosolids [84,85].

Culturable Assays for Bacteriophages (coliphages, enterophages). Bacteriophages, viruses that infect

and kill bacteria, have been used in a variety of applications for over 100 years. Coliphages or viruses
that infect coliform bacteria such as E. coli have been studied as a pollution indicator since the early
1960s [86—88]. However, coliphages are highly diverse, comprising either RNA or DNA as the genetic
material. Based on their primary route of infection, they are broadly classified into two groups: somatic
phages where bacterial infection is initiated through cell wall and male-specific phages with infection
mediated through pilus (i.e., F+ cell or fertility factor). The specificity of coliphages depends on the host
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bacteria that they can infect. In this regard, somatic phages infect most E. coli cells while F+ phages
infect only E. coli cells that are piliated/have fertility factor. Sewage effluent contains high
concentrations of both somatic and F+ phages and since these phages multiply in specific bacteria
(bacterial strains) found in sewage, monitoring recreational waters for coliphages is another way to determine
when water samples are likely contaminated with sewage. As F+ RNA coliphages are similar to human
enteric viruses (e.g., poliovirus) in structure and morphology, genetic material, and mode of replication, they
have been used as surrogates for disinfection efficiencies of human enteric viruses in potable (drinking) and
wastewaters, as well as survival in environmental conditions (see Joftre, ef al. [88]). Recent developments
in serological and PCR techniques show that F+ RNA coliphages can be divided into four broad
categories of sources, with serogroups I and IV primarily in animals, group III in humans, and group II
in humans and some animals [89-92]. These results have been used in microbial source tracking studies.
Since, monitoring data for coliphages were not used in the development of the 2012 RWQC, there is a
need to determine the feasibility of monitoring water samples for coliphages, especially F+ coliphages
as a reliable and predictable measurement for GI illness rates among bathers.

More recently, other bacteriophages, such as those that infect enterococcus bacteria
(enterophages) [93-95] or those that infect Bacteroides bacteria [96,97], have been reported as
alternative markers that are sewage-specific. More research is required to determine if these alternative
phages can provide better data than monitoring for coliphages, especially F+ coliphages.

Human Pathogenic Viruses and Sewage Specific Human Viruses. It has long been advocated that

recreational waters should be monitored for human enteric viruses) [34] rather than FIB, because human
enteric viruses are believed to be the etiological agents responsible for GI illness among bathers. In the
past, human  viruses were traditionally recovered by culture based method.
Since relatively few laboratories have tissue culture capability, studies to recover viable concentrations
of human enteric viruses from environmental waters have been limited. However, with the recent
development of molecular methods, many more laboratories are able to detect and enumerate
concentrations of human pathogenic viruses from environmental waters (see McQuaig and Noble [98]).
In this regard, molecular methods are much more feasible than culture based methods and have the added
advantage of detecting several viruses from the same sample. As a result, when molecular methods are
used, it is possible to measure for the most likely waterborne pathogen (norovirus) as well as other human
specific viruses such as poliovirus or adenovirus. Whether one uses culture based or molecular based
method to assay for human enteric viruses, the major limitation has been the low concentrations of these
viruses in environmental waters. Therefore, there is a critical need to effectively concentrate and recover
viruses from large volumes of water (e.g., >10 L). Many of the reported methods to concentrate water
for virus assays are complex, costly, and/or of low efficiency. Thus, the identified need is for the
development of an automated system which can efficiently concentrate and recover all microorganisms
(bacteria, viruses, protozoa) from large volumes of environmental waters into a smaller volume for
detection of these sewage sources of microorganisms. Recently, the Portable
Multi-use Automated Concentration System (PMACS) has been reported to meet this need [99,100].
However, the PMACS has yet to be field tested by different laboratories to recover human enteric viruses
from environmental waters.

In summary, the advantage of monitoring for human enteric viruses is that they are more specific
markers of sewage contamination than other indicators of sewage contamination, such as C. perfringens,
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coliphages and Bacteroides. One way to address the low concentrations of human enteric viruses in
sewage samples is the development of methods to detect human polyomavirus, which is present in higher
concentrations in sewage than human enteric virus. Although the polyomavirus is normally found in
human urine, since urine is discharged with wastewater, detection of human polyomavirus is considered
a human specific sewage virus. As a result, there is greater chance of monitoring waters for human
specific viruses by assaying for polyomavirus than for human enteric viruses. Despite the potential for
monitoring recreational waters for human specific viruses, no epidemiological studies have been
conducted to show that monitoring for human specific viruses is feasible and can be used to predict GI
illness rates among bathers. However, since human viruses are the most specific markers for sewage
contamination, this approach should be evaluated in the development of future RWQC.

Molecular Assays for Bacteroides. Bacteroides are among the most dominant commensal bacteria in

the human large intestine, with cell densities in excess of 10'%g feces and can exceed the concentrations
of E. coli by a thousand-fold [101]. While estimates of bacterial abundance in the human gut vary greatly,
nearly one-third of the microflora is dominated by members belonging to the Bacteroidetes [102].
Because of their high abundance in human and animal feces, Bacteroides were recognized as an indicator
of fecal contamination in the early 1990s [103], which subsequently led to developing assays for
Bacteroides as sensitive indicator of fecal pollution [103,104]. Most Bacteroides are strict anaerobes and
seem well adapted to the gut. However, they are difficult to culture and molecular assays are used to
detect their concentrations. Continued interest in Bacteroides, both as an indicator of fecal contamination
and as a tool for differentiating contaminant sources, has led to significant improvements in developing
gene-based assays which can specifically detect human specific Bacteroides. As a result, a number of
specific Bacteroides assays are currently available to identify fecal sources, such as human,
cattle/ruminants, dog, and other animals, [104—108]. The assays used include simple endpoint PCR to
more complex molecular methods: qPCR, T-RFLP, clone libraries and subtractive hybridization. Studies
have also shown that Bacteroides markers are fairly specific across a range of conditions and wide
geographical areas [109]. Significantly, epidemiological studies have shown that Bacteroides densities
correlate well with health outcomes, strongly supporting these bacteria as reliable alternate indicators in
predicting health risks associated with contaminated recreational waters [110]. A major advantage in the
application of molecular assay for human specific Bacteroides has been its combination of the high
sensitivity and specificity for presence of human fecal contamination [104]. As a result, monitoring for
Bacteroides should be evaluated in developing future RWQC.

