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ABSTRACT

Fecal pollution in recreational waters can introduce pathogens that cause increased human health
risk, where exposure can occur during recreational activities such as swimming, diving, surfing,
and fishing. Furthermore, human fecal pollution (i.e., sewage) can introduce nutrients and other
harmful chemicals that may negatively affect the environment and aquatic species. Generally,
sewage is considered the highest risk to human health compared to animal fecal pollution
because it typically contains a high diversity of pathogens (including human specific viruses),
antibiotic resistant bacteria and genes associated with antibiotic resistance. However, pathogens
are difficult to detect due to their low concentrations in the environment, and there are too many
to test every possible target. The use of surrogates that indicate the presence of pathogens is a
standard approach that is utilized in recreational water quality studies. The most common
surrogates are fecal indicator bacteria (FIB, e.g. enterococci and Escherichia coli) and their
concentrations in water are used to estimate human health risk from contact with surface waters.
One drawback to using FIB is that they do not provide information on the source of fecal
contamination since humans and multiple animals can contribute to their concentration in surface

waters.

Microbial source tracking (MST) DNA markers, which are frequently measured by quantitative
PCR (gPCR) can alleviate limitations that arise from FIB methods. HF183, a DNA marker
associated with sewage, can be measured in recreational waters to distinguish human sewage

from other sources of fecal pollution by targeting a host-specific gene (i.e., HF183) in bacteria



strongly associated with sewage. However, recreational water quality studies that rely on qPCR

alone lack the ability to distinguish viable intact cells from dead cells and extracellular DNA in

surface waters. This limitation can lead to an overestimation of human health risk in recreational
water quality studies that rely on analysis of DNA. This issue is particularly acute in cases when
treated, disinfected sewage (e.g., recycled water), which is known to contain microbial DNA, is

directly discharged into surface waters and could be incorrectly identified as untreated sewage

contamination.

This dissertation aims to address the following knowledge gaps, i) the effectiveness of different
levels of wastewater treatment on the reduction of DNA in recycled water, ii) the decay rate of
DNA from recycled water vs. untreated sewage in recreational waters, and the usefulness of
culturable EcH8 as a viable marker of sewage pollution, and iii) the extent to which recreational
water quality methods approved by regulatory agencies such as the U.S. Environmental
Protection Agency capture extracellular DNA. In Chapter Two, we examined the effect of
recycled water discharge on DNA marker levels in a Florida stream and tested the persistence of
sewage-associated markers (i.e., HF183, H8, and CPQ_056) from wastewater treatment facilities
that have two different levels of treatment. Recycled water from an advanced wastewater
treatment (AWT) facility was discharged into a Florida stream and increased concentrations of
the sewage-associated HF183 marker 1000-fold. Persistence of sewage-associated
microorganisms was compared by qPCR in untreated sewage and recycled water from
conventional wastewater treatment (CWT) and AWT facilities in Tampa and St. Petersburg,
Florida. Multivariate analysis found that the persistence of sewage-associated DNA markers
(HF183 and crAssphage CPQ_056) were significantly greater following CWT compared to

AWT. Differential decay of DNA markers was found in recycled water samples where bacterial



markers HF183 and EC23S857 were significantly correlated with each other but were not
correlated to the viral marker CPQ_056. We tested to see if culturable ECH8 can be used to
distinguish untreated sewage from recycled water and examined the proportion of total E. coli
that carry the H8 gene. The proportion of total E. coli that carried the sewage associated H8 gene
(culturable EcHB8) in untreated sewage ranged from 8 — 18%, while culturable E. coli were below
the limit of detection (< 1 CFU/L) in all recycled water samples. Therefore, culturable ECH8 has
potential to confirm the presence of untreated sewage in surface waters that also contain DNA

from recycled water.

In Chapter Three, the persistence of sewage-associated DNA markers (HF183 and CPQ_056) in
outdoor freshwater mesocosms that were spiked with recycled water or untreated sewage and
sampled over a five-day period were compared by gPCR. The persistence of culturable EcCH8
was also measured to assess how it compared to sewage-associated DNA markers and to
determine if it would be a useful target for detecting sewage over time. Experiments were
conducted on three separate trials in a shaded environment to simulate a Florida stream. On day
5, median logio reduction of sewage-associated DNA markers in the recycled water treatment
were 0.68 (HF183) and 0.44 (CPQ_056), and were 2.83 (HF183), and 1.0 (CPQ_056) in the
sewage treatment. The persistence of DNA markers assessed by multivariate analysis was
significantly greater in the recycled water treatment compared to the untreated sewage treatment.
The relationship between light intensity and decay rate of microbial variables was significant. In
the sewage treatment, culturable EcH8 was detected in 40 to 60% of samples after five days
across the three trials but was undetectable in recycled water. These results demonstrate the

environmental persistence of DNA from recycled water and support the usefulness of culturable

Xi



EcH8 for detecting untreated sewage in recreational waters that are also impacted by recycled

water and other disinfected discharges of wastewater.

The objective for Chapter Four was to use standard recreational water quality methods to
determine the proportion of DNA from intact cells and extracellular DNA (exDNA) that can be
captured on filters and subsequently detected by qPCR, while exploring the usefulness of DNase
| to eliminate extracellular DNA on membranes. Intact cells and extracellular DNA (obtained by
boil lysis) from pure cultures of the FIB E. coli or Enterococcus faecalis, and exDNA from
Natronomonas pharaonis (used as an exogenous control for river water and recycled water) were
concentrated by membrane filtration. DNA was extracted from the filter and the proportion
captured was measured with gPCR genetic markers EC23S857 (E. coli), EnterolA (Ent.
faecalis), and NPgyrA (N. pharaonis). For intact cells, the proportion of gene copies captured on
membranes ranged from 80 — 86% and were not significantly different among EC23S857 and
EnterolA markers, DNase | treatment did not negatively affect gene copy estimates for intact
cells. For solutions of exDNA, the mean percentage of EC23S857 gene copies captured on
membranes was 1.4% and was significantly greater than EnterolA (0.5%). For river water and
recycled water spiked with exDNA from N. pharaonis, the mean percentage of gene copies
captured was 0.62% and 1.32%, respectively. DNase | treatment of membranes significantly
reduced exDNA in all sample types by ~ 2 logio. These data demonstrate that a low percentage
(< 2%) of exDNA in environmental water can be captured by standard recreational water quality
methods; however, high concentrations of exDNA in water samples could complicate
interpretations of data based on DNA measurements. DNase | treatment of membranes is a
useful strategy to alleviate exDNA interference and could be used to improve estimates of human

health risk in recreational waters.

Xii



This work will benefit human and ecosystem health by providing information and tools that
could improve identification of untreated sewage pollution in recreational waters. Knowledge
gained from this research can expand the recreational water quality field by highlighting

important limitations to standard methods and help prevent overestimations of human health risk.
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CHAPTER ONE: BACKGROUND AND REVIEW OF FECAL INDICATOR
BACTERIA, MICROBIAL SOURCE TRACKING MARKERS, METHODS THAT

ACCOUNT FOR EXTRACELLULAR DNA, AND WASTEWATER TREATMENT

Fecal Contamination and Microbial Source Tracking Techniques

Recreation in surface waters (e.g., oceans, lakes, and rivers) often includes activities such as
swimming, kayaking, and fishing, while one 2012 estimate found that more than 140 million
people recreate in water bodies in the U.S. (1). Fecal contamination, including sewage pollution,
contributes nutrients to surface waters, which can cause eutrophication and harmful algal blooms
(2). This type of anthropogenic pollution can also limit the beneficial uses of surface water. For
example, recreation and products from aquaculture may be harmful to human health when high
levels of fecal bacteria and pathogens are present (3). Furthermore, elevated levels of harmful
microorganisms can lead to beach closures, which can be an economic burden for areas that rely
on revenue from tourists (4). Gastrointestinal (Gl) illness is a major health concern for
recreational swimmers exposed to fecal pollution in contaminated surface waters (5-6). For
example, a recent study estimated that roughly 90 million illnesses occur annually in the United
States due to human exposure to fecal pollution in surface waters, with an economic burden of

roughly $2.2 to $3.7 billion each year (7).

One hundred and forty waterborne disease outbreaks (defined as an epidemiological association
between time/location of recreational water exposure and the event of two or more closely
related illnesses) associated with exposure to recreational waters were reported to the Centers for

1



Disease Control and Prevention from 2000 - 2014 (8). Pathogens implicated in these outbreaks
included protozoa (e.g., Cryptosporidium spp., Giardia intestinalis), bacteria (e.g.,
Campylobacter jejuni, Escherichia coli O157:H7, Shigella sonnei), and viruses (e.g., adenovirus
and norovirus) (8-9). Recent outbreaks associated with recreational water exposure included S.
sonnei (California), norovirus (Maine), and Shiga toxin-producing E. coli (Minnesota) which
were reported between 2018 and 2019 (10). It is important to note that most waterborne diseases
occur sporadically and many individuals do not seek medical care, therefore these diseases are
underreported (8). These pathogens and other potentially harmful microorganisms, including
antibiotic resistant bacteria, can be deposited into surface waters through feces from domestic
(pets and livestock) and wildlife animals (e.g., deer and birds) and human sources such as
leaks/overflows of untreated sewage, poorly functioning septic systems, and wastewater
discharge (11-14). Microorganisms from multiple sources can also be introduced to surface

waters through urban or agricultural stormwater runoff (15-16).

Monitoring every possible pathogen in surface waters is complex and is currently not feasible,
due to their low concentrations and high diversity in the environment, and their specific growth
requirements (17). Alternative methods have therefore been established as surrogates for
pathogens in order to predict human health risk from exposure to pathogens (18-20). FIB are
widely accepted surrogates for monitoring pathogens, since several epidemiological studies
revealed a strong correlation between levels of FIB in surface waters and the frequency of Gl
illness cases in recreational swimmers (5-6, 21). The U.S. Environmental Protection Agency
(EPA) published guidelines for monitoring fecal pollution by measuring culturable (viable)
concentrations of FIB such as fecal coliforms (18), and more recently shifted to the use of E. coli

(19) and enterococci (20) in recreational waters. These methods use membrane filtration to



concentrate bacteria and measure concentrations of viable FIB. The EPA has also established
recreational water quality criteria for a gPCR method that measures DNA from Enterococcus

spp. (EnterolA) in recreational surface waters (22).

Regulatory agencies with oversight ranging from local (e.g., Environmental Protection
Commission of Hillsborough County) to international (e.g., World Health Organization)
currently use FIB concentrations as a non-specific indicator of fecal pollution from all possible
sources. However, many known limitations of FIB as predictors of human health risk exist,
including their infrequent correlation with the presence of pathogens when waters are impacted
by non-human sources of fecal pollution (23-26). FIB, including E. coli and enterococci can
originate from the gastrointestinal tract of multiple hosts, e.g., humans, dogs, turtles, alligators,
deer, birds, cattle, swine and poultry (Figure 1.1) (27-33). Different sources of fecal pollution
have varying potential to contribute pathogens to recreational waters (34). Human fecal pollution
(i.e., untreated sewage) is generally considered a high risk to human health because it typically
contains a high diversity of pathogens, including human-specific viruses (35-37). Furthermore, a
high diversity of genes associated with antibiotic resistance are known to be present in untreated

sewage and may increase human health risk if acquired by pathogens (38).

Sources of fecal pollution can vary in health risk to humans; therefore, an accurate prediction of
human health risk from exposure to fecal contaminated surface waters requires precise
identification of sources and estimates of the extent of contamination from each source. One risk
assessment study found that exposure to recreational waters contaminated with human or cattle
feces is significantly more likely to cause gastrointestinal illness compared to waters polluted by
other domestic or wild animal sources (39). Epidemiological studies have revealed that the

ability to distinguish among sources of fecal pollution is imperative to improve predictions of



health risk in contaminated surface waters (40-43). Consequently, microbial source tracking
(MST) techniques were developed to identify the most likely host species contributing to fecal
pollution in impacted water bodies. Many current MST methods utilize quantitative polymerase
chain reaction (qQPCR) techniques to measure specific genes of host-associated bacteria or viruses
that are shed in feces and are predominantly associated with one host species. Bacteroides dorei,
which carries the HF183 genetic marker, is one example of a bacterium that is strongly
associated with the human gastrointestinal tract and is ubiquitous in untreated sewage (44). A
genetic marker such as HF183 can help estimate the extent of human fecal pollution and provide
evidence to guide remediation efforts, as demonstrated in previous studies (45-46). MST
methodology has provided the means to distinguish among sources of fecal pollution, and to

provide evidence of major non-point sources to watershed managers (47).

MST methods, like FIB methods, typically employ membrane filtration to concentrate and
cultivate bacteria from water samples. A recently developed assay that targets the sewage-
associated crAssphage CPQ_056 genetic marker (48), offers a novel tool to further improve
MST efforts by utilizing a viral surrogate that is at high concentrations in sewage to help
discriminate sewage from non-human fecal sources. MST assays targeting various animal fecal
sources have also been developed and are applied across the world to track fecal pollution from
domestic/wildlife animals including birds (GFD) (49), cows (CowM2 and CowM3) (50), dogs
(DG37) (51), horses (HoF597) (52), pigs (Pig2Bac) (53), poultry (LA35) (54), and others not
included in this list. For example, one study in Florida provided evidence that high levels of fecal
indicator bacteria were largely attributed to avian species in the watershed by measuring levels of
HF183 and the avian-associated GFD marker (47). This result helped managers avoid costly

remediation strategies such as total maximum daily load (TMDL) programs for this watershed.



Scientists are expanding their ability to effectively differentiate sources of fecal pollution with
MST tools at their disposal; however, these methods have limitations as they typically rely
entirely on the use of qPCR to detect DNA markers. An important limitation of qPCR methods is
their inability to discriminate between viable and nonviable cells, since they simply detect
nucleic acid (i.e., DNA and RNA). Treated wastewater contains extracellular nucleic acids from
lysed microbes, which enters surface waters by pathways such as direct discharge or irrigation
runoff (55-56). Studies found in the literature demonstrated that molecular signatures (e.g. MST
markers and genes associated with pathogens or antibiotic resistance) are detected even in
highly-treated recycled water (38, 57-61); therefore, g°PCR methods alone cannot distinguish
treated wastewater from untreated sewage as the source of fecal contamination in environmental
waters. Thus, reliance on genetic markers that survive wastewater treatment and enter surface

waters can misinform regulatory agencies and lead to failed remediation efforts.

Implications of Extracellular DNA for MST Studies and Possible Solutions

Sewage is typically disinfected with chlorine or ultraviolet (UV) light to inactivate any bacteria
or viruses that survive the initial treatment stages before the final product (effluent) enters
recycled water distribution systems or is discharged to environmental waters. A key difference
between untreated sewage and recycled water is that FIB (e.g., E. coli and enterococci) are
generally dead following disinfection. However, the persistence of DNA following wastewater
treatment and disinfection, and the extent to which the DNA is captured by membrane filtration
of surface waters remains a knowledge gap in the literature. Prevention and cessation of
untreated sewage leaks and spills is a high priority for regulatory agencies, but human exposure
to recycled water is not generally considered a health risk (62-65). Differentiating recycled water

from untreated sewage is necessary since exposure to recycled water constitutes a much lower



health risk than exposure to untreated sewage, which contains more viable pathogens. Sewage
has far different ramifications for management strategies while recycled water is currently not a

concern.

Extracellular DNA is a target of interest for many studies, primarily in the field of ecology,
where it is generally termed “environmental DNA” (66-69). Conversely, detection of DNA,
which has no association with human health risk, can be a disadvantage while attempting to
make an association to infectious pathogens as done with viable surrogates (e.g. FIB) in the
recreational water quality field. Recreational water quality methods typically rely on filtration
through membranes containing pores of a defined diameter (membrane filtration) to concentrate
microorganisms from water. In theory, DNA should pass through these filters, but some fraction
of extracellular DNA is captured on membranes (70). Retention of extracellular DNA (C.
parvum 18S rRNA gene fragment) by membrane filtration was demonstrated in one study with
gPCR, where membrane composition and water quality parameters (e.g., total suspended solids
and pH) had the greatest influence on the recovery (maximum 18% of initial DNA) of
extracellular DNA (70). Detection of extracellular DNA in environmental waters can be
misleading and contribute to an overestimation of health risk due to the measurement of DNA
from dead bacterial cells, e.g., such a scenario can occur with recycled water exposure. A deeper
understanding of the extent to which extracellular DNA is captured by protocols used for
recreational water quality assessment is crucial for interpretation of gPCR data derived from
surface waters suspected of being contaminated with human and/or animal feces.

Culture-based methods, coupled with molecular analysis to detect bacteria associated with
sewage, can improve efforts to distinguish inputs from sewage vs. disinfected wastewater

effluent and recycled water in environmental waters. One such example is a real-time PCR



method based on genes in E. coli associated with human feces, which were identified by whole
genome sequencing of E. coli isolates from a variety of fecal sources (71). Marker performance
studies with culturable E. coli containing these genes were conducted in Japan (71), in Australia
(72), and in the U.S. (73). The U.S. study found the H8 gene (sodium/hydrogen exchanger
precursor) to have the highest sensitivity (percentage of sewage and human fecal samples
positive for the targeted gene) and specificity (percentage of non-human animal fecal samples
negative for the sewage-associated gene) among the four genes tested by gPCR for assessing
human sewage in Florida surface waters (73). PCR methods used in these studies can be adopted
to test viable E. coli cells for the sewage-associated H8 gene and distinguish untreated sewage

from persistent DNA in the environment.

Several studies have explored other methods to distinguish gPCR signals from dead and viable
cells, but each method has limitations. Ethidium monoazide (EMA) or propidium monoazide
(PMA) treatment prior to gPCR has been proposed as a method of live/dead discrimination, as
these photoreactive DNA-binding dyes preferentially bind to extracellular DNA and DNA in
cells with compromised membranes, thereby interfering with the PCR reaction (74). However,
some studies reported no significant differences in variables measured by gPCR with or without
EMA/PMA treatment (75-76). The effectiveness of EMA treatment for live/dead discrimination
varies between Gram-positive and Gram-negative bacteria (74). In some cases, EMA and PMA
penetrate viable cell membranes, leading to an underestimation of live cells (77-79), while in two
different studies PMA treatment failed to inhibit gPCR amplification from dead cells and led to
an overestimation of viable bacteria (74, 80). Studies on EMA/PMA treatment are generally
conducted on pelleted bacteria or include multiple washing steps for membranes, and therefore

provide little insight on the efficacy of this approach when bacteria are concentrated on



membranes. Bonetta et al. (2017) demonstrated the use of PMA treatment on membrane filters
with Legionella pneumophila cells and found that PMA efficiency was dependent on low
concentrations of L. pneumophila in water, presenting a challenge for environmental applications
(81). The persistent gPCR signal following EMA/PMA treatment in disinfected wastewater or
recycled water in these studies, could be attributed to the persistence of intact cells that carry the
gPCR target genes, or other method limitations described above. To our knowledge, few studies
have utilized these methods to differentiate the qPCR signal from intact cells and extracellular

DNA in recycled water or disinfected wastewater effluent (75, 82-83).

Other examples of methods proposed for viability discrimination include quantitative reverse
transcriptase PCR (qQRT-PCR), inversely-coupled immunomagnetic separation and adenosine
triphosphate (Inv-IMS/ATP) quantification, and DNase | treatment prior to gPCR. Studies show
that gRT-PCR methods, which are based on quantification of messenger RNA, are complex and
have limitations in environmental matrices (84-86). Furthermore, mMRNA expression varies
among genes, while also shifting with phases of cell growth (84-86). On the other hand, Inv-
IMS/ATP assays measure ATP production in specific microbes e.g., Bacteroides
thetaiotaomicron; however, specificity of this method can decrease in water that is highly
contaminated by feces of host species other than the target, while sensitivity can be negatively
affected in samples with elevated turbidity (87). Although DNase | treatment prior to qPCR aims
to eliminate extracellular DNA and DNA from dead cells in samples, the efficacy of this method
is limited by environmental factors that can inhibit enzyme activity (88-89). Two other studies
have demonstrated the ability to circumvent inhibitors in environmental samples by conducting
DNase | treatment directly on membrane filters with concentrated bacteria and report high

enzyme efficacy (90-91).



Wastewater Treatment and Recycled Water

The primary purpose of sewage treatment for over a century has been to mitigate pollution of
water bodies with nutrients and pathogenic microorganisms (92). Municipal wastewater
treatment facility (WWTF) processes in the U.S. currently focus on decreasing inorganic
nitrogen, total phosphorus, organic carbon (measured by reduction of biological and chemical
oxygen demand), and pathogens (measured by reduction of FIB) (93). The U.S., according to
past estimates, produces roughly 32 billion gallons per day of municipal wastewater (56). Only
7-8 % of effluent is further treated to produce recycled water for urban, industrial,
environmental, and agricultural purposes (56). However, treatment and disinfection methods for
recycled water that reduce levels of microorganisms and their genes in the effluent can vary
widely among WWTFs within the same geographic area, including disinfection methods (e.g.,

chlorination, ozonation, pasteurization, UV) which are prevalent in the U.S (56).

WWTFs are characterized by different levels of treatment and are typically classified as
conventional or advanced. Conventional wastewater treatment (CWT) facilities in the U.S.
always include a primary stage which relies on physical processes to settle solids, followed by a
secondary biological treatment stage, then disinfected by UV or chlorine before discharge.
Advanced wastewater treatment (AWT) processes are designed to further reduce concentrations
of nutrients and microbial contaminants in secondary-treated sewage effluent (94). AWT can
include a variety of processes that can decrease levels of pathogens (e.g., biological aerated filter,
flocculation, membrane filtration, chemical oxidation, , membrane bioreactor, dual media),
nutrients (e.g., adsorption, denitrification filters), or both pathogens and nutrients (e.g., five-stage
Bardenpho processes) (94-97). Compared to CWT facilities, AWT can lower concentrations of

pathogens (e.g., E. coli, enterovirus, Cryptosporidium, norovirus, Giardia and Salmonella) and



antibiotic resistant bacteria in disinfected effluents (97-101). However, recycled water can be
produced by CWT and AWT facilities, thus different levels of treatment result in varying
concentrations of microorganisms and their genes in the treated effluent (60, 102-103). The
effect of CWT vs. AWT on the persistence of MST markers through wastewater treatment
remains a knowledge gap and should be further explored to understand the fate of sewage-

associated markers and its possible implications for recreational water quality studies.

Among the important challenges facing the recreational water quality and MST fields are: i) the
extent to which recycled water distribution systems allow target genes associated with sewage,
pathogens, and antibiotic resistant bacteria to enter the environment, and ii) limitations of gPCR
techniques to distinguish DNA in recycled water from the untreated sewage qPCR signal in
environmental waters. Recently, Florida was recognized as the national leader for recycled water
usage and it is estimated that approximately 820 million gallons per day are being used for
beneficial applications (104). In 2014, estimates showed that within the Southwest Florida Water
Management District (Figure 1.2) approximately 151 million gallons of recycled water was used
per day (105). The study reported that over 100,000 residential customers, 9,000 acres of
predominately citrus crops, and about 200 golf courses relied on recycled water for irrigation
(105). Average rainfall for counties in this district was approximately 40 - 60 inches per year
(106), which means that surface waters are prone to impact from large amounts of stormwater
runoff that could contribute recycled water to surface waters. On the other hand, environmental
waters can receive millions of gallons of recycled water or treated effluent per day by direct
discharge from WWTPs, which is more likely to interfere with estimates of human health risk

than stormwater runoff (60).
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Research Chapters: Dissertation Objectives

Chapter 2: Persistence of Sewage-Associated Genetic Markers in Advanced and Conventional
Treated Recycled Water: Implications for Microbial Source Tracking in Surface Waters
Rationale: Sewage-associated DNA markers used for microbial source tracking (e.g. HF183 and
CPQ_056) may also be present in recycled water if DNA persists through wastewater treatment.
In this case, dead bacteria or free DNA from recycled water may provide a similar signal to
viable culturable bacteria from sewage in surface waters, leading to inaccurate identification of
the source of contamination and overestimation of health risk. One key difference found between
sewage and reclaimed water is the presence of viable/culturable bacteria. Therefore, a feasible
solution to the problem of discriminating sewage from recycled water could be to culture E. coli
and test for the sewage-associated H8 marker. It is also important to understand how advanced
vs. conventional treatment impacts the fate of MST markers in recycled water and its potential to

interfere with MST efforts designed to identify untreated sewage in surface waters.

