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Community-acquired Staphylococci infections are becoming more prevalent where human
activity at recreational beaches constitutes a large component of the source of "#$%&'()())*+,
#*-.*+ . Monitoring the dynamics of microbial survival in beach sand is important for the
protection of human health, and while previous studies have shown the health risks associated
with I/, #*-*+ and MRSA infections, there is limited understanding of the ecology of this
species. This study aims to assess the impact of nutrient loads on the survival dynamics of !/,
#*-*+ 1n beach sand in order to gain insight on the ecology of microbial pathogens with respect
to changing environmental conditions and their potential impact on water quality. This work
identifies the impact of sand types, !/,#*-.*+ strains, and nutrient levels on !/ #*-.*+ survival
dynamics using microcosm experiments to replicate natural beach conditions. Sand sample
eluates obtained from recreational beaches on Oahu, Hawaii were assayed for the cultivation and
isolation of a native ! / #*-.*+ strain. !/ #*-.*+ was found to have higher viability in locally
collected Waikiki sand in comparison to commercially bought coral sand. In the absence of
competing bacteria, analysis of variance (ANOVA) testing indicated that additional nutrient
loads were found to have no statistically significant impact on the growth dynamics of !/ #*-.*+
in beach sand. The native !/, #*-.*+ strain was found to have higher initial growth rates in beach
sand, but entered the death phase faster than the laboratory !/,#*-.*+ strain. These results suggest
that the micronutrients present within the Waikiki sand were sufficient to support the !/,#*-.*+
population and that specific growth rate is independent of nutrient concentration at high
concentrations. The starvation-survival mechanisms for !/, #*-.*+ outside of its main ecological

niche requires further research to understand not only what limits !/, #*-.*+ growth in natural



environments, but also how !/, #*-.*+ alters its metabolism in response to the availability of

nutrients.
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"#$%&'()())*+,#*-.*+ is an opportunistic, commensal pathogen that is a public health threat
and is becoming more prevalent in the environment [1, 2]. Historically, !/ #*-.*+ and
methicillin-resistant !/ #*-.*+ (MRSA) infections were only documented in healthcare settings
[3]. However, new strains of MRSA have emerged, and community-acquired !/ #*-.*+
associated with recreational water use is now recognized as a public-health problem [2]. !/,
#*-*+ typically causes non-life-threatening skin and soft tissue infections, but more severe cases
that are often associated with MRSA can lead to pyomyositis, endocarditis, and sepsis [4-6].
MRSA is a type of I/,#*-.*+ infection that is resistant to beta-lactam antibiotics [7]. The
resistance to methicillin present in MRSA is due to mecA genes [8, 9]. The mecA genes, also
known as staphylococcal chromosomal cassette gene (SCCmec), are mobile genetic elements
[10]. The mecA gene encodes an alternative binding protein for penicillin, and is responsible for
the MRSA resistance to beta-lactam antibiotics [8]. The antibiotic resistant genes being
transferred are believed to originate naturally in microorganisms in response to various antibiotic
pressures [11].

The emergence of resistant pathogens comes from its ability to adapt to changes in their
environment [12]. As a facultative anaerobe, !/, #*-.*+ has the ability to grow at both aerobic and
anaerobic conditions although growth is slower in anaerobic environments [13]. Additionally, !/,
#*-*+ has shown resilience in a wide range of environmental conditions. The bacteria can grow

in a pH range of 4-10 with an optimal pH at 6-7, a temperature range of 7°C-48°C with an



optimum at 37°C, and in sodium chloride concentrations of up to 25% [14]. ! /#*-.* +is a gram-
positive, versatile bacterium that can survive in both animate and inanimate hosts [15]. The
virulence, its ability to cause damage within a host, of ! /,#*-.*+ has evolved from a complex
regulatory network that allows it to exploit different regions within its host [16]. As an
opportunistic pathogen, !/, #*-.*+ rarely causes infection within healthy individuals. However, if
an open wound is exposed to !/, #*-.*+ | it is believed to initiate regulation of virulent genes [17].
This gene expression is regulated by a quorum-sensing system that is able to alter its metabolism
in response to changing environmental conditions [18].