Metagenomics and Gut Microbiota: A new approach to detect sources of fecal contamination. Until

recently, the extent of richness of the human gut microbiota, diversity, and general population structure
had remained speculative because culture-dependent methods were not able to measure the large
population of non-culturable microbes within this system. However, recent advancements in
culture-independent molecular methods have shown that the gut environment is a vast reservoir of
microbes representing as much as 1%—-3% of body mass [111-113]. In this regard, the gut microbiome
has become an important discipline since the intestinal microbiota plays a critical role in overall
human health [114,115]. With advancement in next generation sequencing and metagenomics tools,
gut microbiota is now being considered as alternate indicators for human and animal fecal contamination
[91,116—118]. The strategy in the use of monitoring recreational waters using metagenomics technology
is to characterize and map the different microbial community populations associated with human
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sewage, and various animal feces. Unlike culture-based assays (C. perfringens, coliphages, Bacteroides)
which measure for a specific microorganism or groups of closely related microorganisms, metagenomics
technology can characterize the predominant groups of microorganisms in the gut of humans and a
different set of predominant groups of microorganisms in the gut of various animals. By further
analyzing the respective microbial communities, more data points or community signature can be
established to determine if the source of contamination is from human feces or feces of various animals.
As an example McLellan ef al. [119], determined that members within Clostridales and
Lachnospiraceae were among the most dominant bacterial groups in Milwaukee’s wastewaters, and
these bacteria were found in an estuary and bathing beaches of
Lake Michigan following storm events. Further, pathogen frequency was highly associated with
Lachnospiraceae and Bacteroides markers and several molecular markers were identified within
Clostridales and Lachnospiraceae groups for potential application in source-tracking programs.
In summary, metagenomics is the newest technology to characterize different sources of fecal
contamination. More studies are needed to determine if metagenomics methods are feasible for general
use and if the generated data can be used to improve future RWQC.

Guidelines for Future Development of RWQC. For development of future RWQC, assays for

C. perfringens, coliphages, Bacteroides and human specific sewage-borne viruses have been identified
as markers that are relatively sewage specific and should be evaluated in future epidemiological studies.
In this regard, the design of the epidemiological studies should be to determine health risks to bathers
exposed to recreational waters with point source and non-point sources of contamination.
Each of the four assays has advantages and disadvantages. Moreover, feasibility of the methods for
routine monitoring is important. A reasonable recommendation for routine monitoring for many sites
would be to assay for culturable levels of C. perfringens (the most conservative assay) and for human
specific Bacteroides (highly sensitive and specific assay for human fecal contamination). Assays for
C. perfringens will result in culturable concentrations of sewage-borne bacteria, and because this
population of bacteria is so stable, it is considered the most conservative of all sewage assays.
As aresult, if a water sample is negative or contains very low concentrations of C. perfringens, it is fair
to assume that the extent of sewage contamination is minimal. Since C. perfringens is not specific to
human sewage, elevated concentrations of C. perfringens could indicate animal fecal contamination. By
also assaying this same water sample for human specific Bacteroides, the resulting data can determine
if the source of C. perfringens is from sewage. Additional Bacteroides assays can be used to determine
the specific animal fecal sources. A combination of host-specific markers increases the confidence of
source identification in suspected waters; for instance, Johnston et al. [120] showed that when
Bacteroides HF183 and Methanobrevibacter smithii nifH gene were both present in a sample, the
probability of human (sewage) contamination would be greater than 98%.

Human sewage viruses are considered to be the most specific marker for human fecal or sewage
contamination. Moreover, some human enteric viruses are believed to be the etiological agents
responsible for GI illness among bathers. The need to concentrate larger volumes of water can be
addressed by automated water concentration systems. Culturable assays for human viruses are complex
but should be developed because they can provide data, which can be used for direct public health
assessment. However, since molecular assays for human viruses are feasible, accurate and productive,
they should be assessed in future development of RWQC.
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7. Summary and Conclusions

The new 2012 RWQC did not meet the expectations of the research community because key
recommended studies were not completed. As a result, the following limitations can be expected in the
implementation and interpretation of the 2012 RWQC: (1) the predictable health risk to bathers based
on the concentrations of FIB will apply to recreational water sites with point source contamination but
not at sites with non-point sources of FIB; (2) risks to bathers at recreational water sites with non-point
sources of FIB have not been determined; (3) the reliability of monitoring for alternative sewage markers
(C. perfringens, coliphages, and Bacteroides) was not determined; (4) the 2012 RWQC did not show
marked improvements over 1986 RWQC, because of the uncertainty of linking concentrations of FIB at
all recreational water sites with human health effects; (5) guidelines to implement site-specific criteria
are incomplete, although tools including QMRA and epidemiologic studies are available to evaluate the
links between health and the environmental characteristics of nearshore waters regardless of source, and
(6) beach sand is an unregulated source of FIB and pathogens, which can contribute to degrading the
quality of regulated recreational waters.