Methodology: Differences in MST marker gene concentrations were examined by gPCR and
their persistence were compared by frequency of detection and logio reduction (decay) in
untreated sewage and recycled water from three AWT and three CWT facilities in Florida,
U.S.A. Culturable E. coli were isolated from untreated sewage and recycled water from each

facility to test for the H8 genetic marker.

Hypotheses: The hypotheses tested are: (i) recycled water contains levels of sewage-associated
MST marker genes that could influence MST analysis of fecal sources in surface waters, (ii)
persistence of sewage-associated MST genes in recycled water is reduced in AWT compared to
CWT facilities and (iii) culturable E. coli containing the H8 gene are consistently present in

untreated sewage and absent in recycled water.
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Chapter 3: Differential Persistence of Microbial Source Tracking Genetic Markers in
Recycled Water Compared to Untreated Sewage in a Freshwater Environment

Rationale: The decay rates of MST markers through wastewater treatment were previously
established in Chapter 2. However, DNA in recycled water could be more susceptible to decay
from abiotic/biotic factors in the environment compared to DNA in intact cells from sewage.
Furthermore, little is known about the persistence of culturable E. coli with the H8 gene in
surface waters, which impacts this method’s ability to detect untreated sewage in surface waters
over time. This study will provide data on the extent to which the gPCR signal in recycled water
can complicate the interpretation of efforts to identify untreated sewage, and the usefulness of

culturable E. coli with the H8 gene for identification of sewage in surface waters.

Methodology: Outdoor mesocosms composed of river water spiked with recycled water or
untreated sewage were constructed to compare the decay of one bacterial and one viral DNA
marker of sewage, as well as a general FIB (E. coli) DNA marker in a shaded outdoor
environment. The presence of viable H8-positive E. coli (culturable EcH8) was also assessed

over time in the mesocosmes.

Hypotheses: Two major hypotheses were tested in this study: (i) DNA markers detected by
gPCR will decay more rapidly in environmental water spiked with recycled water compared to
the same DNA markers in samples spiked with sewage, and (ii) the persistence of culturable

EcH8 in the water mesocosms will be comparable to that of the DNA markers.

Chapter 4: Does Extracellular DNA From Treated Wastewater Have Potential to Influence
Microbial Analyses of Recreational Water Quality?
Rationale: The gPCR signal of fecal microorganisms observed in recycled water could be

extracellular DNA captured on membrane filters using protocols for recreational water quality

12



methods. If extracellular DNA is a contributing factor, then methods (i.e., DNase | treatment)
may be adopted to eliminate this gPCR signal and avoid false identification of untreated sewage

in surface water samples.

Methodology: Capture of intact cells and extracellular DNA from pure cultures of Escherichia
coli or Enterococcus faecalis were quantified by gPCR through membrane filtration and DNA
extraction with DNA markers EC23S857 and EnterolA. Extracellular DNA from Natronomonas
pharaonis (extremely haloalkaliphilic archaeon), which is not found in river water, was spiked
into recycled water and river water to test how much extracellular DNA was captured by
quantifying the DNA marker NPgyrA. DNase | treatment was conducted on membranes to assess

the possibility of elimination of the qPCR signal derived from extracellular DNA.

Hypotheses: This study included two hypotheses: (i) a fraction of extracellular DNA can be
captured and quantified by standard recreational water quality techniques, and (ii) DNase |

treatment eliminates the persistent gPCR signal from free DNA in recycled water or river water.

Figure 1.1. Humans and animals can contribute FIB to surface waters making it difficult to

identify the source of contamination (image created with BioRender.com).
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Figure 1.2. Map of Southwest Florida Water Management District (107).
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Abstract

Sewage contamination of environmental waters is increasingly assessed by measuring DNA
from sewage-associated microorganisms in microbial source tracking (MST) approaches.
However, DNA can persist through wastewater treatment and reach surface waters when treated
sewage/recycled water is discharged, which may falsely indicate pollution from untreated
sewage. Recycled water discharged from an advanced wastewater treatment (AWT) facility into
a Florida stream elevated the sewage-associated HF183 marker 1000-fold, with a minimal
increase in cultured Escherichia coli. Persistence of sewage-associated microorganisms was
compared by gPCR in untreated sewage and recycled water from conventional wastewater
treatment (CWT) and AWT facilities. E. coli (EC23S857) and sewage-associated markers
HF183, H8, and viral crAssphage CPQ_056 were always detected in untreated sewage (6.5 — 8.7
logio GC/100 mL). Multivariate analysis found significantly greater reduction of microbial
variables via AWT vs CWT. Bacterial markers decayed ~4-5 logio through CWT, but CPQ_056
was ~100-fold more persistent. In AWT facilities, logio reduction of all variables was ~5. In
recycled water, bacterial marker concentrations were significantly correlated (p < 0.0136; tau >
0.44); however, CPQ_056 was not correlated with any marker, suggesting varying drivers of
decay. Concentrations of cultured E. coli carrying the H8 marker (EcH8) in untreated sewage
were 5.24-6.02 logio CFU/100 mL, while no E. coli was isolated from recycled water. HF183
and culturable EcH8 were also correlated in contaminated surface waters (odds ratio f1 = 1.701).
Culturable EcH8 has strong potential to differentiate positive MST marker signals arising from

treated (e.g., recycled water) from untreated sewage discharged into environmental waters.
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Importance

Genes in sewage-associated microorganisms are widely accepted indicators of sewage pollution
in environmental waters. However, DNA can persist through wastewater treatment, and reach
surface waters when recycled water is discharged, potentially causing indications of untreated
sewage pollution. Previous studies have found that bacterial and viral sewage-associated genes
persist through wastewater treatment; however, these studies did not compare different facilities
or identify a solution to distinguish untreated sewage from recycled water. In this study, we
demonstrate the persistence of bacterial markers and the greater persistence of a viral marker
(CPQ_056 of crAssphage) through advanced and conventional wastewater treatment scenarios.
We aimed to provide a tool to confirm the presence of untreated sewage contamination in surface
waters with recycled water inputs. This work showed that the level of wastewater treatment
affects the removal of microbial genetic markers, particularly viruses, and expands our ability to

identify treated and untreated sewage in surface waters.

Introduction

Untreated sewage pollution can introduce waterborne pathogens, which are a major health
concern for recreational swimmers, into surface waters (1-3). Discrimination of fecal sources has
become a priority since human fecal pollution (i.e., untreated sewage) is considered a higher risk
to human health compared to other fecal sources due to the presence of a high diversity of
pathogens, including human specific viruses (4, 5). If the source of pollution is not identified,
remediation efforts and attempts to mitigate further pollution will likely fail. To combat the
deficiencies of conventional fecal indicator bacteria such as E. coli, which cannot discriminate
among fecal sources and provide insufficient information about human health risk, microbial

source tracking (MST) methods based on host-associated genetic markers have been developed
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(6). For example, the bacterial HF183 MST marker is strongly associated with the human
gastrointestinal tract and is ubiquitous in untreated sewage in the United States (7). Measuring
microbial variables such as HF183 by qPCR can also help estimate human health risk by
measuring the extent of human fecal/sewage pollution and distinguish contamination from
human feces and untreated sewage from domestic or wildlife animal sources (7). One limitation
with this approach is that qPCR methods lack the ability to discriminate between viable and

nonviable cells, as well as free DNA, since they simply detect nucleic acid.

Differentiating recycled water from untreated sewage in surface waters is necessary for accurate
risk assessment since epidemiological studies have shown a lower health risk from exposure to
recycled water (8-12), while exposure to untreated sewage is a definite health risk for
recreational water users (13, 14). The risk associated with exposure to recycled water by direct
potable reuse is highly dependent on the treatment process utilized and the density of pathogens
present in sewage prior to treatment (15). Approximately 12 — 15 log reduction of viruses is
recommended for safe direct potable reuse of treated wastewater (i.e., recycled water), however,
there is a need for more accurate methods that measure viral infectivity for risk assessments (16).
In recreational waters, the reduction of viruses in recycled water required for safe conditions may
be lower (16); however, the required level of treatment is unclear. Despite this knowledge gap, it
remains imperative that we can distinguish untreated sewage from recycled water in the
environment to prioritize sources of fecal microorganisms in environmental waters and better

inform future epidemiology studies and risk assessments.

Recycled water containing quantifiable levels of sewage-associated MST markers may interfere
with MST efforts in environmental waters focused on the identification of only untreated

sewage. In addition to discharge into surface waters, recycled water can be redirected and used
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for irrigation, groundwater recharge, or other applications (17). Recycled water applications with
strong potential to impact surface water, such as lawn irrigation, are prevalent in many states in
the U.S., including Florida. An estimated minimum of 900 million gallons per day of recycled
water is utilized by Florida alone in various land applications such as edible crops (6,000 acres),
500 golf courses, 1,000 schools, and 500,000 residences (18). Recycled water that enters surface
waters can contribute DNA from compromised or dead cells to the environment (19, 20).
Previous studies have found that two sewage-associated viral genetic markers (crAssphage and
pepper mild mottle virus), the bacterial marker HF183, and antibiotic resistance genes persist

through production of recycled water (19, 21-23).

Recycled water can be produced in advanced or conventional wastewater treatment facilities
(WWTFs), which vary in the level of treatment. Conventional wastewater treatment (CWT)
facilities in the U.S. typically employ primary (physical) and secondary (biological) treatment,
followed by disinfection. Advanced wastewater treatment (AWT) can include multiple
approaches to reduce levels of nutrients and microbial contaminants in secondary-treated sewage
effluent, e.g., adsorption, dual media filters, denitrification filters, membrane filtration,
membrane bioreactor, flocculation, biological aerated filter, chemical oxidation, and Bardenpho
processes (24, 25). Persistence through wastewater treatment is generally reported by measuring
the frequency of detection or decay (e.g., log:o reduction) of microbial analytes. Previous studies
demonstrated that AWT can further reduce concentrations of pathogens (e.g., Cryptosporidium,
E. coli, enterovirus, Giardia, norovirus and Salmonella) and antibiotic resistant bacteria (24, 26-
29) compared to CWT. However, the literature lacks evidence for the relative efficacy of
removal of sewage-associated genetic markers in AWT versus CWT facilities. A deeper

understanding of these differences is necessary to guide MST efforts and to inform decisions on
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the treatment process used to produce the recycled water that ultimately enters environmental

surface waters.

Improving methods to quantify infectious pathogens in surface waters is an ongoing effort that is
crucial to accurate health risk assessments, which frequently rely on measuring surrogates by
gPCR. No widely-accepted method to eliminate DNA, and thus the gPCR signal, from dead cells
in treated wastewater has been established. Some studies have utilized techniques (e.qg.,
propidium monoazide treatment, PMA) that attempt to prevent amplification of DNA from non-
viable cells in qPCR tests (30, 31); however, constituents such as total suspended solids can
interfere with light activation of the PMA dye, and a major knowledge gap remains on the dye’s
ability to penetrate cell membranes of viable but non-culturable cells (32). Even if these
techniques could fully attenuate PCR amplification in viable but non-culturable cells, they lack
the ability to eliminate a qPCR signal originating from dead cells or free-DNA (extracellular)
(33), further confounding the live/dead interpretation. A method that combines cultivation and
genetic techniques to quantify sewage-associated bacterial genetic markers may provide a
solution for the discrimination of untreated sewage from recycled water in treated waste flows

and environmental surface waters.

Viable E. coli is consistently present in untreated sewage and is generally not culturable in
recycled water. Four gene fragments in E. coli strains associated with human feces were
previously identified by whole genome sequencing (34). A performance study of culturable E.
coli containing these genes was conducted in the U.S. and found that the H8 gene, a
sodium/hydrogen exchanger precursor, had the highest sensitivity (percentage of target, i.e.,
sewage and human fecal samples, positive for the targeted gene) and specificity [percentage of

non-target (fecal samples from animals other than human) samples negative for sewage-
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associated gene] among the four genes tested for tracking untreated sewage pollution in sub-
tropical surface waters (35). These methods may have utility to identify viable E. coli cells
originating from untreated sewage without confounding target DNA from extracellular and dead

cells in recycled water by including an enrichment step to test E. coli isolates for the H8 marker.

We tested three major hypotheses in this study: the first two aimed at exploring the potential for
recycled water to produce positive indications of untreated sewage pollution in environmental
waters tested by gPCR methods, and the third tested an alternative method based on culture of E.
coli followed by probe-based real-time PCR to detect the H8 gene (culturable EcH8). The
hypotheses addressed are: (i) recycled water contains levels of sewage-associated MST marker
genes that could influence MST analysis of fecal sources in surface waters, (ii) persistence of
sewage-associated MST genes in recycled water are reduced in AWT compared to CWT
facilities and (iii) culturable E. coli containing the H8 gene is consistently present in untreated
sewage and absent in recycled water. To test these hypotheses, we examined differences in MST
marker gene concentrations and compared their persistence by frequency of detection and logio
reduction in untreated sewage and recycled water from three AWT and three CWT facilities in

Florida, U.S.

Methods

Sites and Sampling

Three types of experiments were carried out in this study. We examined (i) the effect of recycled
water discharge on levels of HF183 and culturable E. coli, (ii) persistence of MST markers
through AWT and CWT, and (iii) conducted a surface water survey to assess the relationship
between HF183 and culturable EcH8. In experiment (i), the effect of the input of recycled water

discharged from an AWT facility on culturable E. coli and HF183 levels in Turkey Creek, a first-
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order Florida stream, was evaluated during a discharge event. Samples were collected seven days
before, during, and 23 h after a scheduled recycled water discharge from three sites: the
discharge point (latitude: 27.955679, longitude: -82.20926), from which water flows along a
canal into the creek, a site 1.21 km downstream which was impacted by the discharged effluent,
and a site 0.24 km upstream of the confluence and is not affected by the discharge (Figure B.1).
Water samples were collected in sterilized, 1 L polypropylene bottles, transported on ice, and

processed within two hours.

In experiment (ii), untreated sewage and recycled water were collected between March and
September 2021 from three AWT (facility D - F) and CWT (facility A - C) facilities in Tampa
and St. Petersburg, Florida (Table 2.1). Each WWTF location was sampled three times, yielding
18 untreated sewage samples and 18 recycled water (treated) samples. Untreated sewage (500
mL) and recycled water (2 L) samples were collected in sterile polypropylene containers and
transported at 4 °C on wet ice to the laboratory. Samples were processed within 6 hours for

analysis of culturable E. coli and DNA extraction.

In experiment (iii), surface water samples from eight water bodies in St. Petersburg, Florida were
collected monthly for two years. These sites are classified as impaired waterbodies due to the
consistent exceedance of recreational water quality criteria for fecal indicator bacteria levels,
which may have been influenced by untreated sewage inputs. The area was also serviced by
irrigation lines delivering recycled water. Samples (500 mL) were stored up to 2 hours in sterile
500 mL Nalgene containers on wet ice and processed by membrane filtration for cultivation of E.

coli and environmental DNA extraction.
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E. coli Culture

Surface water samples were concentrated in duplicate using three volumes (0.1 mL, 1 mL, and
10 mL) onto mixed cellulose ester filters (47 mm diameter 0.45 um pore size; Fisherbrand) by
membrane filtration. E. coli was cultured from the samples and enumerated on mTEC utilizing
USEPA Method 1603 (36). In addition, a phosphate buffered saline (PBS, pH 7.0) blank was
filtered and plated on mTEC to check for contamination. Prior to each sampling event, mMTEC
agar was tested with a positive control (E. coli, ATCC 11775™) and a negative control
(Enterococcus faecalis, ATCC 19433™), E. coli concentrations were reported in CFU/100 mL.

The limit of detection for culturable E. coli in surface waters was 1 x 10 CFU/100 mL.

Bacteria from untreated sewage and recycled water were concentrated by membrane filtration as
described above. Untreated sewage samples were diluted 10~ -fold, and 1 mL was filtered
(equivalent to 0.001 mL of untreated sewage). One liter of each recycled water sample was
concentrated by filtration. E. coli was cultured and enumerated as described above. The limit of
detection for culturable E. coli in this study was 1.0 x 10° CFU/100 mL for untreated sewage,

and 1 x 101 CFU/100 mL for recycled water.

DNA Extraction for Microbial Analysis

For all surface water samples, 500 mL of each water sample was filtered through a Fisherbrand
47 mm mixed cellulose ester membrane with 0.45 um pores. Membrane filters were aseptically
folded and placed in Qiagen PowerBead Tubes and stored at -80 °C (< 1 month). Untreated
sewage samples (10 mL) were mixed with 990 mL of phosphate buffered saline (PBS; pH 7.4) in
a sterile beaker for 1 min with a magnetic stirrer then concentrated by membrane filtration as
described above. Recycled water was directly filtered to concentrate 1 L by membrane filtration

as described above. DNA extractions were performed on all water samples using the Qiagen
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Dneasy PowerWater™ Kit using manufacturer’s instructions. QPCR for MST markers was
performed as described in the section below. One hundred pL of purified DNA was eluted for all

samples in this study.

QPCR Analysis of Microbial Variables

QPCR was conducted to quantify sewage-associated Bacteroides HF183 following USEPA
method 1696 (7) in surface water and WWTF samples, a general E. coli target EC23S857 (37),
sewage-associated H8 (35), and crAssphage CPQ_056 (38) was also tested on DNA extracted
from AWT and CWT facilities. QPCR amplification was conducted in 25 pL reactions in
triplicate using 12.5 pL TagMan Environmental Master Mix 2.0 (Applied Biosystems) and 5 puL
of template DNA per reaction in a Bio-Rad CFX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories; California, US). All assays included 40 thermal cycles, and primer and
probe concentrations/sequences and gPCR assay conditions are reported in supplementary
material (Table B.1). Standard curves were constructed from synthetic gene fragments
(gBlocks™, Integrated DNA Technologies) (Table B.2) containing the target sequences and
reference DNA material (inhibition amplification control, HF183 only) was included for each
sample according to guidelines in USEPA method 1696 (7). All standard curves ranged from
107 to 5 gene copies per reaction. Performance metrics included efficiencies between 90 % and
110 %, and R? values ranging from 0.979 for EC23S857 to 0.998 for HF183. In untreated
sewage samples, the limit of detection was 500 GC/100 mL and the limit of quantification was
1,000 GC/100 mL for each qPCR assay. For recycled water samples, the limit of detection was
10 GC/100 mL and the limit of quantification was 20 GC/100 mL for each gPCR assay.

Inhibition of qPCR amplification was not detected in any of the samples tested in this study (data
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not shown). Negative controls for each instrument run included 4 extraction blanks and 4 non-

template controls which were all negative for each gPCR target in this study.

Molecular Analysis of Culturable EcH8

Isolated colonies with characteristic E. coli morphology were individually picked with a sterile
toothpick from mTEC agar plates for culturable ECH8 analysis. Each colony was suspended in
50 uL of reagent grade water, and boiled for 10 min at 100 °C in a thermal cycler as described in
a previous study (35). PCR amplification of an E. coli specific -glucuronidase uidA gene was
conducted to confirm colonies as E. coli (39). Confirmed colonies (30 per sample) extracted by
boiling lysis were also individually tested for presence of the H8 gene by PCR. PCR
amplification was conducted in 25 uL reactions that included 12.5 uL TagMan Environmental
Master Mix 2.0 (Applied Biosystems) and 5 pL of template DNA per reaction in a Bio-Rad
CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories; California, US). Primer
and probe concentrations/sequences and PCR assay conditions are reported in supplementary
material (Table B.1). A genomic positive control for uidA and H8, ATCC 13706™ was included
in each run for comparison. An H8 negative control (ATCC 11775™) was also included in each

run.

Data Analyses

R version 4.1.3 (40) was used for statistical analyses in this study which included descriptive
statistics, hypothesis testing, and correlation analyses. A significance threshold of o < 0.05 was
set for all statistical tests. LOQ was defined as the lowest standard concentration that consistently
amplified in all three replicates, while LOD was the lowest standard concentration in which at
least 2 out of 3 replicates consistently amplified. Data that were below the LOQ and the LOD

were considered censored and values were calculated for statistical analyses (41). In this study,
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left-censored data was only in recycled water samples and censored observations were only
below the LOD, this data was expressed as a range from 0 to LOD — 1. To account for censored
observations in microbial data u-scores were calculated based on v 1.2 of u-score script written
by D. Helsel (available in PracticalStats.com) (41). U-scores were utilized to compute statistical
analyses that tested for relationships between microbial variables and differences by treatment

type. All data were logio-transformed prior to statistical analysis.

Descriptive statistics (median and standard deviation) were calculated by treatment type (AWT
or CWT) and sample type (untreated sewage or recycled water) for culturable E. coli and gPCR
(EC23S857, HF183, H8, CPQ_056) data through the R package stats (version 4.1.3). The
nonparametric Kruskal-Wallis one-way analysis of variance by ranks test was executed for
univariate analysis of significant differences in microbial variables in untreated sewage and
recycled water from AWT compared to CWT facilities. Differences among microbial variables
were determined by Kruskal-Wallis rank test followed by pairwise comparisons using the Dunn's
test for multiple comparisons in untreated sewage and recycled water data through the R package
rstatix (version 0.7.2), with the Benjamini & Hochberg method used for p-value correction. Left-
censored microbial data for recycled water samples included gPCR-derived measurements
(n=18) of HF183 (22%), H8 (33%), and CPQ_056 (22%). Robust regression on order statistics
was implemented via the R package NADA (version 1.6-1.1) to compute medians and
interquartile ranges for left-censored data (41, 42). The frequency of detection was determined
for each microbial variable and compared across treatment type (AWT and CWT) in untreated
sewage or recycled water data sets with a Fisher exact test (43) and the R package rstatix
(version 0.7.2), with the Benjamini & Hochberg method used for p-value correction. Proportions

of culturable E. coli with the H8 gene (culturable EcH8) were compared across wastewater
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treatment facilities, significant differences were determined though the Fisher exact test (43).
Relationships between microbial variables were analyzed with Kendall’s rank correlation tau,
where the coefficient (tau) can range from -1.0 to 1.0. A value of -1.0 designates a perfect
negative correlation between two variables; a value of 1.0 indicates a perfect positive correlation.

A value of 0 demonstrates that no linear relationship exists between two variables.

(i) Effects of advanced vs conventional treatment on concentrations of microbial variables

A two-way permutational multivariate analysis of variance (PERMANOVA) was executed with
the vegan R package (44), to determine if there was a significant effect of treatment type (AWT
or CWT) on all concentrations of fecal (EC23S857) and sewage indicators measured (HF183,
H8, and CPQ_056) in recycled water. The homogeneity of multivariate dispersion assumption
was met prior to PERMANOVA among groups (treatment type). Linear discriminant analysis
(LDA) was performed to visualize variability in measurements among AWT and CWT facilities,
LDA was accomplished by constructing an ordination plot through a canonical analysis of

principal coordinates via the Biodiversity R package (45).