Staphylococcal infections have been reported after activities in high density environments
where contacts at recreational marine beaches have been recognized to be a possible source of !/,
#*- *+ [4]. Concentrations of !/,#*-. *+have been positively correlated to bather density [19],
where one epidemiological study in Florida concluded that beach bathers were six times more
likely to report skin infections in comparison to non-beach bathers [20]. !/, #*-.*+ and MRSA are
listed as high priority on the World Health Organization’s global priority pathogens list of
antibiotic-resistant bacteria [21], but there are currently no water quality standards correlating the

concentration of !/, #*-.*+ to the risk of infection [3, 22].
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Hawai’i has the highest amount of community-acquired "#$%&'()())*+ infections in the
country. A national study performed in 2006 found that there was an overall average of 46.3
MRSA colonized or infected patients per 1000 patients nationally, while Hawai’i was found to
have nearly double the national average of 91 MRSA infections per 1000 patients [23]. The rate

of MRSA infections were found to be even higher in 2010 where the same group of researchers



found that portion of MRSA community-associated strains increased in comparison to heath care
associated strains [24]. With community-acquired MRSA infection on the rise, individuals of
Pacific Islander decent appear to be at higher risk. MRSA was recovered over four healthcare
facilities in Hawai’1 in which 28% of the 1,389 patients had community-acquired MRSA
infections, and of the 89% who had ethical and racial data in their charts, 51% were Pacific
Islanders [25]. Pacific islanders constitute 24% of the state’s population and had the most skin
and soft tissue infections in comparison to other races and ethnicities [25].

Recreational activity at beaches is believed to be linked to !"#$%&'()())*+ infections.
I"#$%&'()())*+ from recreational waters has been correlated with bather density [26], where one
study found that approximately 10° CFU of !/,#*-.*+ could be released into the water by a single
bather [27]. Recreational swimmers in Hawai’i may be at higher risk for "#$%&)())*+
infections due to the high density of beach users, the presence of coral reefs, and rocky beaches.
Abrasions and skin wounds are common which makes these individuals at higher risk for
infection. Additionally, !/,#*-.*+ was detected in 19 out of 22 streams on Oahu [28], and !/,
#*-.* +has been shown to increase in stormwater discharge [29]. As storms attract surfers, this

may leave these individuals more susceptible to acquiring an infection.
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I/ #*-*+ has many contributing sources making its distribution difficult to predict. The main
ecological niche of ! / #*-.*+ is within the nose of humans, residing in about 30 percent of the
population [30], and human-activity at recreational beaches was originally suggested to be the
main source of !/, #*-.*+ [31]. However, more recent studies have shown the presence of !/,

#*-.*+, in watersheds and streams [28], pets and wildlife [1], and wastewater [32]. Additionally,



I/,#* - *+ has been found in stormwater and urban runoff [33] which contributes to downstream
contamination in recreational waters [34]. Hence, human exposure to water sources impacted by
urban stormwater runoff increase the risk of infections associated with !/, #*-.*+ [35].
Pathogenic bacteria residing in beach sand has shown to be a non-point source of nearshore
water contamination [36, 37]. Beach sand provides a habitat for various microorganisms. The
conditions of beach sand provides water, nutrients, and protection from sunlight that contribute
to a habitable environment for bacteria [38]. The presence of !/, #*-.*+, in beach sand and
nearshore waters have been shown around the globe [19, 36, 39, 40], and the sand allows for
transportation of the bacterium both horizontally across beaches, and vertically into the
groundwater table [38, 41]. The fate, or replication, persistence, and death, of microbes in beach
sand can range from hours, day, or months depending on the environmental conditions and
physiological needs of the bacterium. While the importance of antibiotic resistant pathogens such
as MRSA are recognized in hospital based settings, sand-borne exposure to !/,#*-.*+ and MRSA
in relation to human health remains unknown [38]. As beach sand serves as a reservoir and a
mode of bacterial transportation, these studies support the importance of understanding !/ #*-.*+

dynamics in beach sand.
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Microbial communities are essential for every ecological system by playing a dominant role
in biogeochemical cycling of nutrients [42]. Microbial interactions are important for maintaining
healthy, functioning ecosystems in both aquatic [43] and terrestrial [44] environments, and can
also influence human welfare through agriculture, the food industry, and various medicines [45].

Microbes contribute to a sustainable environment by regulating the flow of nutrients and



recycling primary elements that make up all living systems [46]. A few of these primary
elements include nitrogen, oxygen, and carbon. Nitrogen is able to be fixed to ammonia through
the microbial metabolism of specific bacteria where it can then be utilized by plants and animals
[46]. Microorganisms can not only carry out carbon dioxide fixation to make organic carbon
available for synthesis of cell material, but are also capable of biodegrading complex organic
materials to other various forms of carbon [46]. When biogeochemical cycles are altered, it
influences the elemental composition of the Earth and can lead to a decrease in biodiversity,
water quality, and food security [47]. Therefore, understanding the ecology of bacterial species is
important for public health, interpreting evolution, and predicting future trends in ecological
systems [48, 49].