8. A Vision for Future Development of RWQC

A vision for future development of RWQC is to improve on the 2012 RWQC by conducting
epidemiological studies to determine which sewage specific marker (C. perfringens, coliphages,
Bacteroides, human enteric viruses) will provide feasible and reliable data to predict GI illness rates for
bathers exposed to recreational waters with point source and with non-point sources of contamination.
The promise of selecting a sewage specific marker instead of traditional FIB is that the concentrations
of sewage specific marker will increase beyond the RWQC only when that site is contaminated with
sewage and when there is a definite sewage-related risk for bathers. Since epidemiological studies are
slow, costly and only limited numbers of these studies can be completed, QMRA studies should be used
in new epidemiological investigations so that the validity of QMRA models can be tested with actual
measurements of illness rates from the epidemiological studies.
In addition, QMRA, microbial source tracking and metagenomics should be also used to measure health
risks to bathers from non-sewage sources of pathogens.

Acknowledgments

The authors would like to acknowledge contributions from the invited speakers and presenters, and
to thank the conference participants for their stimulating discussions at the conference “U.S. Recreational
Water Quality Criteria: A Vision for the Future” in Honolulu (11-13 March 2013). We would also like
to thank reviewers Meredith B. Nevers (USGS) and Alexandria B. Boehm (Stanford University) for their
valuable comments which helped to greatly improve the manuscript.

HSG would like to acknowledge support through the National Science Foundation (NSF) and
the National Institute of Environmental Health Sciences (NIEHS) Oceans and Human Health Center at
the University of Miami Rosenstiel School (NSF 0CE0432368/0911373/1127813) and (NIEHS
P50 ES12736).



Int. J. Environ. Res. Public Health 2015, 12 7768

Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement
by the U.S. Government. This article is Contribution 1944 of the USGS Great Lakes Science Center.

This is a contributed paper WRRC-CP-2016-01 of the Water Resources Research Center, University
of Hawaii at Manoa, Honolulu, Hawaii.

Author Contributions

Roger S. Fujioka, Helena M. Solo-Gabriele, Muruleedhara N. Byappanahalli and Marek Kirs
contributed equally in the discussions, writing and editing of this manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Shuval, H. Estimating the global burden of thalassogenic diseases: Human infectious diseases
caused by wastewater pollution of the marine environment. J. Water Health 2003, 1, 53—64.

2.  Coffey, R.; Bemham, B.; Krometis, L.A.; Wolfe, M.L.; Cummins, E. Assessing the effects of
climate change on waterborne microorganisms: Implications for EU and US water policy.
Hum. Ecol. Risk Assess. 2014, 20, 724-742.

3. Bezirtzoglou, C.; Dekas, K.; Charvalos, E. Climate changes, environment and infection:
Facts, scenarios and growing awareness from the public health community within Europe.
Anaerobe 2011, 17, 337-340.

4.  BEACHAct. Beaches Environmental Assessment and Coastal Health Act of 2000. Available online:
water.epa.gov/lawsregs/lawsguidance/beachrules/upload/2009 04 13 beaches files beachbill.pdf
(accessed on 30 April 2015).

5. USDC. Consent Decree. Natural Resources Defense Council (Plaintiff), County of Los Angeles
and Los Angeles County Flood Control District (Intervenors), National Association of Clean Water
Agencies (Intervenor), vs. Stephen L. Johnson, Administrator, United States Environmental Protection
Agency, and United States Environmental Protection Agency (Defendants); United States District
Court for the Central District of California; Case 2:06-cv-04843-psg-jtl; Document 160; Filed
09/04/2008. Available online: http://water.epa.gov/scitech/swguidance/standards/criteria/
health/recreation/upload/2009 04 16 criteria_recreation_cd.pdf (accessed on 30 April 2015).

6. USEPA. Implementation Guidance for Ambient Water Quality Criteria for Bacteria—1986; Office
of Water; United States Environmental Potection Agency: Washington, DC, USA, 2000.

7.  Boehm, A.B.; Ashbolt, N.J.; Colford, J.M., Jr.; Dunbar, L.E.; Fleming, L.E.; Gold, M.A;
Hansel, J.A.; Hunter, P.R.; Ichida, A.M.; McGee, C.D.; et al. A sea change ahead for recreational
water quality criteria. J. Water Health 2009, 7, 9-20.

8. Fujioka, R.S.; Byappanahalli, M.N. Proceedings and Report on Tropical Water Quality Workshop.
Final Report to USEPA and Hawaii State Department of Health, Special Report
SR-2004-01; University of Hawaii, Water Resources Research Center: Honolulu, HI, USA, 2003.



Int. J. Environ. Res. Public Health 2015, 12 7769

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Byappanahalli, M.; Fujioka, R. Indigenous soil bacteria and low moisture may limit but allow
faecal bacteria to multiply and become a minor population in tropical soils. Water Sci. Technol.
2004, 50, 27-32.

Yamahara, K.M.; Layton, B.A.; Santoro, A.E.; Boehm, A.B. Beach sands along the California
coast are diffuse sources of fecal bacteria to coastal waters. Environ. Sci. Technol. 2007, 41,4515—
4521.

Byappanahalli, M.; Shively, D.A.; Nevers, M.B.; Sadowsky, M.J.; Whitman, R.L. Growth and
survival of Escherichia coli and enterococci populations in the macro-alga Cladophora
(Chlorophyta). FEMS Microbiol. Ecol. 2003, 46, 203-211.

Ishii, S.; Ksoll, W.B.; Hicks, R.E.; Sadowsky, M.J. Presence and growth of naturalized Escherichia
coli in temperate soils from Lake Superior watersheds. Appl. Environ. Microb. 2006, 72, 612—621.
WEREF. Report on the Expert Scientific Workshop on Critical Research and Science Needs for the
Development of Recreational Water Quality Criteria for Inland Waters; WERF: Alexandria, VA,
USA, 2009.

Dorevitch, S.; Ashbolt, N.J.; Ferguson, C.M.; Fujioka, R.; McGee, C.D.; Soller, J.A.; Whitman, R.L.
Meeting report: Knowledge and gaps in developing microbial criteria for inland recreational
waters. Environ. Health Persp. 2010, 118, 871-876.

USEPA. Ambient Water Quality Criteria for Bacteria—I1986; Office of Water, United States
Environmental Potection Agency: Washington, D.C., USA, 1986.