(i) Analysis of the relationship between HF183 and culturable EcH8 in surface waters

HF183 concentrations were logio transformed and compared to the frequency of culturable ECH8
detection by binary logistic regression. Detection of culturable ECH8 was defined as 1.0 if there
was amplification of DNA from at least 1 isolate out of the 30 tested for a given sample, or 0.0
was assigned if 0 out of 30 isolates amplified for culturable ECH8. Binary logistic regression was
carried out using GraphPad Prism version 10.0.2. to determine log-likelihood, odds ratio, and the

confidence interval around the odds ratio.
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Data availability
Data are located in the University of South Florida (USF) Digital Commons

(https://digitalcommons.usf.edu) at DOI: 10.17632/5dh58k5x2f.1.

Results

Discharge Study: Impact of Recycled Water on HF183 Concentrations in a Florida Stream

A Florida stream (Figure B.1) that receives one to six million gallons of recycled water during
sporadic discharge events was sampled to measure HF183 concentrations prior to discharge,
during a known discharge event, and after discharge (Table 2.2). The stream on average is
approximately 5.15 meters wide and 0.4 meters deep with an average flow of 0.26 meters/sec.
HF183 was detected at the discharge outfall site at low concentrations (1.3 logio GC/100 mL)
prior to the discharge and was not detected at the upstream site nor the downstream site (Table
2.2). During discharge, HF183 concentrations increased by approximately 3 orders of magnitude
in the discharge outfall (4.15 logio GC/100mL) and at the downstream site (3.58 log1o
GC/100mL), while HF183 was not detected in the site upstream of the outfall (Table 2.2). After
discharge, HF183 was only detected at the downstream site and was about 2 orders of magnitude
lower than what was recorded during the recycled water discharge event (1.63 logio GC/100mL)
(Table 2.2). During effluent discharge, concentrations of culturable E. coli at the discharge site
were reduced to < 1 CFU/100 mL and were about 3.31 logio CFU/100 mL at the downstream
site, but the concentrations at both sites returned to their previous concentration the next day

(Table 2.2).
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Association of Facility Type (AWT and CWT) with Microbial Variables in Untreated Sewage
and Recycled Water

We compared microbial variables by gPCR in untreated sewage and recycled water from AWT
vs CWT facilities. For untreated sewage, the concentration and frequency of detection of
microbial variables was measured. Concentrations of crAssphage (CPQ_056) and the general E.
coli marker gene EC23S857 were significantly greater in untreated sewage from AWT compared
to CWT facilities, while HF183 and H8 concentrations were not significantly different (Figure
2.1, P-values in Table B.3). Multivariate analysis of all microbial variables showed that
concentrations were significantly greater in untreated sewage collected from AWT facilities
compared to CWT facilities (Figure B.2). All microbial variables were quantifiable in each

untreated sewage sample from AWT and CWT facilities.

In recycled water samples, we compared concentrations of gPCR marker genes and their
persistence (frequency of detection or logio reduction) between AWT and CWT facilities.
Concentrations of crAssphage CPQ_056 and the H8 marker (2.12 and 0.99 logio GC/100 mL,
respectively) were significantly lower in recycled water produced by AWT facilities compared to
CWT facilities (5.67 and 1.52 logio GC/100 mL, respectively), while no significant difference
was observed for EC23S857 and HF183 (Figure 2.2, P-values in Table 2.3). Canonical analysis
of principal coordinates demonstrated a clear separation of microbial variables in recycled water
produced in AWT compared to CWT facilities (Figure 2.3). CPQ_056 followed by the H8
marker were the variables that best explained differences in concentrations of microbial variables
in recycled water produced by AWT and CWT facilities (Figure 2.3). HF183 and H8 markers
were significantly less frequently detected in recycled water from AWT facilities (44 % and 33

%, respectively) compared to CWT facilities (100 %) (Tables 2.3 and 2.4), while crAssphage
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CPQ_056 showed a similar trend but was not significant (p = 0.0824; Table 2.3). Multivariate
analysis of all microbial variables showed that concentrations were significantly greater in

recycled water from CWT facilities compared to AWT facilities (Table 2.3).

The persistence of each microbial variable was further explored by comparing decay rates (logio
reduction) from untreated sewage to recycled water in AWT compared to CWT facilities, as this
metric accounts for initial concentration in influent as well as final concentration in recycled
water. Univariate analysis showed that decay rates of all microbial variables were somewhat
greater in AWT facilities compared to conventional treatment (Figure 2.4), although only
CPQ_056 experienced significantly greater logio reduction of 5.50 in AWT facilities compared
to 1.82 in CWT facilities (Figure 2.4, Table 2.3). For all microbial variables, the multivariate
analysis showed a significantly lower persistence (frequency of detection and logio reduction) in
AWT compared to CWT facilities (Table 2.3). All logio reductions values measured in this study

are available in supplemental material (Table B.4).

Differences Among Microbial Variables: Pooled Data from AWT and CWT Facilities

We pooled data from all facilities to focus on differences among concentrations of microbial
variables irrespective of treatment strategies. In untreated sewage, all microbial variables
measured by qPCR were detected and quantifiable in each untreated sewage sample tested
during this study. E. coli EC23S857 marker concentrations (8.14 logio GC/100 mL) were the
highest followed by HF183 (7.76 logio GC/100 mL), crAssphage CPQ_056 (7.63 logio GC/100
mL), and H8 marker (6.95 logio GC/100 mL) (Figure 2.1). EC23S857 marker concentrations
were significantly greater than all other variables except HF183 (P-values in Table B.5),
although the comparison was on the verge of significance (P = 0.0512). The concentrations of all

other microbial variables were significantly greater than the H8 marker (Table B.5). HF183 and
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crAssphage CPQ_056 concentrations were not significantly different in pooled untreated sewage

data (Table B.5).

In recycled water, we examined which markers were most dominant and prevalent. We pooled
data of microbial variables measured by gPCR and compared differences among microbial
variables using three metrics: concentration, frequency of detection, and logio reduction. The
median concentration of CPQ_056 (4.71 logio GC/100 mL) was ranked the highest followed by
EC23S857 (2.42 logio GC/100 mL), HF183 (2.23 logio GC/100 mL), and H8 marker (1.26 logio
GC/100 mL). CPQ_056 concentrations were significantly greater than that of H8 marker but
were not significantly different from HF183 or EC23S857 (Table B.5). No other comparisons of
median values in recycled water were significant (Table B.5). Comparison of frequency of
detection (Table 2.4) found that EC23S857 (100 %) was significantly greater than HF183 (72 %)
and the H8 marker (67 %) in pooled recycled water data (Table B.5). CPQ_056 frequency of
detection (78 %, Table 2.4) was not significantly different from that of any of the bacterial
variables (EC23S857, HF183, and H8) (Table B.5). Median logio reduction values (Table B.4)
(~2.8 - 5.76 log1o) were not significantly different among gPCR marker genes when all recycled

water data were pooled (Table B.5).

We also examined relationships among microbial variables measured by gPCR in untreated
sewage or recycled water to compare differences in their removal in pooled datasets from AWT
and CWT facilities. Significant relationships among microbial variables were found in untreated
sewage data, i.e., concentrations of the H8 marker were positively correlated with EC23S857,
HF183, and crAssphage CPQ_056 while EC23S857 levels positively correlated with CPQ_056
concentrations (Figure B.3, P-values in Table B.6). HF183 concentrations were not correlated

with levels of EC23S857 or CPQ_056 (Table B.6). In recycled water, significant positive
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correlations were found among concentrations of all bacterial variables (HF183, H8 marker and
EC23S857) (Figure B.4, Table B.6). No relationship was found between CPQ_056
concentrations and any bacterial variables (EC23S857, HF183, and H8 marker) in all recycled

water data (Figure B.4, Table B.6).

Culturable E. coli and Culturable EcHS8 in Untreated Sewage and Recycled Water
Concentrations of culturable E. coli and the proportion carrying the H8 gene were compared
across AWT and CWT facilities in untreated sewage and recycled water samples. Culturable E.
coli concentrations in untreated sewage were not significantly different among all WWTFs,
ranging from 6.46 to 6.67 logio CFU/100 mL (Table 2.5, Table B.3). Culturable EcH8 was
detected in all untreated sewage samples, and estimated concentrations of culturable ECH8
obtained by multiplying total E. coli concentration by the percentage of colonies positive for H8
ranged from 5.24 to 6.02 logio CFU/100 mL. Culturable EcH8 in untreated sewage comprised ~
14% of E. coli colonies tested over the duration of the study. The frequency of culturable ECH8
in the culturable E. coli population ranged from 8 to 18% at the various WWTFs and was not
significantly different in untreated sewage from AWT compared to CWT facilities (Table 2.5,
Table B.3). No E. coli were detected in recycled water samples (< 0.1 CFU/100 mL, n=18) over
the duration of the study, therefore, no culturable E. coli could be tested for the H8 gene in

recycled water.

HF183 and Culturable EcH8 Relationship in Surface Water Survey

Surface water samples from the St. Petersburg area characterized by chronically elevated fecal
indicator bacteria levels contained HF183 levels ranging from below LOD to 4.31 logio GC/100
mL. Culturable ECH8 was detected in 16.5% of 103 surface water samples (Table B.7). HF183

was detected in 82.5% of these samples and in 94.1% of the 17 samples that were positive for
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culturable EcH8 (Table B.7). HF183 concentration and culturable EcH8 detection were
positively and significantly correlated by logistic regression (P = 0.0354) (Figure 2.5). The odds

ratio of the logistic regression was 1 = 1.701 with a 95% confidence interval of 1.068 to 2.921.

Discussion

Recycled water production for urban, industrial, environmental, and agricultural applications in
the U.S. is estimated to rise from 4.8 to 6.6 billion gallons per day by 2027 according to a
Bluefield research survey (46). Recycled water delivered to surface waters can be misidentified
as untreated sewage due to the persistence of sewage-associated markers such as HF183 and
crAssphage (CPQ_056) through wastewater treatment (22, 47, 48). The persistence of other
sewage-associated MST markers through wastewater treatment and in environmental waters is
less understood, and a comparative study of MST marker persistence in AWT and CWT
facilities has, to our knowledge, not previously been described. We have noted the potential for
the influence of recycled water on the occurrence of MST markers associated with untreated
sewage at many sites in Florida and were able to directly demonstrate it in a discharge event
from an AWT facility described in this study. This work has advanced the MST field by showing
that persistence of sewage-associated markers was dependent on the treatment level and was
shown to be significantly lower in AWT vs. CWT recycled water by multivariate analysis. It also
provides novel data that demonstrates the effect of recycled water discharge from an AWT
facility on MST markers in surface water, and the use of culturable EcH8 in viable E. coli to

discriminate between untreated sewage and recycled water.

Persistence and Levels of Sewage-Associated MST Marker Genes in AWT and CWT Facilities
Multiple environmental and experimental design factors influence the observed variability of

microorganisms and their genes in treated wastewater effluent (reviewed in 49). Variable
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persistence of microbes and their DNA can be influenced by factors such as treatment strategy
utilized (50), air temperature, and elevation (51). Within a facility, the time of day the sample is
collected (52), flow rate (53), and seasonal effects (54) can all influence microbial
concentrations. Post- secondary treatment stages in AWT facilities sampled here include anoxic
basins and oxidation ditches, dual media deep-bed denitrification filters, activated sludge
treatment in an anoxic/aerobic configuration, and a five-stage Bardenpho activated sludge
process, each of which could feasibly contribute to reduction of DNA in recycled water. All
facilities in this study utilized chlorination for disinfection except AWT facility D, which only
used ultraviolet light for disinfection. AWT facility D performed poorly in terms of DNA
reduction and was also the only AWT facility with recycled water that contained detectable and
quantifiable levels of all gPCR markers for each sample tested in this study. High concentrations
of HF183 and the H8 marker in recycled water produced by AWT facility D led to non-
significant differences in logio reduction of MST markers between AWT and CWT facilities. In
general, differences among WWTFs complicate generalizations about treatment efficacy, and the
issue is exacerbated in AWT facilities, where many treatment options exist (e.g., Table 2.1).
Studies of microbial persistence through wastewater treatment should therefore include salient

details about treatment processes to maximize the usefulness of the data.

Multivariate and univariate analysis of microbial variables in AWT and CWT facilities showed
lower concentrations and greater persistence of most microbial variables measured by qPCR in
AWT facilities. Univariate analysis of individual variables revealed significantly lower levels
and greater decay of crAssphage CPQ_056 in AWT compared to CWT facilities by all metrics;
in fact, CPQ_056 logio reduction in CWT recycled water was only ~2 logio, compared to ~ 5.5

logio in AWT recycled water. To the best of our knowledge, only one other study has reported
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gPCR measurements of a sewage-associated indicator in recycled water produced by AWT and
CWT facilities. Morrison et al. (55) found that the frequency of detection of CPQ_056 was 43%
in recycled water produced in a AWT facility compared to 76% from a CWT facility in Arizona
(U.S.). These findings agree with the data from this study; however, any broad generalizations

must await further studies.

Several studies report MST marker persistence in WWTFs, measuring DNA targets such as
HF183 and crAssphage (e.g., CPQ_056) however, they did not compare data from AWT
compared to CWT facilities (22, 56, 57). Several studies conducted in the U.S. measured HF183
in disinfected effluent, finding less effective reduction compared to our study (58, 59). Two
AWT facilities sampled in the U.S. produced recycled water containing HF183 in 100% of
samples, and logio reduction values ranged from 2.0 - 4.2 (58), whereas HF183 in recycled water
from AWT facilities in our study was detected in only 44% of samples, with logio reduction
values from 4.1 — 6.9. Removal of HF183 in recycled water from a CWT facility was two orders
of magnitude lower than CWT facilities tested in our study (~3 compared to ~ 5 logio reduction
(59). This study (59) used only 100 mL sample sizes and acidified the sample prior to filtration,
which may have lowered recovery of the bacterial HF183 gene target. Another study conducted
in North-East England detected HF183 and HumM2 (sewage-associated genetic marker) in
100% of disinfected effluent samples and median logio reductions ranged from 1.3 to 1.4 for the
15 WWTFs tested, however, this study included 12 small treatment facilities and did not provide
AWT or CWT classification (54). These few papers form the probing edge of our knowledge
about persistence of sewage-associated markers in AWT and CWT facilities. What is clear is that

bacterial and viral MST marker DNA persists through AWT and CWT facilities in the U.S. and
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in other countries, which could confound the identification of untreated sewage in surface waters

when recycled water is present.

Relative Persistence of Sewage-Associated MST Markers Through Wastewater Treatment
Very few comparative studies of the persistence of bacterial and viral MST marker DNA in
recycled water have been performed. We found that crAssphage CPQ_056 was markedly more
persistent than other microbial variables measured in this study, particularly in CWT facilities,
where we observed ~2 logio reduction, in contrast to ~5 logio reduction of the bacterial variables
measured by qPCR. Furthermore, no relationship between CPQ_056 concentrations and those of
any bacterial variable was observed in recycled water, however, bacterial variables were all
correlated, suggesting different drivers of decay between viral and bacterial targets. A study
conducted at a CWT facility (Indiana, USA) found similar persistence of CPQ_056 (2.88 logio
reduction) compared to HF183 (3.33 logio reduction) in disinfected effluent, in contrast to our
study; however, only one facility was sampled (59). Other sewage indicators such as human
adenovirus (HAdV) and human polyomaviruses (HPyVs) were significantly more persistent than
HF183 and CPQ_056 in a U.S. study, with mean logio reductions of 3.33 (HF183), 2.88
(CPQ_056), 2.24 (HAdV) and 1.51 (HPyVs) in disinfected effluent (59). These few studies
demonstrate that persistence of sewage indicators varies in different wastewater treatment
facilities and that the ability to distinguish between treated and untreated sewage in surface water

applications could represent a major advance.

Differential persistence of sewage-associated microbes through wastewater treatment was noted
in this study. Variability in persistence of bacteria can be attributed in part to cellular physiology
e.g., tolerance to low nutrients and temperature (60). However, DNA from sewage-associated

viruses tends to display greater persistence than bacterial DNA through wastewater treatment
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(22, 57), which can be explained in part by size; viruses are smaller than bacteria and are not
consistently removed in settling tanks (reviewed in 61). Furthermore, viruses are generally not as
susceptible as bacteria to chemical disinfectants (62, 63). One challenge in utilizing viral markers
(e.g., HAdV and HPyVs) to estimate persistence of viruses is that viruses are generally several
orders of magnitude lower than concentrations of HF183 in untreated sewage and may not be
detectable in diluted effluents (64). CrAssphage DNA, on the other hand, is present at higher
concentrations than other viral marker genes in untreated sewage and was more persistent
through wastewater treatment than any bacterial variable in this study, which further supports its
use as an indicator for viral persistence in WWTFs. Understanding the differential persistence of
MST marker genes through wastewater treatment and their concentration in disinfected effluent
or recycled water will further support the selection of optimal markers for different research and

regulatory applications.

H8 in Culturable E coli: Confirmation of Untreated Sewage Contamination when Recycled
Water is a Confounding Factor

This study has shown that testing DNA extracted from surface waters for H8 via gPCR is fraught
with the same issues as other gPCR assays, i.e., DNA persists through wastewater treatment and
presents the same limitations as other methods such as HF183 and crAssphage. The H8 sequence
has also been reported in Klebsiella and Yersinia strains that are not associated with the human
gastrointestinal tract, (34, 65), hence, optimal strategies should involve cultivation and isolation
of E. coli prior to H8 testing. Accurate identification of untreated sewage in surface waters that
are also impacted by recycled water can be supported by a confirmatory step to avoid positive
indications of untreated sewage and overestimation of health risk that can arise from sole

reliance on nucleic acid-based methods. Utilizing a method that relies on detection of viable
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bacteria that are also associated with human feces and untreated sewage is one possible path.
Because culturable E. coli are at such low levels in recycled water that they are rarely detected
(this study; 20, 66), amplification of the sewage-associated H8 gene in viable E. coli (culturable
EcH8) can be applied to circumvent the limitations inherent in gPCR-based testing for untreated
sewage when treated wastewater is present. The surface water survey in this study found a
significant positive relationship between culturable EcH8 detection and HF183 concentration in

water bodies impacted by untreated sewage and recycled water around Tampa Bay, Florida.

Another advantageous characteristic of the culturable EcCH8 assay is the widespread use of E.
coli as a fecal indicator for contamination of water and food (35, 67). Culturable E. coli is a
commonly-used regulatory tool for assessment of recreational water quality (36) and many other
aspects of sanitation, including wastewater treatment, therefore many facilities in the U.S. and
other countries have the capacity to quantify E. coli by culture methods. The culturable ECH8
method in viable E. coli can also be utilized to identify the presence of human fecal
contamination in other applications such as household or food industry studies that test surfaces

and food to estimate human health risks.

The proportion (8 — 18% in this study) of culturable E. coli with H8 in untreated sewage varied
across WWTFs, suggesting the need to test untreated sewage at facilities near a site of interest
prior to embarking upon a study. Specificity of culturable EcCH8 for human/sewage sources in
previous studies ranged from 92 — 99% in Australia (65), Japan (34), Thailand (68), and the U.S.
(35). Culturable EcH8 was detected in all untreated sewage samples in this study and in a
previous U.S. study (35). Lower sensitivity was reported when reference samples included
individual fecal samples, i.e. in Australia at 45% (65), Japan at 30% (34), and Thailand at 36%

(68), suggesting that the culturable ECH8 genetic marker is not shed in all individuals. Variable
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shedding in individuals is common in sewage-associated MST markers such as the HF183
marker (69), and person-to-person variability for the gut microbiome has been well documented
in the literature (70-72). Variability in culturable EcH8 performance could occur across
geographical regions, and parameters such as sensitivity and specificity should be evaluated in
new study locations with local fecal/untreated sewage samples. Recycled water applications and
usage vary widely across the U.S. and in other countries, affecting the potential of recycled water
to confound surface water quality testing, therefore knowledge of irrigation and other practices
that may deliver recycled water or treated wastewater to surface waters is necessary to maximize

interpretation of MST results.

Future directions for the culturable ECH8 method of detecting viable sewage-associated E. coli
should explore strategies to increase the number of E. coli isolates tested. Testing more E. coli
colonies will improve method sensitivity, while extracting DNA from composite samples made
from multiple colonies can improve workflow and adoptability of this approach. Coupled with a
standard MST marker that targets untreated sewage, e.g., HF183 and culturable EcH8 can be
used as a confirmation step for the identification of untreated sewage contamination in surface
waters and will improve MST interpretations in water bodies that receive substantial inputs of

recycled water.

In summary, this study showed that DNA in recycled water released from an AWT facility could
raise HF183 levels 1000-fold in receiving waters. We demonstrated the persistence of E. coli and
MST marker DNA through AWT and CWT in six WWTFs, supporting the premise that DNA
released in recycled water and other disinfected effluent can cause a false-positive indication of
untreated sewage contamination in environmental waters. The comparison of DNA removal

through wastewater treatment in facilities with different levels of treatment showed that AWT
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facilities were more effective than CWT facilities at removing DNA, particularly in the case of
crAssphage CPQ_056. We demonstrated that culturable ECH8 has strong potential to
discriminate between the presence of untreated sewage compared to disinfected effluent in
environmental waters by demonstrating undetectable levels of cultured E. coli in recycled water,
and thus the absence of EcH8 in culturable E. coli isolates, and showing that culturable EcCH8 can
be detected in contaminated surface waters, and that its detection is correlated with HF183
concentrations. The usefulness of culturable EcCH8 to discriminate untreated sewage from
recycled water sources can be improved by modifying the method to screen more E. coli colonies
per sample, thus increasing sensitivity. It should also be further explored by measuring the
persistence of culturable EcH8 through varying wastewater treatment systems and how it persists

in surface waters exposed to environmental conditions.
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Table 2.1. Characteristics of advanced (AWT) and conventional (CWT) wastewater treatment facilities. All untreated sewage influent

samples were collected before treatment, while all recycled water samples were collected post-disinfection, and prior to entering the

distribution system.

WWTF Recycled Water Estimated
Capacity Produced Population Treatment Processes Disinfection
(MGD) (MGD) Served
Conventional
Primary/secondary . .
A 20 16.4 126,880 Activated sludge treatment sodium hypochlorite
Primary/secondary . .
B 20 10 80,560 Activated sludge treatment sodium hypochlorite
Primary/secondary . .
C 16 8 62,320 Activated sludge treatment sodium hypochlorite
Advanced
1) Primary/secondary
D 12 9.1 172,346 2) Anoxic basins and oxidation ditches uv
3) Dual media deep-bed denitrification filters
1) Primary/secondary
2) Activated sludge treatment in chlorine and sodium
E 33 14.6 200,000 an anoxic/aerobic configuration hvpochlorite
3) Deep-bed denitrification filters yp
with methanol addition
F 9 6.5 100,000 1) Primary/secondary chlorine

2) Five-stage Bardenpho activated sludge process
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Table 2.2. HF183 and culturable E. coli concentrations (logio GC or CFU/100 mL) in a stream

that receives recycled water from an AWT facility. The stream was sampled upstream of the

outfall, at the outfall, and downstream before, during and after discharge of recycled water.

Temporal

Upstream Site

Recycled Water

Downstream Site

relationship to logio CFU or Discharge Outfall logio CFU or
logio CFU or
discharge GC/100 mL GC/100 mL GC/100 mL
E. coli HF183 E. coli HF183 E. coli HF183
Prior to
2.88 < LOD? 2.54 1.30 2.30 <LOD
discharge
During
2.00 <LOD <LOD 4.15 3.31 3.58
discharge
After
1.88 <LOD 1.95 <LOD 2.43 1.63
discharge®

< LOD = below gPCR limit of detection.

bSampled 23 hours after discharge was discontinued.