How growth dynamics of microbial populations are altered in response to available
nutrients is a fundamental question in microbiology. Microbes are dependent on a wide range of
resources for survival including energy resources, nutrients, space, and light [50]. In ideal growth
conditions, microbes would have access to unlimited energy resources, nutrients, space for
growth, and no predators or competition. However, nutrient availability is constantly changing
due to environmental conditions, nutrient cycling, and anthropogenic forcings [51]. Availability
of nutrients is naturally influenced by pH, parental rock material, erosions rates, the type of
vegetation present, water content, and many other various biotic and abiotic factors [52, 53].
Human activities including deforestation, urbanization, burning fossil fuels, the use of fertilizers,
and pollution impact nutrient cycles. Deforestation and urbanization reduce vegetation which
affects nutrient storage and recycling [54]. Burning fossil fuels releases pollutants such as
nitrogen oxides into the atmosphere which impacts the nitrogen cycle and contribute to acid rain

[55]. Additionally, the use of fertilizers leads to nutrient pollution that disrupts the nitrogen and



phosphorus cycles [56, 57]. As microbial communities require nutrients in order to grow and
reproduce, microbes must rapidly adapt to natural and anthropogenic induced fluctuations in
nutrient availability [58].

Varying nutrient levels impact the dynamic physiological responses that alter growth
rates and nutrient uptake kinetics in microbial communities [49]. This sequentially leads to
changes in bacterial cell size, bacterial growth rate, and the amount of specific bacterial species
present in various environmental conditions [58, 59]. Nutrient availability is one of the strongest
influences on bacterial cell size [60]. In nutrient-rich environments, microbes tend to have an
increase in cell size and a decrease in generation time, and in nutrient-poor environments,
microbes tend to have a decrease in cell size and an increase in generation time [58]. One of the
most widely used models to determine the relationship of substrate concentration on the
microbial growth rate is the Monod equation that was developed by Jacques Monod in the 1940s
[61]. In the Monod equation:

_ HWmaxS
T Ko+S (1)

the specific growth rate (p) is determined based on the maximum specific growth rate (Wmnax),
the substrate concentration (S), and the half-saturation constant (K). In the Monod model, the
specific growth rate linearly increases with low substrate concentrations until it reaches the halt-
saturation substrate concentration. The growth rate then beings to saturate at high substrate
concentrations until it reaches the maximum specific growth rate [50]. However, the physical
meaning of the half-saturation coefficient or Monod’s constant is continually being researched
and is still not fully understood [62, 63]. Additionally, the assumptions of the model fail to
consider that microbial growth rate may be controlled by multiple nutrients, kinetic cell

properties may have evolutionary changes, and microbes grow in a mixture of substates [64-66].



Therefore, the validity of the Monod equation to describe environmental bacterial growth
conditions and the evolutionary changes in growth rates in response to fluctuations in nutrient

availability remains unanswered [50, 66, 67].
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I/ #*-*+ is a non-motile, non-spore forming pathogen that has evolved in response to
their host habitat [60]. While nutrient requirements for bacterial species are often complex, in
general, they require phosphate, a carbon sources, and an organic nitrogen source [68, 69].
Phosphate is an essential nutrient for pathogens and is important for energy generation and
virulence of the pathogen [70]. Inorganic monophosphate is the preferred form of the essential
nutrient phosphate, but !/ #*-.*+ can also obtain phosphate from phosphocompounds [68].
Similarly, glucose is the preferred carbon source for !/,#*-.*+ but it is able to survive on
catabolism of secondary carbon sources when glucose is limiting [71]. The nitrogen source for !/,
#*-*+ 1s supplied by 5 to 12 essential amino acids such as arginine and valine [69].

Nutrient limitation and various environmental conditions alter metabolic pathways in
microbes [49]. I/, #*-.*+ utilizes a two-component signal transduction system (TCSs) to control
expression of genes that are responsible for bacterial survival and growth, and virulent
determinants [72]. This regulatory system encodes 16 conservative pairs of TCSs that change
various aspects within the microbial physiology in response to environmental cues, nutrient
availability, and host’s defenses [72, 73]. !/, #*-.*+ must readily adapt to fluctuating carbon and
nitrogen levels during host evasion. However, little is known about the growth conditions of !/,
#*-*+ 1n nasal fluid (its natural niche) such as the availability of carbon sources, nitrogen

sources, and its metabolic activity [74].%
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While the health risks associated with !/,#*-.*+ and MRSA infections are well-understood,
there is limited understanding of the ecology of this species. This study aims to identify the
impact of various nutrient levels on the growth (or lack thereof) of !/,#*-.*+ in Hawaiian beach
sand. Hawai’i has been found to have high levels of community-acquired !"#$%&'()())*+
infections where beach sand has shown to be a non-point source of harboring pathogenic bacteria
[24, 36]. A recent study collected samples from four various beaches on the Hawai’i Island
where beach samples and sand samples were found to have a 7.1% and 8.6% prevalence of !/,
#*- *+ respectfully [75], suggesting Hawaiian beach sand may harbor significant amounts of !/,
Hrokp