USEPA. Recreational Water Quality Criteria; Office of Water, United States Environmental
Potection Agency: Washington, D.C., USA, 2012.

Jofre, J.; Blanch, A.R. Feasibility of methods based on nucleic acid amplification techniques to
fulfil the requirements for microbiological analysis of water quality. J. Appl. Microbiol. 2010, 109,
1853-1867.

USEPA. Draft Recreational Water Quality Criteria; Office of Water, United States Environmental
Potection Agency: Washington, D.C., USA, 2011.

USEPA. Response to Comment Summary; Office of Water, United States Environmental
Protection Agency: Washington, D.C., USA, 2012.

Colford, J.M., Jr.; Schiff, K.C.; Griffith, J.F.; Yau, V.; Arnold, B.F.; Wright, C.C.; Gruber, J.S.;
Wade, T.J.; Burns, S.; Hayes, J.; et al. Using rapid indicators for Enterococcus to assess the risk
of illness after exposure to urban runoff contaminated marine water. Water Res. 2012, 46,
2176-2186.

Calderon, R.L.; Mood, E.W.; Dufour, A.P. Health effects of swimmers and nonpoint sources of
contaminated water. Int. J. Environ. Heal. R. 1991, 1, 21-31.

Fleisher, J.M.; Fleming, L.E.; Solo-Gabriele, H.M.; Kish, J.K.; Sinigalliano, C.D.; Plano, L.;
Elmir, S.M.; Wang, J.D.; Withum, K.; Shibata, T.; et al. The beaches study: Health effects and
exposures from non-point source microbial contaminants in subtropical recreational marine waters.
Int. J. Epidemiol. 2010, 39, 1291-1298.

Noble, R.T.; Moore, D.F.; Leecaster, M.K.; McGee, C.D.; Weisberg, S.B. Comparison of total
coliform, fecal coliform, and Enterococcus bacterial indicator response for ocean recreational
water quality testing. Water Res. 2003, 37, 1637-1643.



Int. J. Environ. Res. Public Health 2015, 12 7770

24. Kleinheinz, G.T.; McDermott, C.M.; Hughes, S.; Brown, A. Effects of rainfall on E. coli.
concentrations at door county, wisconsin beaches. Int. J. Microbiol. 2009, 2009,
doi:10.1155/2009/876050.

25. USEPA. National Water Quality Inventory: 1998 Report to Congress, epa841-s-00-001; Office of

Water, United States Environmental Protection Agency: Washington, D.C., USA, 2000.

26. Gooch-Moore, J.; Goodwin, K.D.; Dorsey, C.; Ellender, R.D.; Mott, J.B.; Ornelas, M.;
Sinigalliano, C.; Vincent, B.; Whiting, D.; Wolfe, S.H. New USEPA Water Quality Criteria by
2012: Goma concerns and recommendations. J. Water Health 2011, 9, 718-733.

27. WHO. Health-Based Monitoring of Recreational Waters: The feasibility of a New Approach
(the “Annapolis Protocol”). QOutcome of An Expert Consultation, Annapolis, USA,
Report who/sde/wsh99.1.; World Health Organization: Geneva, Switzerland, 1999.

28. Ferguson, D.; Signoretto, C. Environmental persistence and naturalization of fecal
indicator organisms. In Microbial Source Tracking: Methods, Applications, and Case Studies,
Springer: New York, NY, USA, 2011; pp. 379-397.

29. Domingo, J.W.S.; Bambic, D.G.; Edge, T.A.; Wuertz, S. Quo vadis source tracking? Towards
a strategic framework for environmental monitoring of fecal pollution. Water Res. 2007, 41,
3539-3552.

30. Harwood, V.J.; Staley, C.; Badgley, B.D.; Borges, K.; Korajkic, A. Microbial source tracking
markers for detection of fecal contamination in environmental waters: Relationships between
pathogens and human health outcomes. FEMS Microbiol. Rev. 2014, 38, 1-40.

31. Whitman, R.L.; Przybyla-Kelly, K.; Shively, D.A.; Nevers, M.B.; Byappanahalli, M.N.
Sunlight, season, snowmelt, storm, and source affect E. coli populations in an artificially ponded
stream. Sci. Total Environ. 2008, 390, 448-455.

32. Byappanahalli, M.N.; Roll, B.M.; Fujioka, R.S. Evidence for occurrence, persistence, and growth
potential of Escherichia coli and enterococci in Hawaii’s soil environments. Microbes Environ.
2012, 27, 164-170.

33. Solo-Gabriele, H.M.; Wolfert, M.A.; Desmarais, T.R.; Palmer, C.J. Sources of Escherichia coli in
a coastal subtropical environment. Appl. Environ. Microb. 2000, 66, 230-237.

34. USEPA. Report of the Experts Scientific Workshop on Critical Research Needs for the
Development of New or Revised Recreational Water Quality Criteria; EPA 823-R-07-006; United
States Environmental Protection Agency: Washington, DC, USA, 2007.

35. Viau, E.J; Lee, D.; Boehm, A.B. Swimmer risk of gastrointestinal illness from exposure to tropical
coastal waters impacted by terrestrial dry-weather runoff. Environ. Sci. Technol. 2011, 45, 7158—
7165.

36. Whitman, R.; Harwood, V.J.; Edge, T.A.; Nevers, M.; Byappanahalli, M.; Vijayavel, K.; Brandao, J.;
Sadowsky, M.J.; Alm, E.W.; Crowe, A.; et al. Microbes in beach sands: Integrating environment,
ecology and public health. Rev. Environ. Sci. Bio/Technol. 2014, 13, 329-368.

37. Sabino, R.; Rodrigues, R.; Costa, I.; Carneiro, C.; Cunha, M.; Duarte, A.; Faria, N,
Ferreira, F.C.; Gargaté, M.J.; Julio, C.; et al. Routine screening of harmful microorganisms in
beach sands: Implications to public health. Sci. Total Environ. 2014, 472, 1062—1069.