51



Table 2.3. Statistical comparisons of microbial variables measured by gPCR in recycled water
produced in AWT and CWT facilities. Data are expressed as concentration (logio GC/100 mL),
logio reduction, and frequency of detection. Data from like facilities (AWT or CWT) were
pooled (n=9). Variables were individually compared between AWT and CWT facilities by
Kruskal-Wallis? rank sum tests and compared as a group by permutational multivariate analysis
of variance®. Differences in frequency of detection were compared by Fisher’s Exact testC. P-

values < 0.05 are bolded.

Univariate P value: Differences P value: Difference .P Value:_
) Difference in
_ Among Median Logio among L.og1o Erequency of
qPCR Variables Concentrations Reduction quency
Detection
EC23S857% 0.7573 0.2004 1.0000
HF183% 0.1957 0.2332 0.0294
Hgac 0.0218 0.1451 0.0091
CPQ _056%* 0.0003 0.0004 0.0824
Multivariate
H bc
All gPCR Variables 0.0120 0.0110 <0.0001

(advanced versus
conventional)
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Table 2.4. Frequency of detection of microbial variables (general fecal and sewage-associated
MST markers) measured by gPCR in recycled water from advanced (AWT) and conventional

(CWT) wastewater treatment plants. Each plant was sampled on three separate events.

EC23S857 HF183 H38 CPQ_056
Conventional Frequency of detection (%0)
A 100 100 100 100
B 100 100 100 100
C 100 100 100 100
CWT data combined
100 100 100 100
(n=9)
Advanced
D 100 100 100 100
E 100 33 0 0
F 100 0 0 67
AWT data
100 44 33 56
combined (n=9)
AWT and CWT
data pooled 100 72 67 78
(n=18)
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Table 2.5. Mean culturable E. coli concentrations (logio CFU/100 ml) (+ std. error) and the
proportion of tested colonies positive for the H8 gene (culturable ECH8) in untreated sewage

from AWT and CWT plants. Each plant was sampled on three separate events.

Colonies
Conventional WWTF Culturable E. coli Proportion EcH8-
tested for
Untreated Sewage (logzo CFU 100 ml?) positive (%)
EcHS8
A 6.67 £ 0.04 90 17.7+3.9
B 6.59 £ 0.04 90 15.7+1.3
C 6.52 +0.12 90 15.7+4.3
Advanced WWTF
Sewage
D 6.56 £ 0.05 90 9.0+20
E 6.46 + 0.03 90 80+£1.0
F 6.47 +0.03 90 17.0+5.8
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Figure 2.1. Concentrations of microbial variables (logio GC/100 ml) in untreated sewage from
advanced (AWT) and conventional (CWT) facilities. The interquartile range (25" and 75"
percentile) includes the logio medians (black horizontal bar) and means (black square) for each
gPCR marker across conventional and advanced WWTFs. Boxplot whiskers represent the 10"
and 90" percentile values. Outliers are displayed as black dots above or below each boxplot, the
y-axis was truncated to show data ranging from 6.0 to 9.0 logio GC/100 mL. Each plant was
sampled on three separate events. Asterisks denote comparison of values between conventional
and advanced WWTFs. Variables with different numbers of asterisks across the WWTF types
are significantly different (o = 0.05), e.g., EC23S857 is significantly greater in AWT compared

to CWT facilities.
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Figure 2.2. Concentrations of microbial variables (logio GC/100 ml) in recycled water from
AWT and CWT facilities. The interquartile range (25" and 75" percentile) includes the logio
medians (black horizontal bar) and means (black square) for each marker across conventional
and advanced WWTFs. Boxplot whiskers represent the 10" and 90" percentile values. Each

plant was sampled on three separate events.
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Figure 2.3. Relationships among microbial variables measured by gPCR in recycled water
produced by AWT and CWT facilities (conventional = red circles, and advanced = green
triangles) analyzed by canonical analysis of principal coordinates and linear discriminant
analysis. Canonical axis | (horizontal) explained 100% of the variability, while canonical axis 1l

(vertical) explained 0% of the variability observed.
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Figure 2.4. Mean logio reduction (decay) of microbial variables measured by gPCR in recycled
water from AWT and CWT wastewater treatment facilities. Error bars are standard error of mean

logio reduction values.
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Figure 2.5. Binary logistic regression of a significant positive relationship between culturable
EcH8 detection and HF183 concentrations (logio GC/100 mL) in contaminated surface water

samples (n=103).

59



References

1.

10.

11.

12.

13.

Cheung W, Chang K, Hung R, Kleevens J. 1990. Health effects of beach water pollution
in Hong Kong. Epidemiology & Infection 105:139-162.

Priss A. 1998. Review of epidemiological studies on health effects from exposure to
recreational water. Int J Epidemiol 27:1-9.

Wade TJ, Pai N, Eisenberg JN, Colford Jr JM. 2003. Do US Environmental Protection
Agency water quality guidelines for recreational waters prevent gastrointestinal illness? A
systematic review and meta-analysis. Environ Health Perspect 111:1102-1109.

Soller JA, Bartrand T, Ashbolt NJ, Ravenscroft J, Wade TJ. 2010. Estimating the primary
etiologic agents in recreational freshwaters impacted by human sources of faecal
contamination. Water Res 44:4736-47.

Soller JA, Schoen ME, Bartrand T, Ravenscroft JE, Ashbolt NJ. 2010. Estimated human
health risks from exposure to recreational waters impacted by human and non-human
sources of faecal contamination. Water Res 44:4674-91.

Harwood VJ, Staley C, Badgley BD, Borges K, Korajkic A. 2014. Microbial source
tracking markers for detection of fecal contamination in environmental waters:
relationships between pathogens and human health outcomes. FEMS Microbiol Rev 38:1-
40.

Shanks O, Sivaganesan M, Kelty C, Haugland R. 2019. Method 1696: characterization of
human fecal pollution in water by HF183/BacR287 TagMan Quantitative Polymerase
Chain Reaction (qPCR) assay. Office of Water. EPA 821-R-19-002,

McCaffrey DF, Sloss EM, Fricker RD, Ritz BR, Geschwind SA. 1999. Groundwater
recharge with reclaimed water: Birth outcomes in Los Angeles County, 1982-1993.

Nellor MH, Baird RB, Smyth JR. 1985. Health effects of indirect potable water reuse.
Journal-American Water Works Association 77:88-96.

Ritz BR, Geschwind SA, McCaffrey DF, Sloss EM. 1996. Groundwater recharge with
reclaimed water: An epidemiologic assessment in Los Angeles County, 1987-1991.

Sinclair M, O’Toole J, Forbes A, Carr D, Leder K. 2010. Health status of residents of an
urban dual reticulation system. Int J Epidemiol 39:1667-1675.

Wade TJ, Calderon RL, Brenner KP, Sams E, Beach M, Haugland R, Wymer L, Dufour
AP. 2008. High sensitivity of children to swimming-associated gastrointestinal illness:
results using a rapid assay of recreational water quality. Epidemiology 19:375-383.

Betancourt WQ, Duarte DC, Vasquez RC, Gurian PL. 2014. Cryptosporidium and Giardia
in tropical recreational marine waters contaminated with domestic sewage: Estimation of
bathing-associated disease risks. Mar Pollut Bull 85:268-273.

60



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Fleisher JM, Kay D, Wyer MD, Godfree AF. 1998. Estimates of the severity of illnesses
associated with bathing in marine recreational waters contaminated with domestic sewage.
Int J Epidemiol 27:722-726.

Nappier SP, Soller JA, Eftim SE. 2018. Potable water reuse: what are the microbiological
risks? Current environmental health reports 5:283-292.

Gerba CP, Betancourt WQ, Kitajima M. 2017. How much reduction of virus is needed for
recycled water: A continuous changing need for assessment? Water Res 108:25-31.

Chen Z, Ngo HH, Guo W. 2013. A critical review on the end uses of recycled water. Crit
Rev Environ Sci Technol 43:1446-1516.

Association  W. 2023. WaterReuse in  Florida. https://watereuse.org/wp-
content/uploads/2023/06/Profiles-in-Reuse-Florida-1.pdf. Accessed 15 September 2023.

Fahrenfeld N, Ma Y, O’Brien M, Pruden A. 2013. Reclaimed water as a reservoir of
antibiotic resistance genes: distribution system and irrigation implications. Front Microbiol
4-130: 1-10. doi. org/10.3389/fmichb.

Liguori K, Calarco J, Maldonado Rivera G, Kurowski A, Keenum I, Davis BC, Harwood
VJ, Pruden A. 2023. Comparison of Cefotaxime-Resistant Escherichia coli and sul 1 and
int 11 by gPCR for Monitoring of Antibiotic Resistance of Wastewater, Surface Water, and
Recycled Water. Antibiotics 12:1252.

Chern EC, Brenner K, Wymer L, Haugland RA. 2014. Influence of wastewater disinfection
on densities of culturable fecal indicator bacteria and genetic markers. J Water Health
12:410-417.

Korajkic A, Kelleher J, Shanks OC, Herrmann MP, McMinn BR. 2022. Effectiveness of
two wastewater disinfection strategies for the removal of fecal indicator bacteria,
bacteriophage, and enteric viral pathogens concentrated using dead-end hollow fiber
ultrafiltration (D-HFUF). Sci Total Environ 831:154861.

Rosario K, Symonds EM, Sinigalliano C, Stewart J, Breitbart M. 2009. Pepper mild mottle
virus as an indicator of fecal pollution. Appl Environ Microbiol 75:7261-7.

Schmitz BW, Moriyama H, Haramoto E, Kitajima M, Sherchan S, Gerba CP, Pepper IL.
2018. Reduction of Cryptosporidium, Giardia, and fecal indicators by Bardenpho
wastewater treatment. Environ Sci Technol 52:7015-7023.

Wu C, Zhou Y, Sun X, Fu L. 2018. The recent development of advanced wastewater
treatment by ozone and biological aerated filter. Environmental Science and Pollution
Research 25:8315-8329.

Hai FI, Riley T, Shawkat S, Magram SF, Yamamoto K. 2014. Removal of pathogens by
membrane bioreactors: a review of the mechanisms, influencing factors and reduction in
chemical disinfectant dosing. Water 6:3603-3630.

61


https://watereuse.org/wp-content/uploads/2023/06/Profiles-in-Reuse-Florida-1.pdf
https://watereuse.org/wp-content/uploads/2023/06/Profiles-in-Reuse-Florida-1.pdf

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hiller C, Hibner U, Fajnorova S, Schwartz T, Drewes J. 2019. Antibiotic microbial
resistance (AMR) removal efficiencies by conventional and advanced wastewater
treatment processes: A review. Sci Total Environ 685:596-608.

Liddeke F, HeR S, Gallert C, Winter J, Gude H, Loffler H. 2015. Removal of total and
antibiotic resistant bacteria in advanced wastewater treatment by ozonation in combination
with different filtering techniques. Water Res 69:243-251.

Ottoson J, Hansen A, Bjorlenius B, Norder H, Stenstrom T. 2006. Removal of viruses,
parasitic protozoa and microbial indicators in conventional and membrane processes in a
wastewater pilot plant. Water Res 40:1449-1457.

Eichmiller JJ, Borchert AJ, Sadowsky MJ, Hicks RE. 2014. Decay of genetic markers for
fecal bacterial indicators and pathogens in sand from Lake Superior. Water Res 59:99-111.

Kim M, Wuertz S. 2015. Survival and persistence of host-associated Bacteroidales cells
and DNA in comparison with Escherichia coli and Enterococcus in freshwater sediments
as quantified by PMA-gPCR and gPCR. Water Res 87:182-192.

Varma M, Field R, Stinson M, Rukovets B, Wymer L, Haugland R. 2009. Quantitative
real-time PCR analysis of total and propidium monoazide-resistant fecal indicator bacteria
in wastewater. Water Res 43:4790-4801.

Elizaquivel P, Aznar R, Sdnchez G. 2014. Recent developments in the use of viability dyes
and guantitative PCR in the food microbiology field. J Appl Microbiol 116:1-13.

Gomi R, Matsuda T, Matsui Y, Yoneda M. 2014. Fecal source tracking in water by next-
generation sequencing technologies using host-specific Escherichia coli genetic markers.
Environ Sci Technol 48:9616-9623.

Senkbeil JK, Ahmed W, Conrad J, Harwood VJ. 2019. Use of Escherichia coli genes
associated with human sewage to track fecal contamination source in subtropical waters.
Sci Total Environ 686:1069-1075.

Agency USEP. 2009. Method 1603: Escherichia coli (E. coli) in Water by Membrane
Filtration Using Modified Membrane-Thermotolerant Escherichia coli agar (Modified
mTEC). US Environmental Protection Agency, Office of Water Washington DC.

Chern EC, Siefring S, Paar J, Doolittle M, Haugland RA. 2011. Comparison of quantitative
PCR assays for Escherichia coli targeting ribosomal RNA and single copy genes. Lett Appl
Microbiol 52:298-306.

Stachler E, Kelty C, Sivaganesan M, Li X, Bibby K, Shanks OC. 2017. Quantitative
CrAssphage PCR assays for human fecal pollution measurement. Environ Sci Technol
51:9146-9154.

Chern EC, Brenner KP, Wymer L, Haugland RA. 2009. Comparison of fecal indicator
bacteria densities in marine recreational waters by QPCR. Water Quality, Exposure and
Health 1:203-214.

R Core Team R. 2013. R: A language and environment for statistical computing.

62



41.

42.

43.
44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

Helsel DR. 2011. Statistics for censored environmental data using Minitab and R, vol 77.
John Wiley & Sons.

Lee L. 2017. CRAN-Package NADA [WWW Document]. URL https://cran. r-project.
org/web/packages/NADA/index. html (accessed 10.13. 19).

Agresti A. 2012. Categorical data analysis, vol 792. John Wiley & Sons.

Oksanen J, Blanchet F, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin P, O’hara
R, Simpson G, Solymos P. 2016. vegan: community ecology package. R version 3.2. 4.
Community Ecol. Packag. Version 2.

Kindt R. 2017. Package for Community Ecology and Suitability. Analysis. R Package
Version 2:8-3.

Association W. n.d. Educate. https://watereuse.org/educate/. Accessed 15 September
2023.

Eichmiller JJ, Hicks RE, Sadowsky MJ. 2013. Distribution of genetic markers of fecal
pollution on a freshwater sandy shoreline in proximity to wastewater effluent. Environ Sci
Technol 47:3395-3402.

Zimmer-Faust AG, Thulsiraj V, Lee CM, Whitener V, Rugh M, Mendoza-Espinosa L, Jay
JA. 2018. Multi-tiered approach utilizing microbial source tracking and human associated-
IMS/ATP for surveillance of human fecal contamination in Baja California, Mexico. Sci
Total Environ 640:475-484.

Deng S, Yan X, Zhu Q, Liao C. 2019. The utilization of reclaimed water: Possible risks
arising from waterborne contaminants. Environ Pollut 254:113020.

Jager T, Hembach N, Elpers C, Wieland A, Alexander J, Hiller C, Krauter G, Schwartz T.
2018. Reduction of antibiotic resistant bacteria during conventional and advanced
wastewater treatment, and the disseminated loads released to the environment. Frontiers
in microbiology 9:2599.

Korajkic A, McMinn B, Herrmann MP, Sivaganesan M, Kelty CA, Clinton P, Nash MS,
Shanks OC. 2020. Viral and bacterial fecal indicators in untreated wastewater across the
contiguous United States exhibit geospatial trends. Appl Environ Microbiol 86:€02967-19.

Lou EG, Ali P, Lu K, Kalvapalle P, Stadler LB. 2022. Snapshot ARG Removal Rates
across Wastewater Treatment Plants Are Not Representative Due to Diurnal Variations.
ACS ES&T Water 3:166-175.

Kay D, Crowther J, Stapleton CM, Wyer MD, Fewtrell L, Edwards A, Francis C,
McDonald AT, Watkins J, Wilkinson J. 2008. Faecal indicator organism concentrations in
sewage and treated effluents. Water Res 42:442-454.

Bunce JT, Robson A, Graham DW. 2020. Seasonal influences on the use of genetic
markers as performance indicators for small wastewater treatment plants. Sci Total Environ
739:139928.

63


https://cran/
https://watereuse.org/educate/

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Morrison CM, Betancourt WQ, Quintanar DR, Lopez GU, Pepper IL, Gerba CP. 2020.
Potential indicators of virus transport and removal during soil aquifer treatment of treated
wastewater effluent. Water Res 177:115812.

Li D, Van De Werfhorst LC, Steets B, Ervin J, Murray JL, Blackwell A, Devarajan N,
Holden PA. 2021. Sources of low level human fecal markers in recreational waters of two
Santa Barbara, CA beaches: roles of WWTP outfalls and swimmers. Water Res
202:117378.

Mayer R, Bofill-Mas S, Egle L, Reischer G, Schade M, Fernandez-Cassi X, Fuchs W,
Mach R, Lindner G, Kirschner A. 2016. Occurrence of human-associated Bacteroidetes
genetic source tracking markers in raw and treated wastewater of municipal and domestic
origin and comparison to standard and alternative indicators of faecal pollution. Water Res
90:265-276.

Xue J, Schmitz BW, Caton K, Zhang B, Zabaleta J, Garai J, Taylor CM, Romanchishina
T, Gerba CP, Pepper IL. 2019. Assessing the spatial and temporal variability of bacterial
communities in two Bardenpho wastewater treatment systems via Illumina MiSeq
sequencing. Sci Total Environ 657:1543-1552.

Wu Z, Greaves J, Arp L, Stone D, Bibby K. 2020. Comparative fate of CrAssphage with
culturable and molecular fecal pollution indicators during activated sludge wastewater
treatment. Environ Int 136:105452.

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

Gerba CP, Betancourt WQ, Kitajima M, Rock CM. 2018. Reducing uncertainty in
estimating virus reduction by advanced water treatment processes. Water Res 133:282-288.

Blatchley 111 ER, Gong WL, Alleman JE, Rose JB, Huffman DE, Otaki M, Lisle JT. 2007.
Effects of wastewater disinfection on waterborne bacteria and viruses. Water Environ Res
79:81-92.

Simhon A, Pileggi V, Flemming CA, Bicudo JR, Lai G, Manoharan M. 2019. Enteric
viruses in municipal wastewater effluent before and after disinfection with chlorine and
ultraviolet light. J Water Health 17:670-682.

Stachler E, Akyon B, de Carvalho NA, Ference C, Bibby K. 2018. Correlation of
crAssphage gPCR markers with culturable and molecular indicators of human fecal
pollution in an impacted urban watershed. Environ Sci Technol 52:7505-7512.

Ahmed W, Triplett C, Gomi R, Gyawali P, Hodgers L, Toze S. 2015. Assessment of
genetic markers for tracking the sources of human wastewater associated Escherichia coli
in environmental waters. Environ Sci Technol 49:9341-9346.

Worley-Morse T, Mann M, Khunjar W, Olabode L, Gonzalez R. 2019. Evaluating the fate
of bacterial indicators, viral indicators, and viruses in water resource recovery facilities.
Water Environ Res 91:830-842.

64



67.

68.

69.

70.

71.

72.

Elder RO, Keen JE, Siragusa GR, Barkocy-Gallagher GA, Koohmaraie M, Laegreid WW.
2000. Correlation of enterohemorrhagic Escherichia coli O157 prevalence in feces, hides,
and carcasses of beef cattle during processing. Proceedings of the National Academy of
Sciences 97:2999-3003.

Nopprapun P, Boontanon SK, Harada H, Surinkul N, Fujii S. 2020. Evaluation of a human-
associated genetic marker for Escherichia coli (H8) for fecal source tracking in Thailand.
Water Science and Technology 82:2929-2936.

Mayer RE, Reischer GH, Ixenmaier SK, Derx J, Blaschke AP, Ebdon JE, Linke R, Egle L,
Ahmed W, Blanch AR. 2018. Global distribution of human-associated fecal genetic
markers in reference samples from six continents. Environ Sci Technol 52:5076-5084.

Caporaso JG, Lauber CL, Costello EK, Berg-Lyons D, Gonzalez A, Stombaugh J, Knights
D, Gajer P, Ravel J, Fierer N. 2011. Moving pictures of the human microbiome. Genome
biology 12:1-8.

Claesson MJ, O'Sullivan O, Wang Q, Nikkila J, Marchesi JR, Smidt H, De Vos WM, Ross
RP, O'Toole PW. 2009. Comparative analysis of pyrosequencing and a phylogenetic
microarray for exploring microbial community structures in the human distal intestine.
PloS one 4:e6669.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill SR, Nelson
KE, Relman DA. 2005. Diversity of the human intestinal microbial flora. science
308:1635-1638.

65



CHAPTER THREE: MICROBIAL SOURCE TRACKING MARKER DNA FROM
UNTREATED SEWAGE DECAYS MORE RAPIDLY IN FRESHWATER THAN DNA

FROM RECYCLED WATER
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Abstract

Sewage-associated HF183 and CPQ_056 are used globally to track sewage pollution in surface
waters by gPCR; however, both DNA markers can persist through wastewater treatment and
remain quantifiable even in highly treated recycled water, which seldom contains detectable
levels of culturable Escherichia coli. Persistent DNA in recycled water can confound
interpretation of microbial source tracking (MST) efforts to assess sewage contamination;
however, culturable E. coli with the sewage-associated H8 gene (EcH8) can be used to
discriminate between sewage and recycled water. Persistence of the gPCR signal of MST marker
DNA from recycled water is underexplored, and little is known about the persistence of ECH8 in
surface waters. This study compared decay of DNA markers EC23S857 (E. coli), HF183, and
CPQ_056 in river water spiked with (i) recycled water or (ii) untreated sewage, and the

environmental persistence of ECH8 from sewage. Sewage or recycled water was spiked into river
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water in shaded outdoor freshwater mesocosms sampled over five days. Decay of qPCR
variables assessed by multivariate analysis was significantly more rapid in the untreated sewage
treatment compared to the recycled water treatment, and light intensity contributed significantly
to decay. Culturable EcH8 remained detectable for five days in the sewage treatment but was
undetectable in recycled water. On day 5, median logzo reduction values (LRV) of microbial
variables measured by qPCR in recycled water treatments were 0.61 (EC23S857), 0.68 (HF183),
and 0.44 (CPQ_056). LRV of microbial variables in with the sewage treatment were 0.39
(EC23S857), 2.83 (HF183), and 1.0 (CPQ_056), indicating comparatively greater rate of decay
of HF183 and CPQ_056 in sewage compared to recycled water. EC23S857 decayed significantly
more slowly than HF183 or CPQ_056 in the sewage treatment, but differences were not
significant in the recycled water treatment. These data provide a deeper understanding of the
extended environmental persistence of DNA from recycled water and support the usefulness of
culturable EcH8 for detecting untreated sewage in recreational waters that are also impacted by

recycled water and other disinfected discharges of wastewater.

Importance

Microbial source tracking (MST) in environmental waters can discriminate sewage from animal
fecal sources with sewage-associated genes measured by qPCR. However, DNA in untreated
sewage can persist through wastewater treatment and enter surface waters through release of
treated sewage from permitted discharges and as recycled water. Differentiating recycled water
from sewage in surface waters is necessary for accurate health risk assessments due to the greater
potential for the presence of infectious pathogen presence in sewage vs recycled water.
Furthermore, the ability to identify untreated sewage will improve pollution mitigation efforts

and avoid unnecessary investigations due to the gPCR signal from treated discharges. In this
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study, we demonstrate the environmental persistence of MST markers from two human sources
(recycled water and untreated sewage) and apply the culturable ECH8 method with viable

Escherichia coli to specifically identify untreated sewage in river water over time.