Microbial growth over time as a function of nutrient availability has been studied for
decades, but it is still not fully understood [59]. Climate change is predicted to alter precipitation,
storm frequency, and storm intensity [76] where increased rainfall may directly impact bacterial
loads and dispersal [77]. Nutrients, sediments, and various pathogens present in stormwater
runoff are a main contributor to impaired water quality [33], and concentrations of !/, #*-.*+
have been shown to increase with higher levels of rainfall and river discharge [3, 29]. Nutrient
concentrations have been found to be higher in groundwater in comparison to nearshore waters
[78], and, for this project, it is hypothesized that nutrient loads from freshwater systems may
enhance the growth of !/ #*-.*+ . Therefore, the main objective of this study is to analyze and
evaluate the effect of nutrient levels on the growth and/or decay dynamics of !/,#*-.* +in beach
sand. In order to meet the main objective, the experimental approach is defined in three phases as
follows:

1.! Isolation and cultivation of !/ #*-.*+ from Hawaiian beach sand.



2.! Methods to analyze the impact of nutrient loading on the ecology of !/ #*-.*+ in beach
sand.
3.1 Assessment of the effect of nutrient levels on !/ #*-.*+ survival dynamics in beach sand.
The study tends to gain insight on the ecology of microbial pathogens in beach sand and climate
impacts on water quality. This study will also provide supporting materials for further research

on the impact of climate on the distribution of bacterial pathogens.
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The goal of phase one was to cultivate !/ #*-.*+ isolates from Hawaiian beach sand. Sand
samples were collected from recreational beaches around Oahu, Hawai’i, and isolated colonies
were analyzed through DNA extraction and sequencing methods. The specific objectives to meet
the goal of phase one included:

Objective 1: Collect sand samples from the intertidal and supratidal zones in Hawaiian

recreational beaches.

Objective 2: Elutriation of microorganisms from beach sand samples to isolate specific

colonies.

Objective 3: Perform DNA extractions and DNA sequencing analysis to confirm isolated

colonies.

Objective 4: Based on DNA sequencing, store selected !/,#*-.*+ isolates for phase two of the

study.

As the main objective of this study is to analyze the ecology of !/, #*-.*+ in response to various
nutrient enrichments (phase three of the study), the collected !/, #*-.*+ isolates serve as a native
strand for future analysis. The isolates will be placed in an isotonic solution for long-term storage

in order to meet the main objective of this study.
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Beach sand provides a habitable environment for pathogenic bacteria where !/ #*-.*+
concentrations have been found in sand and nearshore waters around the globe [36, 39, 40]. The
main ecological niche of I/, #*-.*+ is within the human nose where human activity at recreational
beaches has been shown to be directly correlated to !/, #*-.*+ contamination of beach water and
sand [79, 80] Coastal waters tend to attract swimmers, divers, surfers, and fishers, and
beachgoers tend to play, dig, and sunbathe in the sand. Recent evaluation of Hawaiian beach
sand suggests that prevalence of !/ #*-.*+ may be higher in beach sand in comparison to
nearshore waters [75]. Therefore, the main hypothesis of phase one is that Hawaiian beach sand
is a significant reservoir of !/,#*-.*+ and is contributing to nearshore water contamination.

Beach sand allows microbes to persist by filtering bacteria out of the seawater and
promoting their survival [81]. The intertidal zone is the area where the land and the ocean meet
between high and low tides as shown in Fig. 2.1 [82, 83]. The intertidal zone is flushed daily
with organic material and nutrients, and microbes in the intertidal zone can be readily mobilized
and transported by seawater [84]. While some studies have found a higher prevalence rate of !/,
#*-*+ above intertidal zone rather than the swash zone or inundated sand [27], !/, #*-.*+ has
been isolated from intertidal sand samples [40], dry sand samples [27], freshwaters [85], and
coastal waters [39]. Dry sand samples are collected from the supratidal zone which includes the

region above high tide and the intertidal zone as shown in Fig 2.1.
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Figure 2.1. Cross-sectional viewpoint of the beach sand zones. Figure obtained from [83].