Int. J. Environ. Res. Public Health 2015, 12 7771

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Cui, H.; Yang, K.; Pagaling, E.; Yan, T. Spatial and temporal variation in enterococcal abundance
and its relationship to the microbial community in Hawaii beach sand and water. Appl. Environ.
Microb. 2013, 79, 3601-3609.

Russell, T.L.; Sassoubre, L.M.; Wang, D.; Masuda, S.; Chen, H.; Soetjipto, C.; Hassaballah, A.;
Boehm, A.B. A coupled modeling and molecular biology approach to microbial source tracking at
Cowell Beach, Santa Cruz, CA, United States. Environ. Sci. Technol. 2013, 47, 10231-10239.
Beversdorf, L.J.; Bornstein-Forst, S.M.; McLellan, S.L. The potential for beach sand to serve as a
reservoir for Escherichia coli and the physical influences on cell die-off. J. Appl. Microbiol. 2007,
102, 1372—138]1.

Kinzelman, J.L.; Pond, K.R.; Longmaid, K.D.; Bagley, R.C. The effect of two mechanical beach
grooming strategies on Escherichia coli density in beach sand at a southwestern Lake Mmichigan
beach. Aquat. Ecosyst. Health 2004, 7, 425-432.

Skalbeck, J.D.; Kinzelman, J.L.; Mayer, G.C. Fecal indicator organism density in beach sands:
Impact of sediment grain size, uniformity, and hydrologic factors on surface water loading.
J. Great Lakes Res. 2010, 36, 707-714.

Whitman, R.L.; Nevers, M.B. Foreshore sand as a source of Escherichia coli in nearshore water of
a Lake Michigan beach. Appl. Environ. Microb. 2003, 69, 5555-5562.

Byappanahalli, M.N.; Whitman, R.L.; Shively, D.A.; Ting, W.T.; Tseng, C.C.; Nevers, M.B.
Seasonal persistence and population characteristics of escherichia coli and enterococci in deep
backshore sand of two freshwater beaches. J. Water Health 2006, 4, 313-320.

Bonilla, T.D.; Nowosielski, K.; Cuvelier, M.; Hartz, A.; Green, M.; Esiobu, N.; McCorquodale, D.S.;
Fleisher, J.M.; Rogerson, A. Prevalence and distribution of fecal indicator organisms in south
florida beach sand and preliminary assessment of health effects associated with beach sand
exposure. Mar. Pollut. Bull. 2007, 54, 1472—1482.

Phillips, M.C.; Solo-Gabriele, H.M.; Piggot, A.M.; Klaus, J.S.; Zhang, Y. Relationships between
sand and water quality at recreational beaches. Water Res. 2011, 45, 6763—6769.

Hernandez, R.J.; Hernandez, Y.; Jimenez, N.H.; Piggot, A.M.; Klaus, J.S.; Feng, Z.; Reniers, A.;
Solo-Gabriele, H.M. Effects of full-scale beach renovation on fecal indicator levels in shoreline
sand and water. Water Res. 2014, 48, 579-591.

Shah, A.H.; Abdelzaher, A.M.; Phillips, M.; Hernandez, R.; Solo-Gabriele, H.M.; Kish, J.;
Scorzetti, G.; Fell, J.W.; Diaz, M.R.; Scott, T.M.; et al. Indicator microbes correlate with
pathogenic bacteria, yeasts and helminthes in sand at a subtropical recreational beach site.
J. Appl. Microbiol. 2011, 110, 1571-1583.

Nevers, M.B.; Whitman, R.L. Beach monitoring criteria: Reading the fine print. Environ. Sci.
Technol. 2011, 45, 10315-10321.

FAC. Florida Administrative Code, 64e-9.013. Bathing Places; Florida Department of Health:
Tallahassee, FL, USA, 2004.

Fujioka, R.S.; Tenno, K.; Kansako, S. Naturally occurring fecal coliforms and fecal streptococci
in hawaii’s freshwater streams. Environ. Toxicol. 1988, 3, 613—-630.

Luther, K.; Fujioka, R. Usefulness of monitoring tropical streams for male-specific RNA
coliphages. J. Water Health 2004, 2, 171-181.



Int. J. Environ. Res. Public Health 2015, 12 7772

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

Hardina, C.M.; Fujioka, R.S. Soil: The environmental source of Escherichia coli and enterococci
in hawaii’s streams. Environ. Toxic. Water 1991, 6, 185—-195.

Byappanahalli, M.N.; Nevers, M.B.; Korajkic, A.; Staley, Z.R.; Harwood, V.J. Enterococci in the
environment. Microbiol. Mol. Biol. Rev. 2012, 76, 685-706.

Fujioka, R.S.; Shizumura, L.K. Clostridium perfringens, a reliable indicator of stream water
quality. J. Water Pol. C. Fed. 1985, 57, 986-992.

Roll, B.M.; Fujioka, R.S. Sources of faecal indicator bacteria in a brackish, tropical stream and
their impact on recreational water quality. Water Sci. Technol. 1997, 35, 179-186.

HIDOH. Title 11 Department of Health. In Hawaii Administrative Rules; Chapter 54 Water Quality
Standards; HIDOH: Honolulu, HI, USA, 2014.

USEPA. Overview of Technical Support Materials: A Guide to the Site-Specific Alternative
Recreational Criteria TSM Documents; EPA-820-R-14-010, U.S. EPA Office of Water,
Office of Science and Technology, Health and Ecological Criteria Division: Washington, D.C.,
USA, 2014.

USEPA. Site-Specific Alternative Recreational Criteria Technical Support Materials.
In For Alternative Indicators and Methods; EPA-820-R-14-011; U.S. Environmental Protection
Agency, Office of Water, Office of Science and Technology, Health and Ecological Criteria
Division: Washington, DC, USA, 2014.