Introduction

Microbial source tracking (MST) methods are frequently adopted by local and state agencies to
measure sewage-associated DNA markers such as HF183 in Bacteroides dorei (1), and
CPQ_056 carried by crAssphage viruses (2). HF183 and CPQ_056 concentrations are reported in
multiple studies that investigate the impact of sewage pollution on environmental waters (3-6).
However, MST generally involves g°PCR methods that lack the ability to distinguish viable
microorganisms from nonviable cells and free DNA, as g°PCR measures DNA. This is an issue
since MST markers such as HF183 and CPQ_056 can persist through wastewater treatment and
remain quantifiable in disinfected effluent and recycled water at levels sufficient to increase
HF183 levels several orders of magnitude in a freshwater body (4, 7-11). This phenomenon is
also an issue in measurements of general fecal pollution for recreational water quality assessment
because DNA markers of FIB such as EC23S857 can also persist through wastewater treatment
(11). To our knowledge, no studies have previously examined the persistence of DNA markers in
recycled water once it is introduced to an environmental matrix, and how it compares to the
sewage qPCR signal under similar conditions. Free nucleic acid from recycled water could be
more susceptible to degradation from abiotic or biotic pressures and may have a greater rate of

decay compared to nucleic acids in intact cells from untreated sewage.

One challenge for recreational water quality studies is that disinfected effluent and recycled
water are sources of DNA originally derived from sewage. The source of the microbial DNA can

be incorrectly identified as untreated sewage, which can lead to an overestimation of health risk.
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Untreated sewage pollution is a greater public health risk than recycled water due to the presence
of a diversity of viable pathogens and human specific viruses in sewage (12-15), while recycled
water poses a lower health risk due to low levels of viable microorganisms (16-20). The H8
marker gene in culturable sewage-associated E. coli (EcH8), is a sensitive and specific marker
for sewage (21-23) and is one possible solution for discriminating sewage from recycled water,
as this viable target is present only in sewage (11). However, the persistence of ECH8 in
environmental waters compared to all E. coli and MST markers has not been explored. This
approach to detecting sewage will not be very useful to MST efforts if ECH8 die rapidly in
aquatic environments, or if ECH8 is persistent and survives longer than generic E. coli, MST

markers, and pathogens in environmental waters.

Multiple environmental factors can influence decay of microbial variables, but factors such as
sunlight that has a known effect on decay of microbial variables from untreated sewage should
also be examined on how it could impact decay of culturable EcCH8 and DNA markers from
recycled water. Sunlight is known to be a major contributing factor to the decay of bacteria in
surface waters and can have differential impacts on DNA markers from sewage (reviewed in 24).
Concentrations of culturable E. coli from sewage can be reduced by more than one hundred-fold
in environments exposed to direct sunlight (25-27). Previous studies of microbial decay in
untreated sewage have found that MST markers (i.e. HF183 and CPQ_056) persist and remain
quantifiable after a week in environmental conditions, even in cases when exposed to direct
sunlight (25, 28-31). The proportion of culturable EcH8 in total E. coli from sewage ranged from
8 t0 20% in U.S. studies (11, 21). If decay, measured as loss of culturability, in surface waters
occurs rapidly for EcCH8 compared to DNA markers, then this method may only be useful for

detecting recent sewage contamination events. Published studies generally contrast full sun with
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complete shade (frequently termed a dark treatment) (e.g., 27, 32-34) and little information on
the influence of intermediate shade, such as one might find in streams covered by tree canopy, is
available. Furthermore, the current literature contains no examples for the relationship between
sunlight and decay of DNA markers from recycled water, which will be important to understand
as recycled water use increases along with its possible interference in data interpretation for

recreational water quality analyses.

The objectives of this study were (i) to compare the decay of DNA markers of sewage from
recycled water or untreated sewage in a shaded freshwater environment, and (ii) to compare the
decay rate of culturable EcH8 to that of the DNA markers. We tested two major hypotheses in
this study: (i) DNA markers from recycled water, which are derived from mainly from dead cells
and extracellular DNA, will decay more rapidly in river water compared to DNA from untreated
sewage, which is derived from a mixture of live cells, dead cells, and extracellular DNA and (ii)
the persistence of culturable EcH8 in the water mesocosms will be comparable to that of the

DNA markers.

Methods

Site Description and Freshwater Collection

Water was collected from the same site (28.088007, -82.348996) in the Hillsborough River in
Tampa, FL during the morning on day 0 of each trial (n = 3). The site is upstream of urban
Tampa. Two hundred L of river water was collected per trial in sterile 20 L carboys and
transported to a shaded research site at the University of South Florida (USF) Botanical Gardens
(28.057593, -82.425086) to fill outdoor mesocosms. Remaining water was transported to the
laboratory for analysis of background levels of microorganisms, and to prepare treatment spikes

for 5-day mesocosm experiments.
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Mesocosm Inocula

Recycled wastewater and untreated sewage influent were collected from a conventional
wastewater treatment facility in St. Petersburg, Florida on three separate dates (April — May
2023). This facility serves approximately 126,880 residents and produces about 16.4 million
gallons per day of recycled water. Wastewater in this facility is subjected to primary and
secondary treatment by an activated sludge process, and effluent is disinfected with sodium
hypochlorite before entering the recycled water distribution system. Recycled water (1.5 L) and
untreated sewage (1.5 L) were collected in sterile 2 L polypropylene containers and transported
at 4 °C on wet ice to the laboratory. Dilutions were prepared in two separate sterile 10 L carboys
by adding 600 mL of recycled water or untreated sewage into 5,400 mL of river water to reach a
10 % solution of each inoculum. A sterile magnetic stir bar was used to mix each sample for 1

minute before preparing dialysis bags.

Outdoor Mesocosm Preparation and Physical Water Property Measurements

Mesocosms consisted of Sterilite plastic storage boxes (86 cm length x 47.6 cm width x 33 cm
height) with fishing line (25-pound test line) and stainless-steel heavy-duty metal clamps.
Mesocosms were cleaned with 70% alcohol and flushed with ambient river water prior to filling
with river water to create a reservoir. Dialysis tubing cellulose sample bags (75 mm flat width,
13-14 kD pore size; molecular weight cut-off, Spectrum Labs, Rancho Dominguez, CA) were
used following previous studies (27, 31, 35); one study demonstrated that dialysis tubing allowed
low attenuation (< 10%) of sunlight (32). Dialysis bags contained 200 mL of each treatment (10
% recycled water or untreated sewage, see details below) and were placed approximately 5 — 10
cm below the water surface in each mesocosm. Each bag was tied to approximately 40 g of

swivel fishing weights at the bottom to keep them in a vertical orientation in mesocosms. River
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water was continuously circulated in each mesocosm with an aquarium pump throughout the
entire experiment. Mesocosms were topped off with additional river water each day to account
for evaporation loss. Ambient water temperature and light intensity conditions were measured in
each mesocosm on an hourly basis using Onset HOBO MX2202 Waterproof Bluetooth Pendant
light and temperature data loggers (Onset Computer Corporation Bourne, MA) in dialysis bags

approximately 5 cm below the water surface.

Thirty dialysis bags for each pollution type (recycled water or untreated sewage) were incubated
in outdoor mesocosms for up to five days. Five dialysis bags from each treatment were harvested
at the beginning of the experiment (day 0) and every 24 hours up to day 5. Mesocosm
experiments were repeated on three separate trials (Figure C.1). Harvested dialysis bags were
transported with 100 mL of ambient river water in sealed plastic bags on wet ice to the
laboratory. The contents of each dialysis bag were separated into 180 mL for DNA extraction

and 20 mL for culture of E. coli. Samples were processed within one hour of harvesting.

Nucleic Acid Purification

Forty-five - 180 mL of sample from each dialysis bag was filtered onto a mixed cellulose ester
filter (47 mm diameter 0.45 um pore size; Fisherbrand) until refusal. Controls included five
technical replicates for background levels of microorganisms in 200 mL of river water, 20 mL of
recycled water, or 1 mL of untreated sewage that was filtered as described above for each trial.
The volume filtered was recorded and used to normalize values to gene copies/100 mL. DNA
was extracted by processing membranes in a Dneasy PowerWater™ DNA extraction kit
(Qiagen) for qPCR analysis following manufacturer’s instructions. Nucleic acids were eluted in

100 pL elution buffer for river water, sewage and samples spiked with sewage, and in 50 pL
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buffer for recycled water and samples spiked with recycled water. DNA was stored up to 120

hours at -20 °C until gPCR amplification was conducted.

QPCR Amplification

Quantitative PCR assays included the general E. coli target EC23S857 (36), and sewage-
associated HF183 (1) and crAssphage CPQ_056 (2). Primer and probe concentrations/sequences
and gPCR assay conditions are reported in supplementary material (Table C.1) for each assay.
QPCR amplifications was conducted in 25 pL reactions in duplicate using 12.5 pL TagMan
Environmental Master Mix 2.0 (Applied Biosystems) and 5 pL of template DNA per reaction in
a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories; California,
US). Standard curves were constructed from gene fragments in gBlocks (Table C.2) containing
the target sequences, and reference DNA material (internal amplification control) was included

for each sample to test for inhibition according to guidelines in USEPA method 1696 (1).

All standard curves ranged from 5 to 107 gene copies (GC) per reaction and performance metrics
included efficiencies between 90 and 110%, and > 0.98 R? values. In sewage-spiked mesocosms,
the limit of detection (LOD) was 50 GC/100 mL and the limit of quantification (LOQ) was 100
GC/100 mL for each DNA marker. In mesocosms spiked with recycled water, the LOD was 25
GC/100 mL and LOQ was 50 GC/100 mL for each DNA marker. Inhibition of gPCR
amplification was not detected in any of the samples tested in this study. Negative controls for
each instrument run included 6 lab blanks (phosphate buffered saline, pH 7.5), 6 extraction
blanks, and 6 non-template controls (nuclease free water used in gqPCR) which were all negative
for each gPCR target in this study. All sewage-associated markers in Hillsborough River were

below the LOD prior to inoculation of mesocosms.
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Culture of E. coli and Molecular Detection of H8

Bacteria from dialysis bags were concentrated on sterile mixed cellulose ester filters (47 mm
diameter 0.45 um pore size; Fisherbrand). Colony forming units (CFU) of E. coli were
enumerated on membrane thermotolerant Escherichia coli (nTEC) agar plates according to
USEPA method 1603 (37). For sewage-spiked mesocosms, samples were diluted 10 from day 0
to day 3 and 102 to 10! for both day 4 and day 5, and 1 mL was filtered in duplicate from each
dilution. In mesocosms spiked with recycled water, 10 mL was filtered in duplicate from each
dialysis bag per day. The LOD for culturable E. coli in this study was 10 CFU/100 mL for
untreated sewage spiked samples, and 10' CFU/100 mL for recycled water spiked samples.
Well-separated colonies with characteristic E. coli morphology and coloration were individually
picked from mTEC plates (30 isolates per dialysis bag whenever possible) and composited in

50 pL of reagent grade nuclease-free water in a 100 pL microcentrifuge tube for HS (culturable
EcH8) analysis. Each colony composite was incubated for 10 min at 100 °C in a thermal cycler

as described previously (21).

Confirmation of E. coli was conducted through real-time PCR amplification of an E. coli specific
B-glucuronidase uidA gene (38) and for presence of the H8 gene by real-time PCR. PCR
amplification was conducted in 25 pL reactions that included 12.5 uL. TagMan Environmental
Master Mix 2.0 (Applied Biosystems) and 5 pL of template DNA per reaction in a Bio-Rad
CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories; California, US). Primer
and probe concentrations/sequences and PCR assay conditions are reported in supplementary
material (Table C.1). A positive control for uidA and H8 consisting of genomic DNA from E.
coli ATCC 13706 was included in each run. A H8 negative control (E. coli ATCC 11775) and a

no template control (nuclease free water) was also included in each run.
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Data Analyses

Statistical analyses in this study were executed in GraphPad Prism version 10.2.3 and R version
4.1.3 (39), and included descriptive statistics, hypothesis testing, and correlation analyses. All
gPCR data were logio-transformed prior to statistical analysis. A significance threshold of a =
0.05 was set for all statistical tests. LOQ was defined as the lowest standard concentration that
consistently amplified in all three replicates, while LOD was the lowest standard concentration in
which at least 2 out of 3 replicates consistently amplified. Data that were below the LOQ were
observed only in samples from the recycled water treatment and were considered censored. u-
scores were calculated based on v 1.2 of u-score script written by D. Helsel (available in
PracticalStats.com) (40). Each observation in each data set was assigned a u-score based on rank,
which were utilized to compute statistical analyses that tested relationships between microbial
variables and differences by treatment type. U-scores of censored data were expressed as a range
from 0 to LOD - 1 for observations below the detection limit and LOD to LOQ - 1 for

observations that were detected but not quantifiable.

Descriptive statistics (median and quartiles) were calculated by treatment type (recycled water or
untreated sewage) for culturable E. coli and DNA markers (EC23S857, HF183 and CPQ_056)
through the R package stats (version 4.1.3). Logzo reduction values were calculated by
subtracting the logio concentration of the mean on day-5 from the mean logio concentration on
day-0 for each microbial variable. Multivariate analysis on logio reductions of all DNA markers
was done with each dialysis bag treated as a replicate to determine the effect of source (recycled
water or untreated sewage) and environmental variables on decay. Multivariate statistics were
executed by PERMANOVA though the package RVAideMemoire (version 0.9-83-3), and

redundancy analysis was conducted with the package BiodiversityR (version 2.15-4).
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In univariate analyses, LRVs from recycled water or untreated sewage treatment data were
calculated from five replicate dialysis bags per marker, per trial. A two-way ANOVA was
executed to test the effect of factors (i.e., trials and DNA markers) on differences in decay in
recycled water and sewage treatments separately. The Tukey HSD post hoc test was conducted
for multiple pairwise comparisons among trials and DNA markers. Differences in the frequency
of detection for culturable EcH8 across trials were determined with the Fisher exact test (41) and
the R package rstatix (version 0.7.2), with Bonferroni method for p-value correction.
Relationships among logio reductions of microbial variables for each source type was determined
with Kendall’s rank correlation tau, where the coefficient (tau) can range from -1.0 to 1.0. A
value of -1.0 designates a perfect negative correlation in rank between two variables; a value of
1.0 indicates a perfect positive correlation. A value of 0 demonstrates that no relationship in rank

exists between two variables.

The univariate analysis for differential decay of microbial variables between recycled water and
sewage treatments included each experimental trial as a biological replicate, providing three
mean logzo reduction values for each DNA marker in the recycled water or sewage treatments. A
linear mixed effect model was constructed for each marker which included a fixed effect
(logzoreductions) and one random effect (trials). Models were tested by ANOVA and were
assembled with the method REML using the R package nlme (version 3.1-155). Log-linear
regression models were ensembled with the tool GinaFiT (42) for each microbial variable in data
from recycled water or untreated sewage-spiked mesocosms across three trials. Fit of each model
was assessed by comparing adjusted R? and root mean square error (RMSE) provided by the
GinaFiT tool. The first-order decay rates (k) in logio/day were calculated by dividing

concentrations of day 5 (Ct) by day 0 (Co) and transforming by natural log then dividing by time
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(T) which was 5 days in this study as shown in equation (i) (43). Too values were defined as the

time (days) for one-log (90%) reduction and were calculated using equation (ii) (43).

In(C,/Cy) /T= — k ()
Too= — In(0.1)/ k (ii)
Results

Prior to inoculating river water with recycled water or sewage, concentrations of each microbial
variable were measured in river water, recycled water, and untreated sewage for each
experimental trial (Table C.3). In river water, the highest mean concentrations of culturable E.
coli and EC23S857 were 1.89 and 2.82 CFU or GC/100 mL, respectively, while sewage-
associated markers were below the LOD in each trial. In recycled water, culturable E. coli were
below the LOD in each trial but the mean of DNA markers ranged from ~ 4 to 5 logio GC/100
mL. In untreated sewage, all microbial variables were detected and means ranged ~ 6 to 8 logio
CFU or GC/100 mL. In this study, water temperature means ranged 21.3 — 23.2 °C while the
average for light intensity ranged 111 - 155 lum/ft.? across the three trials (Table C.4). No

significant differences were found among trials for both temperature and light measurements.

Comparison of Decay (logio reduction) of DNA Markers Measured by gPCR from Recycled
Water vs Sewage Treatments

The decay of DNA markers in river water spiked with recycled water or untreated sewage was
analyzed on three dates (trials) conducted in March, April, and May 2023 with the objective of
determining which factors (i.e., markers and source) contributed to log:o reductions. Multivariate
redundancy analysis was executed to explore decay differences between sources and to examine
relationships between decay and environmental variables. Decay of DNA markers was

significantly greater (p = 0.001) in river water spiked with untreated sewage (sewage treatment)

77



compared to recycled water-spiked samples (recycled water treatment); however, the model only
explained 14% of the variability in the data (Figure 3.1). Water temperature and light intensity
were included as explanatory variables in the multivariate model, where only light (p = 0.033)

was a significant factor in decay of DNA markers and not temperature (p = 0.265).

The effect of DNA source and light intensity on decay was further explored by univariate
analyses following the significant findings in the multivariate model. In linear mixed effect
models analyzed by ANOVA, source (recycled water vs sewage treatment) did not have a
significant effect on the LRV of any DNA marker (EC23S857, HF183, or CPQ_056) (Figure 3.2,
Table 3.2). Decay of EC23S857 and CPQ_056 in the sewage treatment were significantly and
positively correlated with visible light measurements, while an o equal to 0.10 would have

resulted in a positive significant relationship for HF183 (p = 0.0645, t = 0.394) (Table C.5).

Alternative metrics for decay (i.e., decay rate k, and Too) of DNA markers were examined to
facilitate comparisons with measurements reported in the literature. The other decay metrics we
calculated tracked LRV trends, as expected. For example, first-order decay constants (k) for
CPQ_056 and HF183 in the sewage treatment ranged from 0.27/day to 1.37/day across three
trials, which was greater compared to the recycled water treatment with k values ranging from
0.14/day to 0.64/day (Table 3.3), respectively. The time for one logio reduction (Teo) of HF183
and CPQ_056 were generally greater in recycled water treatments compared to sewage

treatments where the Too ranged from 1.7 to 8.6 days across the three trials (Table 3.3).

Effect of Trials and DNA Marker on Decay (logio reduction) in Recycled Water or Sewage
Treatments
Decay rates (LRV) between trials was compared among DNA markers separately in the recycled

water treatment and sewage treatment. A two-way ANOVA was executed to determine the effect
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of factors (i.e., trials and markers) on decay of DNA markers for each treatment. In the recycled
water treatment, trials was a significant factor in decay (Table 3.1, Table C.6). DNA markers in
the recycled water treatment in Trial 1 experienced the least decay (Figure 3.3). DNA marker
was not a significant factor in decay, and there was no significant interaction between trials and
DNA markers, although HF183 LRV was significantly different between trial 1 and 3 (Table
C.6). On day 5, median HF183 LRVs across trials were greatest (0.40 — 1.71) followed by
EC23S857 (0.44 — 1.67) and finally crAssphage CPQ_056 (0.23 — 0.57) (Figure 3.3). In the
sewage treatment, trials, markers and the interaction between the two factors had a significant
effect on LRV differences (Table 3.1). On day 5, the range of median LRV across trials for
HF183 (0.68 — 2.96) was greatest followed by CPQ_056 (0.50 — 1.05) and EC23S857 (- 0.50 —
0.39) (Figure 3.3). The LRVs of each DNA marker were significantly different from each other

in all trials except for HF183 and CPQ_056 in Trial 1 (Table C.7).

Culturable E. coli and EcH8 Decay in Mesocosms

Decay of culturable E. coli and culturable ECH8 was assessed to contrast with the DNA markers.
Decay of culturable EcH8 is expressed as frequency of detection, as composite samples
containing multiple colonies were tested from each dialysis bag on a presence/absence basis. E.
coli were never detected in recycled water and were infrequently detected (24 — 32%) across
trials in the recycled water treatment, where levels were consistent with those observed in
unspiked river water. We therefore considered these E. coli to be contributed from the river
rather than from recycled water, and data from the recycled water treatment was excluded from

statistical analyses.

In the sewage treatment, the median LRV on day 5 for culturable E. coli was - 0.41, 0.40, and

1.07 for Trials 1, 2, and 3 respectively. The one-way ANOVA showed that trials was a
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significant factor (p < 0.0001) for LRV differences in culturable E. coli (p < 0.0001), where each
trial was significantly different from the other (p < 0.0001). In the sewage treatment, the
frequency of detection for culturable EcH8 was 100% on day 0 for all three trials and ranged
from 40 to 60% after 5 days exposed to environmental conditions. Culturable EcH8 frequency of

detection was not significantly different (p > 0.9999) across the three trials.

Correlations Among Microbial Variables in Recycled Water or Sewage Treatments

In recycled water treatments, a significant positive correlation was observed between HF183 and
EC23S857 LRVs, but neither marker was correlated with CPQ_056 decay (Table C.8, Figure
C.4). The LRVs of all variables, including culturable E. coli and DNA markers, were positively

correlated in the sewage treatment (Table C.8, Figure C.5).

Discussion

Quantification of DNA markers such as HF183 and CPQ_056 by gPCR is a widely accepted
strategy to identify untreated sewage in surface waters; however, multiple studies have found
that these DNA markers can persist through wastewater treatment and complicate MST efforts
when recycled water or treated effluents enter surface waters (4, 7-11). To our knowledge, this is
the first study to explore the persistence of DNA markers from recycled water compared to

markers from sewage under environmentally-relevant conditions.

Direct discharge of disinfected effluent or excess recycled water into a surface water body is a
common occurrence in the U.S. Many receiving waters have a high percentage of canopy cover
which results in shaded conditions. For example, Turkey Creek in Hillsborough County, Florida
receives excess recycled water discharged from an advanced wastewater treatment facility. The
stream is moderately shaded with a mean canopy cover of 63.5% (44). We showed that discharge

of recycled water increased concentrations of HF183 by three orders of magnitude in Turkey
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Creek (11). Excess recycled water can also be injected into aquifers, where there is no sunlight
exposure and microbial population is lower compared to surface waters, for storage and future
recovery (45, 46). Here, we assessed the persistence of DNA markers in mesocosms in shaded
conditions. This experimental design explores a scenario where persistence of microorganisms
and DNA from sewage or recycled water is expected to be longer than persistence under full sun
conditions. We contrasted our findings to other studies (Table 5) that explored decay of the same
microbial variables tested in this and included freshwater mesocosms. We explored differences
and similarities for conditions affecting the decay of DNA markers and highlight advantages of

using culturable EcH8 to confirm the presence of untreated sewage in surface waters.

Factors Influencing the Decay of Microbes and DNA Markers in the Environment

Multiple abiotic and biotic factors can contribute to the decay of microbes and nucleic acids in
environmental waters. The experimental design in this study included extrinsic microbial factors
(i.e., predators and competitors), intrinsic factors (e.g., obligate and facultative anaerobes,
viruses and bacteria), and measurements of water temperature and light intensity, all of which
have been shown to be contributing factors for the decay of microbes and DNA markers in
surface waters (reviewed in 24). In this study, we found a significant relationship between light
intensity and decay of all nucleic acid markers (EC23S857, HF183 and CPQ_056) by
multivariate analysis. However, we did not see any correlation between water temperature and

decay of DNA markers.