The main goal of phase one is to cultivate and isolate a native strain of !/, #*-.*+ from
Hawaiian beach sand. To meet this goal, the experimental design was to collect sand samples
from both the intertidal and supratidal zone from recreational beaches around Oahu, Hawai’i and
assay the samples for the presence of I/,#*-.*+ . The sand samples were brought back to the
Environmental Microbiology Laboratory of Water Resources Research Center (WRRC) at the
University of Hawai’i at Manoa where it was further processed and analyzed through DNA

extraction and bioinformatics processing.

BIK<>;?G<=H$<FQP&<>;BG<=H$
BI9K982>MQD$2G>;$<FQ$2<SC=;$)@-=;E>G@F

Forty-four sand samples were collected from eight different beaches on Oahu, Hawaii.
The beaches included Waikiki, Pokai Bay, Ala Moana, Queens, Keehi Lagoon, Kuhio, Ko Olina
Lagoon, and Hale’iwa (Fig. 2.2). These are popular recreational beaches where people

commonly partake in leisure activity. The sand samples were taken within 20 feet of the
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shoreline. Sand samples were taken from the intertidal zone where the sand was visually wet,
and the supratidal zone where the sand was relatively dry, and the majority of the beachgoers sit.
Sand samples were collected between the dates of October 18", 2022 to March 7, 2023
typically in the mornings between 9:00AM and 12:00PM. Sand samples were collected from the
top three inches of the sand column and placed into labeled, sterile 50 mL polypropylene conical
tubes. The sand samples were then transported in a cooler back to the WRRC laboratory and

processed within two hours.
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Figure 2.2. Oahu sampling sites for isolation and cultivation of !/ #*-.*+
from Hawaiian beach sand.

BIKOB#=M>?G<>@@®HB896 BA? @ S$"<I<GG<F$5$2=FQH

In order to analyze for the presence of !/, #*-.*+ in Hawaiian beach sand, the bacteria
must first be transferred from the sand particles to a liquid medium. Dilution water was prepared
by first making a stock solution of magnesium chloride (8.11g MgCl,* 6H,0 per 100 mL

sterilized Milli-Q water) and a phosphate buffer stock solution (3.4g KHPO per 100 mL
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sterilized Milli-Q water). The dilution water was made in a sterilized 4 L style 2122, Nalgene
bottle by mixing 5.0 mL of magnesium chloride stock with 1.25 mL of phosphate buffer stock
into 1 L of Milli-Q water. A total of 3 L of dilution water was made. As the mixture was slightly
acidic, the pH was adjusted to 7.2 with the use of 0.1 N of sodium hydroxide and sterilized in the
autoclave on a liquid cycle at 121°C for 30 minutes. In order to elutriate the bacteria from the
sand particles, 120 mL of sterilized dilution water was mixed with 3g of sand in a sterile
polypropylene bottle and vortexed on a Vortex-Genie Laboratory Mixer for 1 minute. The sand
particles were then allowed to settle for 5 minutes, and the eluate was assayed for the presence of
I/ #*-*+ . The moisture content was determined for each sand sample by drying a 3g sand
subsample at 45°C for 24 hours. The percentage of moisture was then calculated through the

following equation:

sandye; — sandgyy, + 100

Moisture Content (%) =
sand gy,

Moisture content was used to determine how saturated each sand sample was in relation to which

zone (intertidal or supratidal) it was collected from (Appendix A).

BIKIK ;E@P;?D$@AB896 BA? @ SSH<Mb

Bacteria was recovered from the dilution water by filtering 20 mL of the eluate through a
0.45 pm pore size GN-6 Metricel® membrane (Pall Corporation, Ann Arbor, MI) using
sterilized magnetic filter towers and a filtration manifold (Fig. 2.3A). Sterile forceps were used
to transfer the membrane onto BBL™ CHROMagar™ !/ #*- *+ agar (chromopeptone 40g,
sodium chloride 25g, chromogen mix 0.5g, inhibitor agent 0.7g, agar 14g, all combined per 1L

of water) and incubated at 35.5 °C for 24 hours.
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After 24 hours, pink to mauve colonies were denoted as !/, #*-.*+ . Occasionally, strains
of staphylococci (such as /,.$;<.-=;<;+ , I/)(%>;;, !/,;>".-=.<;* + and !/,%#.=('&"))*+),
1);>."(?#)".-,+$., 7(-&>.?#)".-;*=, and yeast may produce pink to mauve colored colonies after
the 24 hour incubation period [86]. Additionally, other bacteria may utilize the chromogenic
substrates in the medium and result in blue, green, yellow, or white colonies (Fig. 2.3B). To
ensure there were no false positives with selected isolates, DNA extraction and sequencing was

used for confirmation.

Figure 2.3. A filtration manifold (A) is used to recover !/, #*-.*+ from the eluate with the use of
membranes and filtration towers. A CHROMagar™ !/ #*- *+ plate after 24 hours of incubation
(B) displays a range of bacterial colonies along with !/,#*-.*+ colonies (pink to mauve).