Colford, J.M., Jr.; Schiff, K.C.; Griffith, J.F.; Yau, V.; Arnold, B.F.; Wright, C.C.; Gruber, J.S.;
Wade, T.J.; Burns, S.; Hayes, J.; et al. Using rapid indicators for Enterococcus to assess the
risk of illness after exposure to urban runoff contaminated marine water. Water Res. 2012, 46,
2176-2186.

Arnold, B.F.; Schiff, K.C.; Griffith, J.F.; Gruber, J.S.; Yau, V.; Wright, C.C.; Wade, T.J.; Burns, S.;
Hayes, J.M.; McGee, C.; ef al. Swimmer illness associated with marine water exposure and water
quality indicators: Impact of widely used assumptions. Epidemiology 2013, 24, 845-853.
Sinigalliano, C.D.; Ervin, J.S.; van De Werthorst, L.C.; Badgley, B.D.; Balleste, E.; Bartkowiak, J.;
Boehm, A.B.; Byappanahalli, M.; Goodwin, K.D.; Gourmelon, M.; et al. Multi-laboratory
evaluations of the performance of Catellicoccus marimammalium PCR assays developed to target
gull fecal sources. Water Res. 2013, 47, 6883—6896.

Abdelzaher, A.M.; Solo-Gabriele, H.M.; Phillips, M.C.; Elmir, S.M.; Fleming, L.E.
An alternative approach to water regulations for public health protection at bathing beaches.
J. Environ. Public Health 2013, 2013, doi1:10.1155/2013/138521.

Raith, M.R.; Kelty, C.A.; Griffith, J.F.; Schriewer, A.; Wuertz, S.; Mieszkin, S.; Gourmelon, M.;
Reischer, G.H.; Farnleitner, A.H.; Ervin, J.S.; et al. Comparison of PCR and quantitative
real-time PCR methods for the characterization of ruminant and cattle fecal pollution sources.
Water Res. 2013, 47, 6921-6928.

Schriewer, A.; Goodwin, K.D.; Sinigalliano, C.D.; Cox, A.M.; Wanless, D.; Bartkowiak, J.;
Ebentier, D.L.; Hanley, K.T.; Ervin, J.; Deering, L.A.; et al. Performance evaluation of
canine-associated bacteroidales assays in a multi-laboratory comparison study. Water Res. 2013,
47, 6909-6920.



Int. J. Environ. Res. Public Health 2015, 12 7773

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Layton, B.A.; Cao, Y.; Ebentier, D.L.; Hanley, K.; Balleste, E.; Brandao, J.; Byappanahalli, M.;
Converse, R.; Farnleitner, A.H.; Gentry-Shields, J.; et al. Performance of human fecal
anaerobe-associated PCR-based assays in a multi-laboratory method evaluation study. Water Res.
2013, 47, 6897-6908.

Soller, J.A.; Schoen, M.E.; Bartrand, T.; Ravenscroft, J.E.; Ashbolt, N.J. Estimated human health
risks from exposure to recreational waters impacted by human and non-human sources of faecal
contamination. Water Res. 2010, 44, 4674—4691.

Enger, K.S.; Nelson, K.L.; Clasen, T.; Rose, J.B.; Eisenberg, J.N. Linking quantitative microbial
risk assessment and epidemiological data: Informing safe drinking water trials in developing
countries. Environ. Sci. Technol. 2012, 46, 5160-5167.

Ashbolt, N.J.; Schoen, M.E.; Soller, J.A.; Roser, D.J. Predicting pathogen risks to aid beach
management: The real value of quantitative microbial risk assessment (QMRA). Water Res. 2010,
44, 4692-4703.

CAMRA. Quantitative Microbial Risk Assessment (QMRA) Wiki. Available online:
http://qmrawiki.Canr.Msu.Edu/index.Php/quantitative_microbial risk assessment (qmra) wiki
(accessed on 28 April 2015).

Viau, E.J.; Goodwin, K.D.; Yamahara, K.M.; Layton, B.A.; Sassoubre, L.M.; Burns, S.L.;
Tong, H.I.; Wong, S.H.; Lu, Y.; Boehm, A.B. Bacterial pathogens in hawaiian coastal streams—
Associations with fecal indicators, land cover, and water quality. Water Res. 2011, 45, 3279-3290.
Pruss, A. Review of epidemiological studies on health effects from exposure to recreational water.
Int. J. Epidemiol. 1998, 27, 1-9.

Wade, T.J.; Calderon, R.L.; Brenner, K.P.; Sams, E.; Beach, M.; Haugland, R.; Wymer, L.;
Dufour, A.P. High sensitivity of children to swimming-associated gastrointestinal illness: Results
using a rapid assay of recreational water quality. Epidemiology 2008, 19, 375-383.

Papafragkou, E.; Hewitt, J.; Park, G.W.; Greening, G.; Vinje, J. Challenges of culturing human
norovirus in three-dimensional organoid intestinal cell culture models. PLoS ONE 2014, &,
doi:10.1371/journal.pone.0063485.

Sinclair, R.G.; Jones, E.L.; Gerba, C.P. Viruses in recreational water-borne disease outbreaks:
A review. J. Appl. Microbiol. 2009, 107, 1769-1780.

Graziano, G.; Twardock, P.; Myers, R.; Dial, R.; Scheel, D. Use of Clostridium perfringens as a
fecal indicator to detect intertidal disposal at backcountry marine campsites in Prince William
Sound, Alaska. In Science and Stewardship to Protect and Sustain Wilderness Values:
Eighth World Wilderness Congress Symposium; U.S. Department of Agriculture: Fort Collins, CO,
USA; pp. 565-572.

Bisson, J.W.; Cabelli, V.J. Clostridium perfringens as a water pollution indicator. J. Water Pollut.
Control Fed. 1980, 52, 241-248.