Sunlight is an important contributor to the decay of microbes and DNA markers. Studies
typically include measurements of light intensity and contrast full sun with complete shade
(frequently termed a dark treatment) (Table 3.5). Many studies have shown a significant effect of

sunlight on decay of DNA markers in a freshwater environment (25, 27, 29, 32). Sunlight was
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the primary factor contributing to decay only in the first few days (days 2 — 5) while the presence
of indigenous microbiota was the principal factor contributing to decay in the later stages (> 5
days) (25, 27, 29, 32). Reported light intensity in published studies ranges from 0 — 6,500
lum/ft.2, while in our study we observed a smaller range of 0 — 3,400 lum/ft.?, as experiments
were conducted in natural shade. On the other hand, one study in the U.S. and another in
Sweeden found no association between light exposure and decay of DNA markers (47, 48).
Differences in the germicidal effect of sunlight in surface water can be partially explained by
other studies that have shown the influence of multiple factors including but not limited to
turbidity and water depth (49, 50), temperature and pH (51, 52), as well as concentrations of

dissolved oxygen (53, 54) and humic acids (55, 56).

Multiple studies have found MST marker persistence to be greater at water temperatures below
20 °C (25, 47, 57-59). Water temperature was controlled in a previous study that demonstrated
an effect of water temperature on decay of microbial variables (Table 5), in which the decay of
HF183 and crAssphage CPQ_056 were greater at 25 °C compared to 15 °C in indoor mesocosms
(25). Another study that tested decay with continuous-flow freshwater in a laboratory setting
found that the time for a 99% reduction of DNA markers was significantly longer at 14 °C
compared to 22 °C (57). The difference in mean water temperatures our study was only ~ 2 °C
(~ 21 - 23 °C) across the three trials, which likely contributed to the lack of correlation with
decay observed. Other studies in the U.S. have also found no association between water
temperature and decay of microbes in outdoor and indoor mesocosms, with water temperatures

ranging from 6 — 28 °C (33), and 15 — 28 °C (29).
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Decay of DNA Markers from Recycled Water Versus Untreated Sewage

The microbiological material in properly treated recycled water is dominated by dead cells and
free DNA, while that of untreated sewage contains a high proportion of viable cells. Because
these sources of microorganisms and DNA have very different implications for human health
risks, we compared their persistence, hypothesizing that the viable microorganisms in sewage
would decay more slowly than the compromised cells and free DNA in recycled water. However,
decay was slower in the recycled water treatment than in the sewage treatment. Our study also
showed a greater time for one log reduction (Teo) for DNA markers HF183 and CPQ_056 in the
recycled water treatment compared to the same markers in the sewage treatment. These trends
were not expected and may be attributed to a greater influence of extrinsic factors (e.g., predation
and competition) in the sewage treatment compared to recycled water. A greater population of
microbes including protozoa in sewage mesocosms could explain some of these differences, as
protozoan grazing can contribute up to 90% of mortality in microbial populations and
extracellular DNA from lysed organisms can be consumed by metabolically active microbes (60,
61). To our knowledge there are no other studies on the environmental persistence of DNA

markers from recycled water that can be used for comparison.

Decay of HF183 and CPQ_056 markers from the untreated sewage treatment were compared to
trends reported in the literature. One study (25) conducted in an Australian lab with freshwater
microcosms under artificial sunlight and a constant temperature of 25 °C found a lower range for
HF183 first order decay rates and generally longer times to reach Too compared to our study, but
CPQ_056 decay and Tgo values in this study were similar to our findings. However, Australian
study was done in indoor microcosms with stable temperatures and used artificial lighting which

emitted solar radiation that was approximately 6 times lower than natural outdoor conditions
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(25). On the other hand, a study that deployed a mesocosm with untreated sewage in the upper
Mississippi River (lowa, U.S.) exposed to direct sunlight found greater logio reductions (~ 4
logio after 5 days) of HF183 compared to our study (~ 3 logio after 5 days) but found similar
decay for this marker in mesocosms under complete shade conditions (32). Another study in
Indiana, U.S. also found greater decay rate for both HF183 and CPQ_056 in an outdoor
unshaded mesocosm while the decay rates of both markers in complete shade were similar to
ours (34). Intrinsic microbiological factors (i.e., physiology) logically have a greater contribution
to differential decay in the sewage treatment, which is largely comprised of viable intact cells

compared to recycled water that is mostly dead/compromised cells and free DNA.

Differential Decay Among Microbial Variables in Recycled Water or Sewage Treatments
Understanding how environmental persistence among DNA markers vary is important for
identifying which markers can be used to detect recycled water or sewage over time. In this
study we found that LRVSs in the recycled water treatment were not significantly different among
DNA markers, while LRVs of all DNA markers in the sewage treatment were significantly
different from each other. To contrast, one study with untreated sewage found that CPQ_056 was
more persistent compared to HF183 in a freshwater environment (25), which reflects results
shown in our study. We found that HF183 decayed more rapidly than culturable E. coli, which
was also reported in one other study (29). On the other hand, another study found no difference
of decay between FIB DNA markers and HF183 but did find that culturable E. coli decayed
faster than all DNA markers (32). The source of microbiological material (recycled water vs

sewage) contributed to differential decay among DNA markers.
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Persistence of Culturable EcH8 in the Environment

Recreational water quality methods such as MST are analyzing all the DNA in a water sample to
identify markers of sewage but fail to address implications of qPCR methods that also detect
DNA from dead cells and extracellular DNA from treated wastewater and the environment.
Therefore, a culturable marker of untreated sewage is one possible path to circumvent limitations
of methods that use qPCR alone. We composited E. coli to test for the H8 gene as this increased
the method sensitivity for experiments but only provided persistence data as frequency of
detection. Persistence of culturable ECH8 in contaminated surface waters is limited by the
physiology of E. coli as well as their ability to survive and remain culturable while exposed to
environmental pressures over time. Organic carbon and phosphorus are two examples of limiting
nutrients, and when present at higher concentrations both can enhance survival of E. coli in
surface waters (62-65). Although elevated levels of nutrients in surface waters can also alleviate
pressures from extrinsic factors (i.e., predation and competition) as shown in previous studies
(65, 66), many aquatic environments are considered oligotrophic compared to gastrointestinal
tracts where enteric bacteria originate. Our study demonstrated that culturable ECH8 can persist
in river water and remain detectable as long as other DNA markers in a shaded freshwater
environment, which supports what we originally hypothesized. Culturable ECH8 has strong

potential to confirm recent pollution events of sewage in shaded freshwater environments.

Detecting culturable EcH8 is a strong indication that surface waters were recently contaminated
with untreated sewage; on the other hand, the absence of culturable EcH8 does not rule out the
presence of untreated sewage, as E. coli may have died or entered a viable but non-culturable
state when exposed to environmental pressures. Our findings show that the average LRV of

culturable E. coli was 0.38 after 5 days in shaded river water spiked with untreated sewage. A

85



similar trend was found for culturable E. coli in two previous studies with untreated sewage in
freshwater samples in complete shade (26, 32). However, a greater decay (> 2 logio reduction)
after 5 days for E. coli was demonstrated in other studies with untreated sewage spiked
freshwater exposed to direct sunlight (26, 32, 34). Furthermore, decay of E. coli from sewage
was substantially greater (> 3 logio reduction) after 5 days in marine water compared to
freshwater in both shaded and unshaded conditions (26, 27). These findings provide examples of
different scenarios in which environmental persistence of E. coli can vary and present a possible
challenge when relying on culturing to test for the H8 genetic marker in the environment.
Despite this challenge, advantages of testing for culturable EcH8 include the ability to confirm a
recent contamination event of untreated sewage and improve health risk assessments by targeting

a viable indicator in surface waters that is only from untreated sewage and not recycled water.

Conclusions

e Multivariate analyses showed that the source of microbial cells and DNA (recycled water
or untreated sewage) was a significant factor in decay of DNA markers, which was
greater in river water spiked with untreated sewage compared to recycled water.

e Redundancy analysis demonstrated a relationship between light intensity and the logio
reduction of DNA markers in a simulated freshwater environment.

e The decay rate among DNA markers were similar in river water spiked with recycled
water; however, decay rates were very different among markers from untreated sewage.

e Culturable EcH8 was able to persist and remain detectable in river water spiked with

untreated sewage and was comparable to the detection of DNA markers.
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Table 3.1. P values for two-factor ANOVA on the effect of factors (trials and markers) on logio

reductions in recycled water or untreated sewage treatments (n=3). P-values < 0.05 are bolded.

Factors Recycled Water Untreated Sewage
Trials 0.0030 <0.0001
DNA Markers 0.9044 <0.0001
Trials : DNA Markers 0.4951 <0.0001

Table 3.2. P values for ANOVA on linear mixed effect model to test the effect of source
(recycled water or untreated sewage) on logio reductions in river water spiked with recycled

water or untreated sewage (n=3). P-values < 0.05 are bolded.

Factors EC235857 HF183 CPQ 056

Source
(Recycled Water
vs Untreated
Sewage)

0.1310 0.1369 0.1095
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Table 3.3. Decay rates (k) and fit of log linear regression model for microbial variables in river water spiked with recycled water or

sewage.
Recycled Water
Treatment ] . .
Trial 1 Trial 2 Trial 3
R2 . R2 R2
k Too Adj. RMSE k Too Adj. RMSE k Too Adj. RMSE
EC23S857 -0.20 115 059 0.13 -028 81 0.19 0.31 -060 4.2 0.65 0.33
HF183 -0.19 122 059 0.12 -031 74 0.63 0.15 -064 4.1 0.61 0.38
CPQ_056 -0.20 113 0.32 0.18 -0.21 110 0.13 0.51 -0.14 169 0.14 0.41
Sewage
Treatment
EC23S857 +0.19 NA NA 0.31 -0.21 111 0.35 0.43 -0.18 129 0.45 0.32
HF183 -0.35 6.7 0.91 0.09 -13 1.8 0091 0.33 -137 17 0.89 0.42
CPQ_056 -0.27 8.6 0.69 0.14 -056 45 0.70 0.24 -046 49 0.72 0.23

#RMSE = Root Mean Sum of Squared Errors.
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Table 3.4. Frequency of detection for culturable EcH8 (n=5) for each day in river water spiked

with recycled water or untreated sewage across three experimental trials.

Days _ Recycle_:d Water _ _ Untreate_d Sewage _
Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
Day 0 < LOD? <LOD <LOD 100 % 100 % 100 %
Day 1 <LOD <LOD <LOD 100 % 80 % 100 %
Day 2 <LOD <LOD <LOD 80 % 80 % 100 %
Day 3 <LOD <LOD <LOD 80 % 60 % 80 %
Day 4 <LOD <LOD <LOD 40 % 80 % 20 %
Day 5 <LOD <LOD <LOD 60 % 60 % 40 %

< LOD = below limit of detection.
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Table 3.5. Comparison of experimental design in previously-published studies on environmental persistence of fecal microorganisms

and their DNA sourced from untreated sewage. All studies included natural predators and competitors.

Source of

Variable(s) Environment | Sunlight Shade Microbes and Deca_y Factors Tested Significant Citation
Metric Factors
DNA
E. coll, Artificial Predators & Temperature &
HF183, Laboratory No shade . Too & k peratu Temperature (25)
uv competitors natural biota
CPQ_056
. Lat())?th?jtgg . No shade & Predators &
E. coli Natural dark . Too Temperature None (33)
mesocosm competitors
. treatment
saline water
Temperature,
E. coli, Laborator Artificial No Zg?ge & Predators & 1 predation, & Predation (29)
HF183 y uv competitors % artificial
treatment .
sunlight
E. coli, Outdoor No shade & Predators & Logio M'CrOb.'Ota & Microbiota &
mesocosm Natural complete . . sunlight . (27)
HF183 ; competitors | reduction sunlight
saline water shade exposure
E. coli, Outdoor No shade & Predators & Log1o M'CrOb.'Ota & Microbiota &
mesocosm Natural complete . . sunlight . (32)
HF183 competitors | reduction sunlight
fresh water shade exposure
E. coli, Outdoor No shade & . :
HF183, mesocosm Natural complete Ecr)?r(]jate(;irtsof; k ?nuiglr:)gbr}gfg ?nuiglrlogbhigf; (34)
CPQ 056 fresh water shade P
. Outdoor No shade & .
E. coll, mesocosm Natural complete Predato_r s & Logl_o Sunlight & Fecal source (48)
HF183 competitors | reduction | fecal source
fresh water shade
Enterococci, Outdoor No shade & Predators & Sunlight,
E. coli, mesocosm Natural complete competitors Too & k | microbiota, & Season (47)
HF183 fresh water shade P season
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Figure 3.1. Relationships among environmental variables and decay (logio reduction) of DNA
markers measured by qPCR and analyzed by redundancy analysis. Ordination plot of recycled
water (teal) or untreated sewage (brown) spiked river water data showing microbial variables
(pink arrows) and environmental variables (blue arrows). Data points for trials are shown as
circles (Trial 1), triangles (Trial 2), and squares (Trial 3). The first axis (horizontal) explains 10.2

% of the variability, while RDA axis Il (vertical) explain 3.8 % of the variability observed.
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Figure 3.2. Decay (logio reduction) of marker genes over 5 days measured by gPCR in river water spiked with recycled water or

untreated sewage (n=3). Black bars represent median concentrations; boxes show the min and max values of observations.
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CHAPTER FOUR: DOES EXTRACELLULAR DNA FROM TREATED
WASTEWATER HAVE POTENTIAL TO INFLUENCE MICROBIAL ANALYSES OF

RECREATIONAL WATER QUALITY?

Authors
Aldo E. Lobos! and Valerie J. Harwood*

!Department of Integrative Biology, University of South Florida, Tampa, FL 33620, USA

Abstract

Standard quantitative PCR methods for assessment of recreational water quality measure DNA
markers to indicate increased probability of viable pathogens in surface waters. However, studies
that utilize these methods ignore the possibility that extracellular DNA (exDNA), which has no
known association with human health risk, could interfere with data interpretation. We utilized
intact cells and exDNA from pure cultures of Escherichia coli (DNA marker, EC23S857) and
Enterococcus faecalis (DNA marker, Enterol A), and exDNA from a pure culture of a
haloalkaliphilic archaeon Natronomonas pharaonis (DNA marker, NPgyrA) that was used for
spiking river water and recycled water. Following standard recreational water quality methods,
we filtered solutions of intact cells, exXDNA, river water spiked with exXDNA (river water
treatment), recycled water spiked with exDNA (recycled water treatment), and recycled water

without treatment (HF 183 experiment) . Samples were analyzed by qPCR to determine the
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percentage of gene copies or total gene copies (for HF183) that were captured on polycarbonate
membranes and eliminated by DNase I treatment. Filtered solutions of intact cells resulted in
similar percentages among bacterial markers (80 — 86%) of DNA captured on membrane filters.
DNase I treatment did not negatively affect gene copies captured from intact cells; however,
treatment did result in growth for both E. coli and Ent. faecalis on membrane filters. For filtered
solutions of exDNA derived from lysed cells of pure cultures, the percentage of EC23S857 (E.
coli) gene copies captured on membrane filters was significantly greater than that of Enterol A
(Ent. faecalis), although mean percent capture was low for EC23S857 (1.4%) and Enterol A
(0.5%). DNase I treatment effectively eliminated the qPCR signal of exDNA from pure cultures
of E. coli and Ent. faecalis. Analysis of river water and recycled water treatments showed that
approximately 1% of NPgyrA gene copies were captured on membrane filters. Exposure to
DNase I significantly reduced gene copies captured but did not eliminate the qPCR signal in
each sample, as more than 10 gene copies captured on filters were quantified by gPCR for each
treatment. Testing for HF183 in recycled water revealed that the HF 183 signal on membranes
captured from recycled water was reduced from ~ 4 logio down to ~ 3 logio gene copies
following DNase I treatment. The percentage of exDNA in environmental water captured by
recreational water quality filtration methods was low (< 2%) but may still provide a signal that
can be interpreted as a false indication of fecal contamination, particularly if exDNA
concentrations are greater than 10* GC/100 mL. DNase I treatment of membranes is a potentially
useful strategy to reduce the amount of extracellular DNA that is captured and analyzed by

recreational water quality methods.
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Introduction

Extracellular DNA (exDNA) in recreational waters may lead to an overestimation in public
health risk for studies that utilize recreational water quality techniques containing a filtration step
that is designed to concentrate bacteria. Standard methods to assess recreational water quality in
the United States generally measure fecal indicator bacteria (FIB) such as Escherichia coli (1)
and enterococci (2) as surrogates that indicate heightened risk of the presence of pathogens in
surface waters. Assessing viable pathogens in surface waters is complex, as pathogen diversity in
feces and sewage is high, while pathogen concentrations in the environment are generally very
low (3-5), which is why FIB are commonly used as a proxy for pathogens. Recreational water
quality criteria also include a qPCR method developed by the US Environmental Protection
Agency (EPA), Method 1611 targeting the DNA marker Enterol A, which quantifies DNA from
Enterococcus spp. in recreational waters (6). Microbial source tracking (MST) is another
example of a recreational water quality method that relies on measuring DNA by qPCR in

surface waters. If sewage is the suspected source of fecal contamination, HF183 is generally used

4, 7).

Recreational water quality methods typically concentrate bacteria and viruses by membrane
filtration (8-13), but many studies do not address the implications of captured exDNA for human
health risk estimates. DNA extracted from microbes captured by membrane filtration is
frequently analyzed to inform quantitative microbial risk assessments (14-17). However, qPCR
alone lacks the ability to determine if cells are viable, which can be an issue, since risk is
associated with the presence of viable and infectious pathogens. The extent to which exDNA in
surface water is captured by recreational water quality techniques is a major knowledge gap and

could misinform regulatory agencies and human health risk estimates since qPCR techniques
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simply detect nucleic acid. Studies found in the literature show that exDNA can persist in
environmental conditions and accumulate over time in freshwater and marine environments (18-
19). Sources of exDNA that may impact estimates of human health risk in recreational waters
can include lysed microorganisms from treated wastewater effluent, recycled water, stormwater

runoff, and the environment.

Treated wastewater effluent and recycled water containing exDNA has potential to provide a
false indication of fecal contamination (e.g., sewage pollution) in surface waters qPCR is the sole
method used to detect fecal contamination (20). Disinfection of sewage with chlorine or
ultraviolet radiation is generally an effective means of inactivating pathogens (21-23), but
multiple studies have demonstrated the persistence of exDNA in wastewater effluent and
recycled water (20, 24-28), and that surface water discharge can increase concentrations to >
1,000 GC/100 mL of HF183 in a freshwater stream (20). Production of treated effluent and
recycled water in wastewater treatment facilities exceeding facility capacity, which is typically
millions of gallons per day, is often directly discharged into surface waters (29). The proportion
of exDNA in recycled water that is captured by recreational water quality techniques is poorly
understood, and should be explored to determine whether exXDNA is a major hindrance to the

accuracy of DNA-based estimates of human health risk from exposure to recreational water.

A major concern for recreational water quality studies is with how much exDNA originally from
bacteria and viruses may be captured on membranes, and should not be confused with
environmental DNA, which other studies collect and analyze by different methods (30-33).
Recreation water quality methods generally require filtration of water samples with membranes
engineered to contain pores of precisely 0.45 um in diameter, followed by DNA extraction with a

commercial kit (e.g., Qiagen DNeasy PowerWater) that includes a mechanical/chemical lysis
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step (8-13, 34). One study demonstrated that roughly 9% of exDNA was captured from
stormwater through a process similar to recreational water quality techniques described above
(35). However, this study measured the capture of plasmid DNA (Clostridium parvum 18S rRNA
gene fragment) contained in stormwater on a 0.2 um polycarbonate membrane filter and did not
examine the effect of a larger pore size filter (i.e., 0.45 um) (35). A greater understanding of how
much exDNA from recycled water and environmental water is captured by recreational water
quality methods will clarify possible limitations for data interpretation, and the need for a

modified approach.

Methods for differentiating exDNA and compromised cells from intact cells in qPCR analyses
have been explored, and while some partially mitigate exDNA interference, all have limitations.
Ethidium monoazide (EMA) or propidium monoazide (PMA) treatment prior to qPCR (36),
quantitative reverse transcriptase PCR (qQRT-PCR) (37-38), and inversely-coupled
immunomagnetic separation and adenosine triphosphate (Inv-IMS/ATP) quantification (39) are
all examples of methods used in previous studies to differentiate the qPCR signal in viable
targets from that of dead cells and exDNA in water samples. Some studies show that
photoreactive DNA-binding dyes can lead to an underestimation (EMA) or overestimation
(PMA) of viability, since EMA can penetrate intact cell membranes and PMA can fail to bind to
all exDNA, or to DNA in dead bacteria (36, 40-43). QRT-PCR methods based on messenger
RNA quantification faces limitations due to rapid degradation in environmental samples (which
can be caused by nucleases and abiotic factors), and transcript abundance can vary among genes
and phases of cell growth (37-38, 44). The measurement of ATP in Bacteroides thetaiotaomicron
by Inv-IMS/ATP methods also have major limitations for environmental matrices, as sensitivity

can be impacted by turbidity in water samples (39). Therefore, an alternative approach to
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eliminate all exDNA without impacting intact viable cells in environmental samples will be

necessary to effectively inhibit the qPCR signal from recycled water and other eDNA sources.

One promising approach to eliminate exDNA is the use of the nonspecific endonuclease
deoxyribonuclease I (DNase I) to digest exDNA, as it cleaves single- and double-stranded DNA.
Although environmental factors can in some cases inhibit the enzyme activity of DNase I (45-
46), recent studies have explored treating membrane filters directly to mitigate interference and
demonstrated a relatively effective process to eliminate the majority of exDNA in a sample (47-
48). In theory, the DNA in viable cells should not be impacted by DNase I as they have
protection from intact cell walls; however, DNA in cells with compromised membranes and any
exDNA present in a sample will be digested by the enzyme. The literature contains scant
information on how DNase I treatment on membrane filters may impact the qPCR signal from
intact cells (i.e., E. coli or enterococci) and whether this method is reliable for removing the
qPCR signal from exDNA in recreational water quality studies. It is important to understand how
DNase I treatment may impact both gram-positive and gram-negative bacteria, as any negative
effects will lead to an underestimation of viable cells. This approach may offer a path to
determine how much exDNA is captured from recycled water and surface water by recreational
water quality techniques and if this method can be applied to eliminate any exDNA persisting on

membranes.

The main objective of this study was to examine the proportion of exXDNA or intact cells
captured on filters by recreational water quality methods, while exploring the effectiveness of
DNase I treatment to eliminate exXDNA, but not DNA from intact cells (Figure 4.1). Capture of
exDNA and intact cells from pure cultures of gram-positive (Enterococcus faecalis, Enterol A)

and gram-negative (Escherichia coli, EC23S857) bacteria, which are FIB commonly targeted in
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the recreational water quality field, was measured by qPCR. Furthermore, exXDNA of lysed cells
from a pure culture of the extreme halophile Natronomonas pharaonis (NPgyrA), which is
absent from river water and recycled water, was used to spike these water types in experiments
also designed to assess capture efficiency by qPCR. We tested two hypotheses: (i) exDNA
derived from pure cultures can be captured and quantified by standard recreational water quality
techniques, and (ii) DNase I treatment eliminates the persistent qPCR signal from exDNA in

recycled water or surface water, but does not harm intact cells.