After 24 hours, a sterile loop was used to remove one pink to mauve colony from the
CHROMagar™ I/ #*- *+ plate and streak the colony onto a fresh CHROMagar™ !/ #*- *+
plate (1 mauve colony/plate) using the quadrant streaking method. The streaked plates were then
incubated at 35.5 for 24°C hours. Once the 24-hour period had passed, a sterile loop was used to
inoculate individual colonies into 1 mL of molecular grade water and stored in the freezer at -2

to -11°C.
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DNA extraction and sequencing were utilized to confirm the selected pink to mauve
colonies were !/, #*-.*+ isolates. PCR amplification of the 16S rRNA gene was performed using
the 1492R primer (5’-GGTTACCTTGTTACGACTT-3") and the 27F primer (5°-
AGAGTTTGATCCTGGCTCAG-3). The Platinum™ PCR SuperMix High Fidelity was used
for PCR amplification of DNA templates which is effective for a target range up to 15 kilobases
of genomic DNA. As one kilobase is equal to 1,000 bases, and !/, #*-.*+ has a core genome of
approximately 1500 base pairs [87], this platinum PCR supermix was deemed applicable. The
Platinum™ PCR SuperMix High Fidelity using 50 pL per reaction as required by the
manufacturer’s protocol was used followed by PCR reactions using a C1000 Thermal Cycler
(Bio-Rad Laboratories, Hercules, CA). The thermal cycling conditions for the PCR reactions are
shown in Table 2.1.

Table 2.1. Thermal cycling conditions applied with Platinum™ PCR SuperMix High Fidelity

2>;Gh I:SC;?<>M?;$ IGS; $
1.! Initialization 94°C 2:00 minutes
2.1 Denaturation 94°C 0.:20 minutes
3. Annealing 55°C 0:20 minutes
4.! Extension 68°C 2:00 minutes
5.! Repeat Repeat step 2 through step 4 an additional 30 times
6.! Final Elongation 68°C 5:00 minutes

*PCR products were stored at 4°C.

Purification of the DNA products from the PCR reaction were performed with the Monarch®
PCR & DNA Cleanup Kit (New England Biolabs Inc., Ipswich, MA) using the manufacturer’s
recommended protocol [88]. The Monarch® PCR and DNA Cleanup Kit (New England Biolabs
Inc.) can purify up to 5 pug of concentrated, high quality DNA which can then be quantified

through fluorometric methods. A Qubit fluorometer 2.0 (Invitrogen) is a DNA quantification
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device that measures the fluorescence intensity of selective dyes that fluoresce only when bound
to the target molecule [89]. For the purpose of this research, a Qubit™ 1x dsDNA High
Sensitivity (HS) Assay Kit (Invitrogen) was used to measure the amount of intact double-
stranded DNA (dsDNA). Based on the determined fluorescent DNA concentrations (ng/mL), the
samples were pipetted into a 96-well PCR® microplate with the 27F primer (5°-
AGAGTTTGATCCTGGCTCAG-3’), 515F primer (5’-GTGCCAGCMGCCGCGGTAA-3’),
981R primer (5’GGGTTGCGCTCGTTGCGGG-3’), and 1492R primer (5°-
GGTTACCTTGTTACGACTT-3) which cover nearly the full length of the 16S rRNA gene
sequence [90]. The samples were then sequenced using the standard Sanger sequencing at the
Advanced Studies in Genomics, Proteomics and Bioinformatics (ASGPB) at the University of
Hawai’i College of Natural Resources. The results of the standard Sanger sequencing were first
visually assessed through 4peaks, combined into a contingent strand through Ugene, and aligned
to the sequence database in the National Library of Medicine using standard nucleotide BLAST

(blastn) (NIH).

BOOHM=>H$<FQ$OGHEMHHG@F

B9098%H@=<>GC @ F$<FQIBRFFPAIECHREGHSHIA? @ S$'<I<GG<F$5;<E:$2<FQ$
After conducting DNA extraction on twenty-three isolates and analyzing the sequenced

data, none of the pink to mauve colonies that grew on the CHROMagar™ !/ #*- *+ agar were a

sequenced match to !/, #*-.*+ regardless of being sampled from the intertidal or supratidal zone.

Multiple studies have supported the presence of !/, #*-.*+ at coastal beaches in Hawaii [26, 75,

91] suggesting that the CHROMagar™ !/ #*- *+ agar may not be sufficient for visual

identification and enumeration of !/, #*-.*+ ,colonies. As previously mentioned, other bacteria are
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capable of utilizing the substrates in the CHROMagar™ !/ #*-.* +medium and may produce a
pink to mauve colored colony after 24 hours of incubation. This led to false positives where the
70% of the twenty-three isolates were determined to be a @#);"*+species.