Dufour, A.P. Bacterial indicators of recreational water quality. C. J. Public Health 1984, 78,
49-56.

Kueh, C.S.W.; Tam, T.-Y.; Lee, T.; Wong, S.L.; Lloyd, O.L.; Yu, L.T.S.; Wong, T.W.; Tam, J.S.;
Bassett, D.C.J. Epidemiological study of swimming-associated illnesses relating to bathing-beach
water quality. Water Sci. Technol. 1994, 31, 1-4.



Int. J. Environ. Res. Public Health 2015, 12 7774

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Fujioka, R.S.; Fujioka, C.; Oshiro, R. Application of Clostridium Perfringens to Assess the Quality
of Environmental and Recreational Waters; WRRC Completion Report, C43398(A); WRRC:
Honolulu, HI, USA, 1992.

Byappanahalli, M.N.; Ishii, S. Environmental sources of fecal bacteria. In The Fecal Bacteria;
Sadowsky, M.J., Whitman, R.L., Eds.; ASM Press: Washington, D.C., USA, 2011; pp. 93—110.
Byappanahalli, M.N.; Whitman, R.L. Clostridium botulinum type E occurs and grows in the alga
Cladophora glomerata. Can. J. Fish. Aquat. Sci. 2009, 66, 879-882.

Fung, D.Y.C.; Fujioka, R.; Vijayavel, K.; Sato, D.; Bishop, D. Evaluation of fung double tube test
for clostridium perfringens and easyphage test for F-specific RNA coliphages as rapid screening
tests for fecal contamination in recreational waters of Hawaii. J. Rapid Methods Autom. Microbiol.
2007, 15, 217-229.

Maheux, A.F.; Berube, E.; Boudreau, D.K.; Villeger, R.; Cantin, P.; Boissinot, M.; Bissonnette, L.;
Bergeron, M.G. Abilities of the mcp agar method and crename alpha toxin-specific real-time PCR
assay to detect Clostridium perfringens spores in drinking water. Appl. Environ. Microbiol. 2013,
79, 7654-7661.

Karpowicz, E.; Novinscak, A.; Barlocher, F.; Filion, M. QPCR quantification and genetic
characterization of Clostridium perfringens populations in biosolids composted for 2 years.
J. Appl. Microbiol. 2010, 108, 571-581.

Kott, Y. Estimation of low numbers of Escherichia coli bacteriophage by use of the most probable
number method. Appl. Microbiol. 1966, 14, 141-144.

Stetler, R.E. Coliphages as indicators of enteroviruses. Appl. Environ. Microbiol. 1984, 48,
668—670.

Jofre, J.; Stewart, J.R.; Grabow, W. Phage methods. In Microbial Source Tacking: Methods,
Applications, and Case Studies; Hagedorn, C., Blanch, A.R., Harwood, V.J., Eds.; Springer:
New York, NY, USA, 2011; pp. 137-156.

Friedman, S.D.; Cooper, E.M.; Casanova, L.; Sobsey, M.D.; Genthner, F.J. A reverse
transcription-PCR assay to distinguish the four genogroups of male-specific (F+) RNA coliphages.
J. Virol. Methods 2009, 159, 47-52.

Kirs, M.; Smith, D.C. Multiplex quantitative real-time reverse transcriptase PCR for F+-specific
RNA coliphages: A method for use in microbial source tracking. Appl. Environ. Microbiol. 2007,
73, 808-814.

Lee, JE.; Lim, M.Y.; Kim, S.Y.; Lee, S.; Lee, H.; Oh, HM.; Hur, HG.; Ko, G.
Molecular characterization of bacteriophages for microbial source tracking in Korea. Appl.
Environ. Microbiol. 2009, 75, 7107-7114.

Vinje, J.; Oudejans, S.J.; Stewart, J.R.; Sobsey, M.D.; Long, S.C. Molecular detection and
genotyping of male-specific coliphages by reverse transcription-PCR and reverse line blot
hybridization. Appl. Environ. Microbiol. 2004, 70, 5996—-6004.

Vijayavel, K.; Byappanahalli, M.N.; Ebdon, J.; Taylor, H.; Whitman, R.L.; Kashian, D.R.
Enterococcus phages as potential tool for identifying sewage inputs in the Great Lakes region.
J. Great Lakes Res. 2014, 40, 989-993.



Int. J. Environ. Res. Public Health 2015, 12 7775

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Santiago-Rodriguez, T.M.; Marcos, P.; Monteiro, S.; Urdaneta, M.; Santos, R.; Toranzos, G.A.
Evaluation of enterococcus-infecting phages as indices of fecal pollution. J. Water Health 2013,
11,51-63.

Santiago-Rodriguez, T.M.; Davila, C.; Gonzalez, J.; Bonilla, N.; Marcos, P.; Urdaneta, M.;
Cadete, M.; Monteiro, S.; Santos, R.; Domingo, J.S.; et al. Characterization of
Enterococcus faecalis-infecting phages (enterophages) as markers of human fecal pollution in
recreational waters. Water Res. 2010, 44, 4716-4725.

Ebdon, J.E.; Sellwood, J.; Shore, J.; Taylor, H.D. Phages of Bacteroides (gb-124): A novel tool for
viral waterborne disease control? Environ. Sci. Technol. 2012, 46, 1163—1169.

McMinn, B.R.; Korajkic, A.; Ashbolt, N.J. Evaluation of Bacteroides fragilis gb-124
bacteriophages as novel human-associated faecal indicators in the United States. Lett. Appl.
Microbiol. 2014, 59, 115-121.

McQuaig, S.M.; Noble, R.T. Viruses as tracers of fecal contamination. In Microbial Source
Tracking: Methods Applications, and Case Studies; Hagedorn, C., Blanch, A.R., Harwood, V.J.,
Eds.; Springer: New York, NY, USA, 2011; pp. 113-135.