Methods

Growth of Pure Cultures and Preparation of exDNA

Ent. faecalis (ATCC 19433™) was cultivated on BD Difco™ membrane-Enterococcus indoxyl-
B-D-glucoside (mEI) agar according to USEPA Method 1600 (2), while E. coli (ATCC 11775™)
was cultivated on BD Difco™ modified membrane- thermotolerant Escherichia coli (mTEC)
agar following USEPA Method 1603 (1). Colonies of E. coli or Ent. faecalis were collected with
a sterile loop and inoculated into 50 mL of brain heart infusion (BHI) broth in a sterile 250 mL
Erlenmeyer flask. Broth cultures were incubated at 41 °C in an Innova 4000 shaker incubator
(New Brunswick Scientific Co.; Brunswick, NJ) that maintained shaking at 180 rev/min for ~18
hours. Overnight cultures of E. coli and Ent. faecalis were used to prepare intact cells (i.e., in
log-phase) or exDNA for membrane filtration experiments. N. pharaonis (DSM 2160 ™) was
cultivated in NP media following a protocol made by Southern California Coastal Water
Research Project (34). NP media broth was comprised of NaCl (200 g/L), KH2POs4 (1 g/L),
NH4ClI (1 g/L), MgS0O4 x 7H20 (0.24 g/L), CaSO4 x 2H»0 (0.17 g/L), yeast extract (5 g/L),
glucose (1 g/L), casamino acids (5 g/L), NaCOs (5 g/L), SL-10 trace elements (100 pL/L).

Overnight culture of N. pharaonis was prepared in a sterile 125 mL Erlenmeyer flask with 50 mL
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of NP media and incubated at 37 °C in an Innova 4000 shaker incubator (New Brunswick

Scientific Co.; Brunswick, NJ) that maintained shaking at 180 rev/min.

For intact cells in log-phase growth, 100 uL of overnight cultures of E. coli or Ent. faecalis were
added to 50 mL of BHI broth in a sterile 250 mL Erlenmeyer flask and incubated at 41 °C in an
Innova 4000 shaker incubator (New Brunswick Scientific Co.; Brunswick, NJ) that maintained
shaking at 180 rev/min for 100 min. Six replicates of a 10 dilution was prepared for cultures
with cells in log-phase of growth and 50 pL aliquots were spiked into 950 pL of phosphate

buffered saline (PBS, pH 7.1) and immediately used in experiments.

Preparation of exDNA was achieved by preparing six replicates of 60 uL aliquots of a 107
dilution of overnight cultures (E. coli, Ent. faecalis, and N. pharaonis) and boiling in sterile 100
pL microcentrifuge tubes for 10 min at 100 °C in a Bio-Rad thermal cycler. Boiled samples were
then centrifuged at 13,000 g for 1 min to pellet cellular debris; exXDNA was recovered in the
supernatant and 50 pL was spiked into 950 uL of PBS (pH 7.1) for E. coli or Ent. faecalis, and
for N. pharaonis exDNA, 50 nL was spiked into 950 pL of river water or recycled water. All

spiked solutions were immediately used in experiments.

Recycled Water and River Water

The proportion of exDNA captured during filtration of recycled water and river water was
analyzed to determine whether exDNA in those matrices could impact recreational water quality
analyses and if DNase efficacy would be affected by the presence of environmental factors.
River water and recycled water were spiked with an exogenous DNA target (NPgyrA) from the
lysed cells of N. pharaonis, which was utilized as it is not present in river water or recycled
water and would therefore not represent a source of intact cells in the experiment. This DNA

marker was used to measure the percentage of gene copies from lysed cells (exDNA) that could
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be captured on membranes following filtration of river water or recycled water. Recycled water
was collected from a conventional wastewater treatment facility in St. Petersburg Florida, and
river water was collected from the Hillsborough River (28.088007, -82.348996) in Tampa,
Florida. Approximately 126,880 residents are serviced by the wastewater treatment facility and
~16 million gallons of recycled water is generated daily. Recycled water was produced by an
activated sludge process including primary and secondary treatment of sewage, and disinfection
of effluent was achieved with sodium hypochlorite. Recycled water (500 mL) and river water
(500 mL) were collected in sterile 1 L polypropylene containers which were transported at 4 °C
on wet ice to the laboratory on the same day of experiments. Holding time of samples was <2
hours before they were processed by membrane filtration and DNA extraction as described

below.

Membrane Filtration and DNA Extraction

Prepared solutions (1 mL) included six replicates of intact cells or eDNA for each treatment and
were filtered and concentrated on polycarbonate filters (47 mm diameter 0.45 pm pore size;
MilliporeSigma™ HTTP04700). One set (n=6) of filter membranes were saved for DNase I
treatment, which is described in the section below, while the other set of membranes were
processed in a DNeasy® PowerWater® (Qiagen) DNA extraction kit according to the
manufacturer instructions, and 100 pL of purified DNA was eluted. The filtrate of samples from
each experiment was collected in a sterile 125 mL vacuum Erlenmeyer filter flask and
transferred into sterile 1.5 mL Eppendorf tubes that were saved on wet ice at 4 °C until gPCR

analysis, holding time was < 30 minutes.
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DNase | Treatment of Filter Membranes

The DNase treatment procedure was modified from methods described in previous studies (47-
48). Following filtration of each sample, an individual membrane was placed into a sterile, 47
mm Petri dish, and 2 mL of DNase solution was added to submerge the membrane. Solutions
were prepared with DNase I (Thermo Scientific™) at a final concentration of 0.1 U/uL, and a
10% reaction buffer (final concentration: 10 mM Tris—HCI, 2.5 mM MgCl,, and 0.1 mM CaCl).
Filters in Petri dishes with lids on were incubated at 37 °C for 30 minutes in an Innova 4000
shaker incubator (New Brunswick Scientific Co.; Brunswick, NJ) that maintained shaking at 120
rev/min. Following incubation, the membrane and all the solution in the Petri dish was
transferred into bead beating tubes from a DNeasy® PowerWater® (Qiagen) extraction kit. DNA

was extracted according to manufacturer’s instructions.

Quantitative PCR Analyses

Quantitative PCR assays included the general Enterococcus 23S ribosomal RNA gene Enterol A
(6), the E. coli multi-copy 23S rRNA gene EC23S857 (49), the gyrA gene in N. pharaonis
NPgyrA (34), and sewage-associated HF183 (7). Sequences and concentrations of primers and
probes as well as qPCR run conditions are reported in Table 4.1. QPCR amplification was
conducted in 25 pL reactions in triplicate using 12.5 pL. TagMan Environmental Master Mix 2.0
(Applied Biosystems) and 5 pL of template DNA per reaction in a Bio-Rad CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories). Standard curves were constructed from
gene fragments in gBlocks containing the target sequences. Reference DNA material (internal
amplification control) was included in samples for the HF183 assay to test for inhibition in river
water and recycled water samples according to guidelines in USEPA method 1696 (7). Inhibition

of qPCR amplification was not detected in this study. The dynamic range of standard curves for
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EC23S857, Enterol A, and NPgyrA was from 5 to 10° gene copies per reaction and performance
metrics included efficiencies between 90% and 110%, and > 0.98 R? values. For DNA captured
on membranes, the limit of detection (LOD) and the limit of quantification (LOQ) was 100
GC/mL for each DNA marker. For DNA tested in the filtrate, the LOD and LOQ was 1,000
GC/mL. Negative controls for each instrument run included 3 extraction blanks, and 3 non-
template controls (nuclease free water used in qPCR) which were all negative for each qPCR
target in this study. The N. pharaonis DNA marker (NPgyrA) was below the LOD in

Hillsborough River water and recycled water prior to the spiking experiment.

Data Analysis
Data were analyzed using Microsoft Excel version 2404 and R version 4.4.0 (50). All figures
were constructed in Microsoft Excel and statistical analyses were executed in R with the package

stats (version 4.1.3). Percentage of gene copies (GC) captured (Pc) was calculated by:

Pc= (Gcb>x100
“~\Gc,

Where ‘GC,’ is the average gene copies measured prior to filtration, and ‘GCy’ 1s the gene copies
measured following filtration in the filtrate or membrane samples. To test differences between
percentages of gene copies captured on membranes, an ANOVA was performed with Pc as the
dependent variable and microbe (i.e., E. coli and Ent. faecalis) or treatment (with or without
DNase I) as the independent variable. For analysis of HF183 data, the Pc for HF183 could not be
calculated for recycled water as it was not known how many gene copies were present prior to
filtration; therefore, the effect of treatment was tested on total HF183 gene copies captured on
membranes with and without DNase I treatment by ANOVA. HF183 was not detected in river

water samples.
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Results

Effect of DNase | Treatment on Intact Cells from Pure Cultures Captured on Membranes

The percentage of gene copies in the filtrate and captured on membranes with and without
DNase I treatment following filtration was analyzed using pure cultures of E. coli and Ent.
faecalis in log-phase of growth and measuring DNA markers by qPCR for EC23S857 and
Enterol A, respectively. Less than 2% of the qPCR signal was present in all filtrate samples,
while an average of 80 — 86% was captured on the membrane which increased to 108 — 170%
following DNase I treatment (Figure 4.2, Table 4.2). There was no significant difference between
the percentage of gene copies for EC23S857 and Enterol A captured on membranes (Table 4.3).
However, the percentage of gene copies captured were significantly greater on membranes with

DNase I treatment compared to membranes without treatment for each DNA marker (Table 4.3).

Capture of exDNA from E. coli and Ent. faecalis on Membranes, and Elimination by DNase |
Treatment

Cells from pure cultures of E. coli and Ent. faecalis were lysed for exDNA which was filtered to
test the percentage of gene copies captured in the filtrate and on membranes with and without
DNase I treatment by measuring DNA markers for EC23S857 and Enterol A by qPCR. Most of
the qPCR signal from exDNA passed through membranes and was present in the filtrate (> 50%),
while an average of ~ 1% was captured on the membrane and was below our LOD for
membranes with DNase I treatment (Figure 4.3, Table 4.2). The percentage of EC23S857 gene
copies captured on membranes was significantly greater compared to Enterol A when filtering
exDNA (Table 4.3). Furthermore, the percentage of gene copies captured for both DNA markers
were significantly greater on membranes without treatment compared to membranes with DNase

I (Table 4.3).
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Capture and Elimination of exDNA in River Water and Recycled Water on Membranes

Cells from a pure culture of the haloalkaliphilic archacon N. pharaonis was lysed for exDNA that
was spiked into river water and recycled water, which was filtered to test the percentage of gene
copies captured in the filtrate and on membranes with and without DNase I treatment by
measuring the DNA marker NPgyrA by qPCR. We also analyzed total gene copies of the
sewage-associated DNA marker HF183 that was captured in the filtrate and on membranes with
and without DNase I treatment following filtration of river water and recycled water. For both
river water and recycled water, > 35% of the qPCR signal measured with NPgyrA was present in
the filtrate, while < 2% was captured on membranes and an average of 0.03% persisted on
membranes following DNase I treatment (Figure 4.4, Table 4.4). DNase I treatment significantly
reduced the percentage of NPgyrA gene copies captured when comparing membranes with and
without treatment in river water and recycled water. Furthermore, the total gene copies of
sewage-associated HF183 captured on membranes was significantly reduced when exposed to

DNase I treatment (Table 4.4).

Discussion

The effect of exXDNA on human health risk estimates and false identification of untreated sewage
is a factor often omitted in recreational water quality studies. DNA from bacteria and viruses are
often analyzed in surface waters (9-13, 34), where concentration techniques typically involve
membrane filtration which can capture not only DNA from intact microorganisms but may also
capture all DNA in a sample including exDNA (35, 47). Detecting DNA markers from captured
exDNA in recreational water samples can complicate data interpretation especially when relying
on methods such as EPA method 1609.1 (6) or EPA method 1696 (7) to indicate the presence of

viable pathogens originating from feces or untreated sewage. Understanding the extent to which
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exDNA is captured by recreational water quality techniques will help determine the need for

methods to eliminate or circumvent exDNA interference when targeting DNA from intact cells.
In this study we provide data on the amount of exXDNA captured by standard recreational water
quality methods and demonstrate the usefulness of DNase I to attempt elimination of exDNA in

river water and recycled water.

Our findings supported our first hypothesis, where roughly 1% of exDNA in solution was
captured on polycarbonate membrane filters (0.45 um pore size) when river water or recycled
water was filtered following recreational water quality techniques. Another study found that 1-
2% of exDNA was captured by 0.45 um pore size polycarbonate membranes, while the percent
captured was greater for membranes with a smaller pore size (i.e., 0.1 and 0.2 um) and on
membraned comprised of mixed cellulose ester (35). This other study utilized plasmid DNA
(Clostridium parvum 18S rRNA gene fragment) which was suspended in DI water prior to
membrane filtration; therefore, this study did not demonstrate the percentage of exDNA that can
be captured from environmental water following membrane filtration (35). The other study and
our study used different DNA extraction kits (DNeasy PowerWater vs PowerSoil) but both
extraction methods are commonly used in recreational water quality studies and implement a
bead-beating lysis step (51-54). Although the percentage of exDNA captured by these methods is
low (< 2%), it can be enough to confound results in studies that aim to detect untreated sewage

or fecal contamination in surface waters (20).

The application of DNase I to eliminate exDNA captured on membrane filters was to our
knowledge only demonstrated in two other studies involving bacteria (47-48). Our study showed
that DNase I treatment on membrane filters significantly reduced the total gene copies by ~ 2

logio. A study on drinking water reflected our results by demonstrating a 2 — 4-fold reduction of
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exDNA on membranes following DNase I treatment and quantification of GC by qPCR (47).
Another study focused on drinking water used PCR to show showed that DNase I completely
digested 1 ng/uL exDNA derived from Ent. faecalis (48). This study found that enzyme
efficiency was dependent on the concentration of DNase I and membrane composition, with
optimal performance using 0.25 U/uL of DNase I on polycarbonate filters (48), while our study
used a DNase concentration of 0.1 U/ uL. This filter type was also used in our study and is

typically used in standard recreational water quality qPCR methods (6-7).

The effect of DNase I treatment on growth of intact cells captured on membranes have not been
examined in the literature. We found that DNase I treatment on intact cells resulted in
significantly more growth of E. coli compared to Ent. faecalis during the 30 min incubation step
at 37 °C. A study that tested DNase I treatment on membrane filters with pure cultures did not
report the same observation of growth (48). However, conditions were different: (i) Sa/monella
enterica was the subject, (ii) solutions tested in the other study comprised of intact cells, dead
bacteria and exDNA, and (iii) bacteria were exposed to a high temperature DNase inactivation
step of 54 °C for 1 hour (48). Our study did not include a DNase inactivation step, but this

protocol should be explored in future experiments.

Recycled water is one major source of exDNA that can enter environmental waters by direct
discharge or by stormwater runoff. Few studies have tested the ability to differentiate the gPCR
signal of DNA from intact cells and exDNA in recycled water. When we filtered river water and
recycled water with spiked exDNA derived from lysed cells of N. pharaonis, an exogenous
archaeon, the DNA marker NPgyrA captured on membranes was significantly reduced by DNase
I treatment but remained quantifiable in all samples. DNase efficacy may have been reduced in

river water and recycled water due to environmental variables (e.g., antibiotics or inorganic
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substances) that could have formed stable complexes with DNA and inhibited DNase activity
(55). On the other hand, one study found that GC rich DNA, as found in the genome of V.
pharaonis (56), can lead to poor efficacy of DNase cleavage (57). The genomes of bacteria such
as E. coli and Ent. faecalis have a much lower GC than N. pharaonis DNA (57-59); therefore,
DNase efficacy may have been dependent on the organism used to lyse and release exDNA that
was then spiked into river water and recycled water. Although we did not completely eliminate
exDNA from river water or recycled water on membranes, we were able to reduce levels by 100-
fold. The null hypothesis of no effect of DNase I treatment was rejected. Complete digestion of
exDNA from recycled water and river water captured on membranes may be achieved with an

increased dose of DNase as well as longer exposure times.

There are no examples in the literature for the use of DNase I treatment in recycled water
samples, but there are a few studies that have attempted to differentiate intact cells from
extracellular DNA. One study on chlorine-disinfected secondary effluent from a wastewater
treatment facility in Ohio, U.S. used PMA treatment prior to qPCR and found that roughly 93%
of the Enterococcus qPCR signal was from exDNA (60). In contrast, we estimated by DNase |
treatment that approximately 98% of the HF183 qPCR signal captured on polycarbonate
membranes following filtration of recycled water was derived from exDNA. However, the study
in Ohio avoided membrane filtration as the authors noted that washing steps resulted in a
significant loss of intact cells by this treatment method, and sample sizes were limited to small
volumes (i.e., 1 mL) to avoid an overestimation of intact cells (60). Other studies that have
utilized this approach have found similar limitations with larger volumes (= 10 mL) of
disinfected wastewater effluent, where suspended solids interfered with PMA efficiency (61-62).

Furthermore, recreational water quality studies generally require filtration of large volumes (500
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mL — 2 L) to detect DNA markers in surface waters (9-13, 35), which highlights the advantage of

using DNase I treatment over PMA. Further analysis of recycled water from different wastewater

treatment facilities by DNase I treatment coupled with microscopy or flow cytometry will

improve our understanding on the extent to which this source of exXDNA, that may enter surface

waters in large volumes, could interfere with studies focused on recreational water quality.

Conclusion

Roughly 1% of exDNA from pure cultures of gram-positive Ent. faecalis and gram-
negative E. coli was captured on polycarbonate membranes and measured by qPCR
(Enterol A and EC23S857) following standard recreational water quality methods.

River water and recycled water spiked with exDNA from a pure culture of N. pharaonis
showed that the percentage of qPCR gene copies (NPgyrA) captured on polycarbonate
membranes was consistent and ranged from ~ 1 — 2%.

DNase I effectiveness was demonstrated on extracellular DNA derived from pure cultures
and complete digestion was found on membrane filters for Enterol A and EC23S857;
however, DNase I treatment only digested most of the extracellular DNA in recycled
water and river water.

DNase I treatment of membrane filters represents a potentially useful path to significantly
mitigate qPCR interference from exDNA captured by recreational water quality

techniques and may be improved by increased enzyme concentrations or exposure times.
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Table 4.1. Primer and probe sequences and qPCR cycling parameters for assays used.

M]z?l?:rs Primer/Probe sequences (5°-3”) painCIilertlegrs Citation
forward primer (1 uM): 10 min at 95
GGTAGAGCACTGTTTTGGCA °C followed
reverse primer (1 uM): by 40 cycles
EC235857 TGTCTCCCGTGATAACTTTCTC of (15sat95 | 47
probe (80 nM): FAM- °C and 60 s
TCATCCCGACTTACCAACCCG-TAMRA at 56 °C)
2 min at 50
forward primer (1 pM): °C, 10 min
GAGAAATTCCAAACGAACTTG at 95 °C,
reverse primer (1 pM): followed by
Enterol A CAGTGCTCTACCTCCATCATT 40 cycles of | ¥
probe (80 nM): (15sat95
[6~FAM]TGGTTCTCTCCGAAATAGCT[TAMRA~Q] | °C, 60 s at
60 °C)
2 min at 50
forward primer (0.5 uM): °C, 10 min
ACGATTACCTGCTCTGCTTTAC at 95 °C
reverse primer (0.5 uM): followed by
NPgyra CGTTGAGGTCGAGAACATTGA 40 cycles of | G2
probe (80 nM): [FAM]- (15sat95
CAAGGGCAGGTCTATCGGCTGAAG-[BHQ1] °Cand 60 s
at 60 °C)
2 min at 50
forward primer (1 uM): °C, 10 min
ATCATGAGTTCACATGTCCG at 95 °C
HF183/ reverse primer (1 uM): followed by )
BacR287 CTTCCTCTCAGAACCCCTATCC 40 cycles of
BacP234MGB (80 nM): [6-FAM]- (15sat95
CTAATGGAACGCATCCC-MGB °Cand 60 s
at 60 °C)
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Table 4.2. Average of total gene copies (mean percentage captured) measured in 1 mL from each sample type by qPCR (n=6) for pure

cultures experiments with E. coli (EC23S857) and Ent. faecalis (EnterolA).

Intact Cells exDNA
DNA Membrane + Membrane +
Markers Filtrate Membrane DNase | Filtrate Membrane DNase [
EC23S857 3.24 (0.4) 5.61 (85.6) 5.90 (169.5) 5.54 (55.8) 3.92 (1.4) <LOD?
Enterol A 3.15(1.2) 5.00 (80.0) 5.13 (108.0) 5.45 (50.8) 3.36 (0.5) <LOD

2 < LOD = below limit of detection.

117



Table 4.3. Differences of gene copies captured on membranes between E. coli (EC23S857) and
Ent. faecalis (Enterol A) intact cells and exDNA, and the effect of DNase I treatment on filter

membranes tested by ANOVA (n=6). P-values < 0.05 are bolded.

Statistical Tests Intact Cells exDNA

EC23S857 vs. Enterol A

0.0793 0.0001
captured on membrane
EC23S857 on membrane vs.
membrane + DNase | <0.0001 <0.0001
Enterol A on membrane vs. <0.0001 0.0005

membrane + DNase |
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Table 4.4. Average of total gene copies (mean percentage captured) measured in 1 mL from each sample type (n=6) by qPCR for river

water and recycled water spiked with exDNA (NPgyrA) derived from N. pharaonis culture. HF183 was not spiked into samples and

percentage captured was not calculated for this DNA marker but gene copies measured was also examined for each sample type.

River Water Recycled Water
DNA Membrane + Membrane +
Markers Filtrate Membrane DNase | Filtrate Membrane DNase [
NPgyrA 5.48 (44.23) 3.62 (0.62) 2.56 (0.06) 5.39 (35.71) 3.95(1.32) 2.35(0.03)
HF183 <LOD? <LOD <LOD 3.11 4.42 2.71

8 < LOD = below limit of detection.
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Table 4.5. Differences of gene copies captured on membranes from spiked river water or
recycled water, and the effect of DNase I treatment on filter membranes tested by ANOVA (n=6).

P-values < 0.05 are bolded.

Statistical Tests River Water Recycled Water

NPgyrA on membrane with

and without DNase treatment <0.0001 <0.0001

HF 183 on membrane with

a
and without DNase treatment NA <0.0001

NA = HF183 was not detected in river water, samples were not included for statistical analysis.
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(bacteria) (bacteria)

Boil lysis Boil lysis

C. River water and recycled
water

exDNA from
Natronomonas pharaonis
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Figure 4.1. Experimental design for comparing the qPCR signal captured on membrane filters
from intact cells and exDNA from E. coli and Ent. faecalis, exXDNA from N. pharaonis in river

water and recycled water, and the effect of DNase I treatment on membrane filters.
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Figure 4.2. The percentage of gene copies (GC) from intact cells of E. coli (pink) and Ent.
faecalis (blue) in filtrate following membrane filtration, and on the filter membrane without and
with DNase I treatment. DNA of microbial targets was measured by qPCR (EC23S857 and
EnterolA). The interquartile range (25" and 75™ percentile) includes the logio medians
(horizontal bar) and means (X) for DNA marker. Boxplot whiskers represent the 10® and 90™

percentile values.
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Figure 4.3. Percent of gene copies (GC) from lysed cells of E. coli (pink) and Ent. faecalis
(blue), exDNA captured in filtrate, and on the filter membrane without and with DNase I
treatment. DNA of microbial targets was measured by qPCR (EC23S857 and Enterol A). The
interquartile range (25" and 75™ percentile) includes the logio medians (horizontal bar) and

means (X) for DNA marker. Boxplot whiskers represent the 10" and 90" percentile values.
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Figure 4.4. Percent of gene copies (GC) from lysed N. pharaonis (NPgyrA), exDNA spiked into

recycled water (blue) or river water (green) captured in filtrate, and on the filter membrane

without and with DNase I treatment. The interquartile range (25" and 75™ percentile) includes

the logio medians (horizontal bar) and means (X) for DNA marker. Boxplot whiskers represent

the 10" and 90™ percentile values.
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AFTERWORD
Summary
This research has expanded the field of recreational water quality including MST by i)
demonstrating the persistence of DNA markers through different levels of wastewater treatment
and providing a tool to help distinguish untreated sewage from recycled water in surface waters,
ii) confirming that DNA markers from recycled water can persist longer than DNA from
untreated sewage while exposed to environmental conditions, and iii) establishing that
extracellular DNA can be captured by standard recreational water quality methods, while DNase
| treatment has potential to eliminate undesirable extracellular DNA from concentrated

environmental water samples.