Populations of microorganisms exist in perpetual competition in order to survive in their
ecological niches. In such conditions, microbes have evolved many phenotypes to outcompete
different microbial strains and species for resources and space [92]. Microbes have developed the
ability to produce antibiotics that kill other microbial species, stab neighboring microbes, and
secrete enzymes to help harvest limited nutrients [93]. Based on the high prevalence of @#);"*+
species, there appears to be microbial competition between !/ #*-.*+ and strains of the @#);"*+,
species. In a study performed in 2011, this competition was observed when @#);"*+,+*?";";-and
"#$%&'()()*+,#*-.*+ were co-cultured [94]. @/,+*?";";was found to release antibiotics that
could inhibit the growth of !/, #*-.*+ suggesting that some @#%#);"*+strains may possess a
competitive advantage over !/ #*-.*+ |

Phylogenetic relatedness is considered to be closely associated with competitive
interactions in microbial communities [95]. One of the oldest ecological hypotheses suggested by
Darwin was that closely related species will have a higher struggle for existence because they
occupy the same ecological niches and compete for the same resources [96]. Microbial traits that
are critical for survival are phylogenetically conserved which can result in higher niche overlap
within microbial communities [97]. Phylogenetic similarity has been shown to intensify
microbial competition [98] suggesting that species more closely related on the phylogenetic tree
may be a useful predictor of competition. To gain a better understanding of the similarities
between the identified isolated microorganisms, a bootstrap consensus tree was constructed and

rooted with the 16S rRNA gene sequence of !/, #*-.*+ . A maximum likelihood phylogenic tree
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was made using Molecular Evolutionary Genetics Analysis version 11 (MEGAT11) software [99]
and is shown in Fig. 2.4. The phylogenetic tree links species or families by ancestral
relationships, and the bootstrap provides confidence of the branches. In other words, a bootstrap
consensus tree assesses the strength of a clad by generating an internal test using the original and
slightly modified alignments to determine the consistency of molecular data [100].

The bootstrap consensus tree depicts the portion of replicate trees that recover each clade
of the identified isolates. While it does not provide insight on evolutionary distance or branches
length, it is used to show similarity within the clades. Based on Figure 2.4, @/,).-.*+, @/
"%*-;>A;.>+;-and @/, #>"%-#)ate depicted in the same clade with a node supported by a 100%
bootstrap value. Identified isolates that do not belong to the genus @#);"*+are connected to the
@/,";=(>.>+;by a bootstrap value of 43% suggesting that only a few characters support this
node. However, there was high phylogenetic similarity between the !"#$%&'()())*+ species
strain A2002 and the rooted 16S rRNA gene sequence of !/ #*-.*+ . The bootstrap consensus tree
supports the notion that bacteria associated with a type genus other than !"#$%&'()())*+ are

capable of using the substrates in the CHROMagar™ !/ #*- *+ medium.
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Figure 2.4. Phylogenetic tree depicting the relationship between !"#$%&'()())*+,#*-.*+ and
species identified from the sand eluates based on base pairs of the 16S rRNA gene sequence
aligned in Muscle. Using MEGAT11 software, the maximum likelihood tree was constructed. The
bootstrap values are based on 100 replicates provide a confidence estimate on the portion of
replicate phylogenies that define each clade.

BIO9B® SC<?GH@F$@AS!:?;:$2;=;E>G FiSp& (OIS F$ST.2%2; WM; FEGFN$

None of the recovered isolates were a sequenced match to !/, #*-.*+ based on the 16S

rRNA gene sequencing. In order to address this problem, the "#$%&'()())*+ Medium No. 110

agar (S110), the Baird-Parker agar, and the CHROMagar™ !/ #*- *+ agar were tested in tandem

to try to identify if one of the agars was better fit to isolate !/,#*-.*+ colonies. In a study
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comparing six various selective media types for the enumeration and isolation of Staphylococci,
S110 agar was found to have the highest recovery of I"#$%&'()())*+ species, and the recovery of
I/ #*-*+ was determined to be effective on both the Baird-Parker agar and S110 agar [101].
After 24 hours, !/ #*-.*+ isolates produce yellow to yellow-orange colonies on the
"#3$%&'()())*+ Medium No. S110 agar (agar 15g, sodium chloride 75g, gelatin 30g, mannitol
10g, casein peptone 10g, dipotassium phosphate 5g, yeast extract 2.5g, lactose 2g, all combined
per 1L of water), and black, glistening colonies on the Baird-Parker agar (agar 20g, glycine 12g,
casein peptone 10g, sodium pyruvate 10g, beef extract 5g, lithium chloride 5g, yeast extract 1g,
all per 1L of water) [102, 103]. Ideally, these agars would inhibit the growth of other
I"#$%&'()())*+ species and non-staphylococci species without effecting the growth of !/, #*-.*+ .
However, both the Baird-Parker agar and the S110 agar have been found to allow growth of
other competing bacteria such as strains of @#);"*+[101]. Therefore, all three agars were tested

concurrently, and the isolates were analyzed through DNA extraction and sequencing.