Kearns, E.A.; Magana, S.; Lim, D.V. Automated concentration and recovery of micro-organisms
from drinking water using dead-end ultrafiltration. J. Appl. Microbiol. 2008, 105, 432—442.
Leskinen, S.D.; Kearns, E.A.; Jones, W.L.; Miller, R.S.; Bevitas, C.R.; Kingsley, M.T.;
Brigmon, R.L.; Lim, D.V. Automated dead-end ultrafiltration of large volume water samples to
enable detection of low-level targets and reduce sample variability. J. Appl. Microbiol. 2012, 113,
351-360.

Madigan, M.T.; Martinko, J.M.; Parker, J. Brock Biology of Microorganisms, 10th ed.;
Prentice Hall, Pearson Education Inc.: Upper Saddle River, NJ, USA, 2003.

Arumugam, M.; Raes, J.; Pelletier, E.; le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.;
Tap, J.; Bruls, T.; Batto, J.M.; et al. Enterotypes of the human gut microbiome. Nature 2011, 473,
174-180.

Kreader, C.A. Design and evaluation of Bacteroides DNA probes for the specific detection of
human fecal pollution. Appl. Environ. Microbiol. 1995, 61, 1171-1179.

Bernhard, A.E.; Field, K.G. A PCR assay to discriminate human and ruminant feces on the basis
of host differences in Bacteroides-Prevotella genes encoding 16S rRNA. Appl. Environ. Microb.
2000, 66, 4571-4574.

Dick, L.K.; Bernhard, A.E.; Brodeur, T.J.; Santo Domingo, J.W.; Simpson, J.M.; Walters, S.P.;
Field, K.G. Host distributions of uncultivated fecal bacteroidales bacteria reveal genetic markers
for fecal source identification. Appl. Environ. Microbiol. 2005, 71, 3184-3191.

Layton, A.; McKay, L.; Williams, D.; Garrett, V.; Gentry, R.; Sayler, G. Development of
bacteroides 16S rRNA gene tagman-based real-time PCR assays for estimation of total, human,
and bovine fecal pollution in water. Appl. Environ. Microbiol. 2006, 72, 42144224,

Shanks, O.C.; Atikovic, E.; Blackwood, A.D.; Lu, J.; Noble, R.T.; Domingo, J.S.; Seifring, S.;
Sivaganesan, M.; Haugland, R.A. Quantitative PCR for detection and enumeration of genetic
markers of bovine fecal pollution. Appl. Environ. Microbiol. 2008, 74, 745-752.

Shanks, O.C.; Kelty, C.A.; Sivaganesan, M.; Varma, M.; Haugland, R.A. Quantitative PCR for
genetic markers of human fecal pollution. Appl. Environ. Microbiol. 2009, 75, 5507-5513.



Int. J. Environ. Res. Public Health 2015, 12 7776

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Wauertz, S.; Wang, D.; Reischer, G.H.; Farnleitner, A.H. Library-independent bacterial source tracking
methods. In Microbial Source Tracking: Methods Applications, and Case Studies; Hagedorn, C.,
Blanch, A.R., Harwood, V.J., Eds.; Springer: New York, NY, USA, 2011; pp. 61-112.

Wade, T.J.; Calderon, R.L.; Sams, E.; Beach, M.; Brenner, K.P.; Williams, A.H.; Dufour, A.P.
Rapidly measured indicators of recreational water quality are predictive of swimming-associated
gastrointestinal illness. Environ. Health Perspect. 2006, 114, 24-28.

Breitbart, M.; Hewson, I.; Felts, B.; Mahaffy, J.M.; Nulton, J.; Salamon, P.; Rohwer, F.
Metagenomic analyses of an uncultured viral community from human feces. J. Bacteriol. 2003,
185, 6220-6223.

Zarowiecki, M. Metagenomics with guts. Nat. Rev. Microbiol. 2012, 10, doi: 10.1038/
nrmicro2879.

NIH. NIH Human Microbiome Project. Available online: http://www.nih.gov/news/health/
jun2012/nhgri-13.htm (accessed on 25 March 2015).

Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.;
Coakley, M.; Lakshminarayanan, B.; O’Sullivan, O.; et al. Gut microbiota composition correlates
with diet and health in the elderly. Nature 2012, 488, 178—184.

Lupp, C.; Skipper, M.; Weiss, U. Gut microbes and health. Nature 2012, 489,
doi:10.1038/489219a.

Halliday, E.; McLellan, S.L.; Amaral-Zettler, L.A.; Sogin, M.L.; Gast, R.J. Comparison of
bacterial communities in sands and water at beaches with bacterial water quality violations.
PLoS ONE 2014, 9, doi:10.1371/journal.pone.0090815.

Newton, R.J.; VandeWalle, J.L.; Borchardt, M.A.; Gorelick, M.H.; McLellan, S.L. Lachnospiraceae
and bacteroidales alternative fecal indicators reveal chronic human sewage contamination in an
urban harbor. Appl. Environ. Microbiol. 2011, 77, 6972—6981.

Newton, R.J.; Bootsma, M.J.; Morrison, H.G.; Sogin, M.L.; McLellan, S.L. A microbial signature
approach to identify fecal pollution in the waters off an urbanized coast of Lake Michigan. Microb.
Ecol. 2013, 65, 1011-1023.

McLellan, S.L.; Huse, S.M.; Mueller-Spitz, S.R.; Andreishcheva, E.N.; Sogin, M.L.
Diversity and population structure of sewage derived microorganisms in wastewater treatment
plant influent. Environ. Microbiol. 2010, 12, 378-392.

Johnston, C.; Byappanahalli, M.N.; Gibson, J.M.; Ufnar, J.A.; Whitman, R.L.; Stewart, J.R.
Probabilistic analysis showing that a combination of Bacteroides and Methanobrevibacter source
tracking markers is effective for identifying waters contaminated by human fecal pollution.
Environ. Sci. Technol. 2013, 47, 13621-13628.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