My research has shown that there is a strong potential that recycled water can interfere with
recreational water quality studies, which include microbial source tracking techniques that aim to
identify untreated sewage. We demonstrated an approach with culturable EcH8 to confirm the
presence of untreated sewage while avoiding DNA from recycled water or the environment. My
findings also support the use of an enzyme treatment (DNase I) to reduce the amount of

extracellular DNA detected while using gPCR-based recreational water quality techniques.

Future Directions
This research has shown the usefulness of two different approaches to circumvent interference
from extracellular DNA captured by standard recreational water quality methods. However,

more investigations will be needed with culturable H8 measure its persistence in different
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environments (e.g., marine water and direct sunlight) and to further examine this markers ability
to confirm sewage in surface waters across geographic locations. Furthermore, this method is
limited by the number of colonies tested and would benefit from testing larger composites of E.
coli. For the DNase | approach, future experiments should be done on intact cells isolated from
the environment and exploring the effects of increased doses and exposure times to eliminate
extracellular DNA from environmental water. These steps will expand our understanding of the
extent to which each approach can be applied to improve estimations of human health risk in

recreational water quality studies.
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APPENDIX A: CHAPTER TWO (COPYRIGHT PERMISSON)
Chapter two of the dissertation was previously published, entitled: Persistence of Sewage-
Associated Genetic Markers in Advanced and Conventional Treated Recycled Water:
Implications for Microbial Source Tracking in Surface Waters. Published in mBio (2024) DOI:
10.1128/mbio.00655-24 and has been reprinted with permission from mBio: “ASM grants
authors the right to republish discrete portions of their article in any other publication (including
print, CD-ROM, and other electronic formats), provided that proper credit is given to the original
ASM publication. ASM authors also retain the right to reuse the full article in their dissertation

or thesis”.
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APPENDIX B: CHAPTER TWO SUPPLEMENTARY MATERIALS

Table B.1. Primer and probe concentrations and sequences, gPCR cycling parameters for assays used.

'I(?E:l l:;:eTS Primer/Probe sequences (Final concentration): 5°-3’ Cycling parameters Citation
forward primer (0.9 uM): ACAGTCAGCGAGATTCTTC af Q”Q'TC&“ foono(\i;e}jobr;‘fo
H8 reverse primer (0.9 uM): GAACGTCAGCACCACCAA cycles o1f (15 s at 95 °C (35)
probe (80 nM): FAM-ACTGGCATCGGCATGGAACAC-BHQ 60 s at 58 °C) '
forward primer (1 uM): CAACGAACTGAACTGGCAGA af Q”Q'TC&“ foono(\i;e}jobr;‘fo
uidA reverse primer (1 uM): CATTACGCTGCGATGGAT cycles o1f (15 s at 95 °C (39)
probe (80 nM): VIC-CCCGCCGGGAATGGTGATTAC 60 o '
s at 60 °C)
forward primer (1 uM): GGTAGAGCACTGTTTTGGCA fonoﬁ’e[j":)rﬁoggyc?es of
EC23S857 reverse primer (1 uM): TGTCTCCCGTGATAACTTTCTC (15 s at 95 °C and 60 s at (37)
probe (80 nM): FAM-TCATCCCGACTTACCAACCCG-TAMRA 56 °C)
183 forward primer (1 uM): ATCATGAGTTCACATGTCCG azt g‘;ﬂgtfi?lovcvé 3%;‘/"26
BacR287 reverse primer (1 uM): CTTCCTCTCAGAACCCCTATCC cycles of (15 s at 95 °C (7)
BacP234MGB (80 nM): FAM-CTAATGGAACGCATCCC-MGB o
and 60 s at 60 °C)
forward primer (1 pM): 10 min at 95°C followed
CrAssphage CAGAAGTACAAACTCCTAAAAAACGTAGAG by 40 cycles of (15 s at (38)
CPQ-056 reverse primer (1 uM): GATGACCAATAAACAAGCCATTAGC 95 °Cand 1 min at 60
probe (80 nM): FAM-AATAACGATTTACGTGATGTAAC-MGB °C)
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Table B.2. QPCR assay amplicon length and sequences utilized in gBlocks™ material for

standard curves.

Assay

Amplicon
length of
gPCR
target (bp)

Gene sequence (5°-3)

H8

177

ACAGTCAGCGAGATTCTTCGCCACGCCGGCGTGGCG
CATCTGCTGCTGGAGGCGGACGCGCAGAAGGTCGAG
GCCGCGCGTGCCGCCGGCGCGCCGGTGTTCCATGCC
GATGCCAGTCGGCCCGATACCTTGCTGGCTGCCGGC
TTGACGCATGCACACTTGGTGGTGCTGACGTTC

EC23S857

88

GGTAGAGCACTGTTTTGGCAAGGGGGTCATCCCGAC
TTACCAACCCGACTCGAGCTGCGAATACCGGAGAAA
GTTATCACGGGAGACA

HF183/
BacR287

132

ATCATGAGTTCACATGTCCGCATGATTAAAGGTATTT

TCCGGTAGACGATGGGGATGCGTTCCATTAGCTCGA

GATAGTAGGCGGGGTAACGGCCCACCTAGTCAACGA
TGGATAGGGGTTCTGAGAGGAAG

CrAssphage
CPQ-056

126

CAGAAGTACAAACTCCTAAAAAACGTAGAGGTAGA

GGTATTAATAACGATTTACGTGATGTAACTCGTAAA

AAGTTTGATGAACGTACTGATTGCAACAAAGCTAAT
GGCTTGTTTATTGGTCATC
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Table B.3. Statistical comparisons of microbial variables measured by qPCR in untreated sewage
from AWT and CWT facilities. Data are expressed as concentration (logio GC/100 mL). Data
from like facilities (AWT or CWT) were pooled (n=9). Variables were individually compared
between AWT and CWT facilities by Dunn rank sum tests with Bonferroni correction.
Differences in frequency of detection for culturable EcH8 were compared by Fisher’s Exact test.

P-values < 0.05 are bolded.

Microbial Variables P value: AWT vs CWT
Culturable E. coli 0.2670
Culturable EcH8 0.1033

EC23S857 0.0013
HF183 0.1440
H8 0.0849
CPQ_056 0.0017
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(CWT) and advanced (AWT) wastewater treatment facilities (n=3).

Table B.4. Logio reduction values (mean + standard error) of all gPCR targets in conventional

Conventional EC23S857 HF183 H8 CPQ_056
A 4.67 +0.64 4.01+0.99 4.35+0.96 1.72+0.31
B 4.70+1.25 455+131 432+1.09 1.93 +£0.07
C 5.77 +0.03 5.58+£0.18 5.57+0.25 1.82+0.20
Advanced
D 4.75 + 0.57 4.12 +0.13 3.74 +0.36 5.17+0.35
E 6.61+0.39 6.42 +0.63 6.08 £ 0.16 6.82 £0.12
F 5.00+1.28 6.85+0.16 5.91+0.05 450+1.20
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Table B.5. P values for statistical comparisons among microbial variables measured by qPCR in

pooled untreated sewage and recycled water data (n=18). P-values < 0.05 are bolded.

Untreated Recycled Water
PCR Variables Se_wage -

9 Median logio Median log10 Frequency Logio
concentration concentration of detection reduction
EC23S857 : HF183 0.0512 0.3390 0.0455 > 0.9999
EC23S857 : H8 marker < 0.0001 0.0765 0.0191 > 0.9999

EC23S857 : CPQ_056 0.0021 0.3170 0.1040 0.0832
H8 marker : HF183 < 0.0001 0.2610 1.0000 > (0.9999

H8 marker : CPQ_056 0.0017 0.0084 0.7110 0.3740

HF183 : CPQ_056 0.2430 0.0744 1.0000 0.1280
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Table B.6. Significant relationships among concentrations of microbial variables in untreated
sewage and recycled water pooled data (n=18). Kendall’s tau reflects the ordinal association of

the data; higher values indicate greater correlation. P-values < 0.05 are bolded.

gPCR gPCR Untreated Sewage Recycled Water
Variable 1 Variable 2 p-value tau p-value tau
EC23S857 HF183 0.1751 0.24 0.0005 0.62
EC23S857 H8 marker 0.0006 0.57 0.0136 0.44
EC23S857 CPQ_056 0.0067 0.46 0.2690 0.19
H8 marker HF183 0.0022 0.52 0.0001 0.74
H8 marker CPQ_056 0.0085 0.45 0.1062 0.29

HF183 CPQ_056 0.0573 0.33 0.0760 0.32
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Table B.7. Surface water survey and the frequency of detection for HF183 and culturable ECH8

for each site. All samples were collected monthly between 8/11/2020 and 8/9/2022.

Surfag:i(ie\éVater Water Type sal;lnl;)rr;k;iregtfe q fregI ui%lifl of freqi(;':fy of

detection (%) detection (%)
S1 Freshwater 16 68.75 6.25
S2 Estuarine 17 100 11.76
S3 Estuarine 16 93.75 6.25
S4 Estuarine 8 100 0.00
S5 Freshwater 4 0.00 0.00
S6 Marine 16 81.25 12.50
S7 Freshwater 14 100 64.29
S8 Marine 12 58.33 16.67
Total 103 82.50 16.50
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vy 1=2-

Figure B.1. Map showing the sampling locations of the field study. Recycled water travels from
the discharge site along a canal to enter Turkey Creek. The length that the treated effluent travels
from the discharge site to the downstream site is 3.22 km. The upstream site is 0.24 km

upstream of the confluence and is not affected by the discharge. Tampa Bay Water Atlas

(https://tampabay.wateratlas.usf.edu/waterbodies/rivers/74/).
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Figure B.2. Relationships among microbial variables measured by qPCR in untreated sewage
collected from AWT and CWT facilities (conventional = red circles, and advanced = green
triangles) analyzed by canonical analysis of principal coordinates and linear discriminant
analysis. Canonical axis | (horizontal) explained 100% of the variability, while canonical axis Il
(vertical) explained 0% of the variability observed. Microbial variables were significantly greater

in untreated sewage from AWT compared to CWT facilities (p = 0.002).
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Figure B.3. Relationships among microbial variables in pooled (AWT and CWT) untreated sewage data. The solid line depicts the
simple linear regression relationship (95% confidence interval shown by dashed lines). HF183 and EC23S857 (A), H8 and EC23S857

(B), CPQ_056 and EC23S857 (C), H8 and HF183 (D), CPQ_056 and HF183 (E), H8 and CPQ_056 (F).
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Figure B.4. Relationships among microbial variables in pooled (AWT and CWT) recycled water data. The solid line depicts the simple
linear regression relationship (95% confidence interval shown by dashed lines). HF183 and EC23S857 (A), H8 and EC23S857 (B),

CPQ_056 and EC23S857 (C), H8 and HF183 (D), CPQ_056 and HF183 (E), H8 and CPQ_056 (F).
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APPENDIX C: CHAPTER THREE SUPPLEMENTARY MATERIALS

Table C.1. Primer and probe sequences and gPCR cycling parameters for assays used.

QPCR

probe (80 nM): FAM-AATAACGATTTACGTGATGTAAC-MGB

min at 60 °C)

Targets Primer/Probe sequences (5°-3”) Cycling parameters Reference
forward primer (0.9 uM): ACAGTCAGCGAGATTCTTC za{g'g S‘tCS(]?o”CC:;V\}S d’E'”
H8 reverse primer (0.9 uM): GAACGTCAGCACCACCAA 40 ¢ cles1 of (15 s at gS (21)
probe (80 nM): FAM-ACTGGCATCGGCATGGAACAC-BHQ °g603m58%3
forward primer (1 uM): CAACGAACTGAACTGGCAGA za[g'g 3&520"%;3 d’E‘”
uidA reverse primer (1 uM): CATTACGCTGCGATGGAT 40 ¢ cles1 of (15 s at gS (37)
probe (80 nM): VIC-CCCGCCGGGAATGGTGATTAC é’ 60 5 a1 60 C)
forward primer (1 uM): GGTAGAGCACTGTTTTGGCA fmﬂwg%miif;%
EC235857 reverse primer (1 uM): TGTCTCCCGTGATAACTTTCTC of (15 s at 9% o aﬁ 50 (36)
probe (80 nM): FAM-TCATCCCGACTTACCAACCCG-TAMRA < 2156 °C)
forward primer (1 pM): ATCATGAGTTCACATGTCCG 2 min at 50 °C, 10 min
HF183/ reverse primer (1 uM): CTTCCTCTCAGAACCCCTATCC at 95 °C followed by 40 (1)
BacR287 Bac2341AC probe (80 nM): VIC-AACACGCCGTTGCTACA-MGB cycles of (15sat 95 °C
BacP234MGB (80 nM): [6-FAM]-CTAATGGAACGCATCCC-MGB and 60 s at 60 °C)
Crassphage | TOrWard primer (1 iM): CAGAAGTACAAACTCCTAAAAAACGTAGAG fo||é8v$j”;)3t4%5c$cles
CPQ-056 reverse primer (1 pM): GATGACCAATAAACAAGCCATTAGC of (15’5 at 95 °C and 1 (5)
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Table C.2. QPCR assay sequences utilized in Gblock material for standard curves.

Assay

Amplicon
length of
gPCR
target (bp)

Gene sequence (5°-3)

H8

177

ACAGTCAGCGAGATTCTTCGCCACGCCGGCGTGGCG
CATCTGCTGCTGGAGGCGGACGCGCAGAAGGTCGAG
GCCGCGCGTGCCGCCGGCGCGCCGGTGTTCCATGCC
GATGCCAGTCGGCCCGATACCTTGCTGGCTGCCGGC
TTGACGCATGCACACTTGGTGGTGCTGACGTTC

EC23S857

88

GGTAGAGCACTGTTTTGGCAAGGGGGTCATCCCGAC
TTACCAACCCGACTCGAGCTGCGAATACCGGAGAAA
GTTATCACGGGAGACA

HF183/
BacR287

132

ATCATGAGTTCACATGTCCGCATGATTAAAGGTATTT

TCCGGTAGACGATGGGGATGCGTTCCATTAGCTCGA

GATAGTAGGCGGGGTAACGGCCCACCTAGTCAACGA
TGGATAGGGGTTCTGAGAGGAAG

CrAssphage
CPQ-056

126

CAGAAGTACAAACTCCTAAAAAACGTAGAGGTAGA

GGTATTAATAACGATTTACGTGATGTAACTCGTAAA

AAGTTTGATGAACGTACTGATTGCAACAAAGCTAAT
GGCTTGTTTATTGGTCATC
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Table C.3. Mean (x standard deviation) concentrations (logio CFU/100 mL or logio GC/100 mL) of microbial variables in river water,

recycled water, and untreated sewage prior to inoculation.

Microbial River Water Recycled Water Untreated Sewage

Variables Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
Culturable  1.47 1,66+ 1.89 + . 6.61+ 6.11 + 6.60 +

E. coli 0.07 0.03 0.02 <LOD <Lob  <lob 0.04 0.11 0.02
282 + 276 + 2,69 + 5.06 + 422 + 4.98 + 7.07 + 752+ 701+

EC235857 74 06 0.21 0.16 0.12 0.07 0.05 0.10 0.03 0.10
5.14 + 433 + 4.97 + 7.99 + 7.60 + 779+

HF183  <LOD  <LOD  <LOD 0.11 0.09 0.05 0.11 0.02 0.02
470 + 410 + 4.07 + 8.37 + 7.30 + 768+

CPQ06 <LOD  <LOD  <LOD 0.12 0.24 0.13 0.29 0.05 0.14

8< LOD = below limit of detection.
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Table C.4. Mean (z standard deviation) temperature and light intensity measurements in outdoor

mesocosms across three experimental trials.

Environmental Variables

Experimental
Trials Temperature (°C) Light Intensity (lum/ft.?)
Trial 1 232122 111 + 260
Trial 2 21.3+24 155 + 443
Trial 3 23.2+18 133 + 303
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Table C.5. P and tau values for correlation analyses between logio reductions and measurements
of temperature and light intensity of each DNA marker (n=15) in recycled water or untreated

sewage treatments. P-values < 0.05 are bolded.

Recycled Water Spiked River Water | Untreated Sewage Spiked River Water

DNA
Markers Temperature Light Temperature Light

p-value tau p-value tau p-value tau p-value tau

EC23S857 0.4281 -0.17 0.0644 0.40 0.7115 0.08 0.0231 0.49
HF183 0.1870 -0.28  0.2000 0.30 0.4281 0.17 0.0645 0.39

CPQ_056 0.6345 -0.10 04281 -0.17 | 06345 -0.10 0.0037 0.62

Table C.6. Effect of trial on logio reduction values for each DNA marker. Post-hoc tests with P
values for statistical analyses on pairwise comparisons (Tukey HSD) between trials in recycled

water or sewage treatments (n=5). P-values < 0.05 are bolded.

Recycled Water Untreated Sewage
Contrast | EC23S857  HF183  CPQ 056 | EC235857  HF183  CPQ 056
TrT"';‘:all 5| 09156 0.8201 0.4253 0.0486 0.1020 0.0140
Tf}er‘:all Y| 00s60 0022 04969 00112 00043 00710
TrT'ar‘:azl ;’S' 0.1285 0.0868 09916 | >009999  0.8670 > 0.9999
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Table C.7. Effect of DNA marker on logio reduction values for each trial. Post-hoc tests with P values for pairwise comparisons
(Tukey HSD) of logio reductions among marker genes measured by gPCR in recycled water or sewage treatments (n=5). P-values <

0.05 are bolded.

Recycled Water Treatment Untreated Sewage Treatment
DNA Markers
Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
CPQ_056 : EC23S857 0.9999 0.6573 0.4389 < 0.0001 < 0.0001 0.0010
CPQ_056 : HF183 0.9972 0.7460 0.2672 0.5287 < 0.0001 <0.0001
EC23S857 : HF183 0.9983 0.9883 0.9378 < 0.0001 < 0.0001 <0.0001
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Table C.8. P values for correlations of logio reductions among microbial variables measured by

gPCR in pooled recycled water or untreated spiked river water data (n=15). P-values < 0.05 are

bolded.
Variable 1 Variable 2 Recycled Water Untreated Sewage
p-value tau p-value tau
Culturable CPQ 056 NA? NA 0.0041 0.54
E. coli
Culturable EC235857 NA NA 0.0012 0.61
E. coli
Culturable HF183 NA NA 0.0019 0.58
E. coli
CPQ 056 EC235857 0.4351 0.16 0.0013 0.60
CPQ 056 HF183 0.9226 0.03 0.0041 0.54
EC235857 HF183 <0.0001 0.75 <0.0001 0.83
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Table C.9. Logio reduction (mean + standard error) of each microbial variable measured (n=5) in river water spiked with recycled

water or untreated sewage over 5 days in the three separate trials.

Recycled Water Untreated Sewage

Microbial
Variables Trial 1 Trial 2 Trial 3 Trials 1-3 Trial 1 Trial 2 Trial 3 Trials 1-3
Combined Combined
C”E'“j:ro""l?'e 092+0.17 0.66+008 030+020 063+0.14 |-040+0.04 046+006 1.08+0.05 0.38+0.16
EC23S857 043+0.03 061+0.12 151+0.17 0.85+0.14 | -0.42+0.07 045+0.16 0.39+x0.03 0.14%+0.12
HF183 0.41+0.03 068+x0.09 167+x024 092+0.16 | 0.75+0.07 2.83+0.15 297+0.04 2.18+0.28
CPQ 05 044%£0.07 101£055 095+£0.70 0.80+£0.28 | 0.58+0.08 1.22+0.20 1.00+£0.04 0.93+0.09
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Table C.10. Significant relationships among concentrations of microbial variables in river water
spiked with untreated sewage or recycled water (n=15). Kendall’s tau reflects the ordinal

association of the data; higher values indicate greater correlation. P-values < 0.05 are bolded.

Variable 1 Variable 2 Recycled Water Sewage
p-value tau p-value tau

Culturable E. coli EC23S857 NA? NA <0.0001 0.7125
Culturable E. coli HF183 NA NA < 0.0001 0.7720
Culturable E. coli CPQ_056 NA NA <0.0001 0.6199
EC23S857 HF183 < 0.0001 0.7495 < 0.0001 0.7486
EC23S857 CPQ_056 < 0.0001 0.3781 < 0.0001 0.7820
HF183 CPQ_056 < 0.0001 0.4786 < 0.0001 0.6511

4NA = Few detections of culturable E. coli which resulted in exclusion from statistical analysis.
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Figure C.1. Diagram of experimental design including the number of samples collected. Thirty samples were tested for each pollution

type, experiment was repeated three times where 180 samples were collected and tested throughout this study.
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Figure C.2. Recycled water-spiked mesocosms with logio concentrations (GC/100 mL) of the general E. coli marker EC23S857, and
sewage-associated markers HF183 and CPQ_056 measured by qPCR on day 0 and day 5 for three separate events A, B, and C (n=5).

Boxplot whiskers represent the 10" and 90" percentile values. Black bars within boxplots represent median concentrations.
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Figure C.3. Sewage-spiked mesocosms with logio concentrations (CFU or GC/100 mL) of culturable E. coli (cE.coli), the general E.
coli marker EC23S857, and sewage-associated markers HF183 and CPQ_056 measured by gPCR on day 0 and day 5 for three
separate events A, B, and C (n=5). Boxplot whiskers represent the 10" and 90" percentile values. Black bars within boxplots

represent median logio concentrations, the y-axis was truncated to show data ranging from 3.0 to 8.0 logio GC/100 mL.
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Figure C.4. Relationships among log:o reductions of microbial variables in river water spiked with recycled water. The solid line

T
20

depicts the linear regression relationship (95% confidence interval shown by dashed lines). HF183 and EC23S857 (A), CPQ_056 and

EC235857 (B), CPQ_056 and HF183 (C).
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Figure C.5. Relationships among logio reductions of microbial variables in river water spiked with untreated sewage. The solid line
depicts the linear regression relationship (95% confidence interval shown by dashed lines). EC23S857 and culturable E. coli (A),
HF183 and culturable E. coli (B), CPQ_056 and culturable E. coli (C), HF183 and EC23S857 (D), CPQ_056 and EC23S857 (E),

CPQ_056 and HF183 (F).
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Figure C.6. Relationships among concentrations (GC/100 mL) of microbial variables in river water spiked with recycled water. The
solid line depicts the linear regression relationship (95% confidence interval shown by dashed lines). HF183 and EC23S857 (A),

CPQ_056 and EC23S857 (B), CPQ_056 and HF183 (C).
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Figure C.7. Relationships among concentrations (GC/100 mL) of microbial variables in river water spiked with untreated sewage. The
solid line depicts the linear regression relationship (95% confidence interval shown by dashed lines). HF183 and EC23S857 (A),

CPQ_056 and EC235857 (B), CPQ_056 and HF183 (C).
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Figure C.8. Relationships among culturable E. coli measurements (CFU/100 mL) and logio concentrations (GC/100 mL) of gPCR
marker genes in river water spiked with untreated sewage. The solid line depicts the linear regression relationship (95% confidence

interval shown by dashed lines). E. coli and EC23S857 (A), E. coli and HF183 (B), E. coli and CPQ_056 (C).
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