B9098&B>;?G<=H$<FQ$&;> @QHSA@?$) @SC<?GH@F$@AS$!:?;;$8,=,E>GP;$&,QG<$
Three sand samples were collected from Keehi Lagoon on May 161, 2023 to determine if

the "#$%&'()())*+ Medium 110 agar, the Baird-Parker agar, or the CHROMagar™ !/ #*- *+

agar was best fit to enumerate and isolate !/,#*-.*+ . Sand samples were collected from the top

three inches of the sand column from the intertidal zone. The sand was placed into labeled,

sterile 50 mL polypropylene conical tubes and transported in a cooler back to the WRRC

laboratory. The same procedure described in the elutriation of !/, #*-.* +from Hawaiian beach

sand (section 2.3.2) was used to transfer the bacteria to the liquid medium (dilution water). After

elutriation of I/, #*-.*+ from the beach sand, 20 mL of eluate was filtered through GN-6
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Metricel® membrane (0.45 pm pore size, Pall Corporation) using sterilized magnetic filter
towers and a filtration manifold. For each of the three samples, 20 mL was filtered through three
different membranes in order to test the recovery efficiency of all three agars. Sterile forceps
were used to transfer the various membranes onto either the CHROMagar™ !/ #*- *+ agar, the
"#$%&'()())*+ Medium 110 agar, or the Baird-Parker agar. This gave a total of nine agar plates
that were then incubated at 35.5°C for 24 hours. After 24 hours, one isolate representing the
respected color for !/, #*-.*+ was removed from each agar plate (CHROMagar™ !/ #*- *+ agar;
pink to mauve, S110 agar; yellow to yellow-orange, Baird-Parker agar; black) using a sterile
loop and placed into 1 mL of molecular grade water. In order to test the recovered isolates
against all three agars, one agar plate from each agar type was made and divided into six sections
as shown in Figure 2.5. The microorganism that was derived from the sand sample one eluate
and recovered from the CHROMagar™ ! / #*- *+ agar was streaked onto one section of the S110
agar and one section of the Baird-Parker agar. Similarly, the microorganism that was derived
from the sand sample one eluate and recovered from the S110 agar was streaked into one section
of the CHROMagar™ !/ #*- *+ agar and the Baird-Parker agar. This procedure was repeated for

all nine isolates. The three agar plates were incubated at 35.5°C for 24 hours.

B90O98IHM=>KHEQSOGHEMHEBGFEQ@P;?DS@AB896 BG>:$!:?;;$2;=;E>GP;$&;QG<$
CHROMagar™ I / #*- *+ agar, I"#$%&'()())*+ Medium No. 110 agar, and Baird-Parker

agar were compared with regard to isolation of !/ #*-.*+ from three environmental samples.

Each culture tested was streaked onto all three selective media types to determine if there was an

ideal selective medium that could effectively isolate !/,#*-.*+ colonies.
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Flgure 2.5. $3HROMagarTM 1, #* F+ agar (A) S1 10 agar (B) and Baird- Parker agar (C) were
sectioned into six components to determine if selected isolates would be recovered on all three
agar types.

Isolates that produced the correct colony pigmentation for each agar type were recorded and
denoted as (+) as shown in Table 2.2. Isolates having different color morphology were assumed
to be either other I"#$%&)())*+ species or non-staphylococci species and were therefore not
recorded. Only one of the nine microorganisms recovered from the three sand eluates tested
positive for all three selective media (isolate three derived from sand sample three eluate and
recovered from CHROMagar™ !/ #*- *+ agar). All nine isolates were assayed using the DNA
extraction and sequencing procedure outlined in section 2.3.4.. The results were aligned to the
sequence database (Nucleotide collection (nr/nt) at Genebank) using standard nucleotide BLAST
(blastn) and are displayed in Table 2.2.

Isolate number three originally recovered from the CHROMagar™ !/ #*- *+ agar was
identified to be a 98.72% match to "#$%&'()())*+,#*-.*+ strain MASMIN?2. In order to use the
native !/, #*-.*+, strand for future sand microcosm experiments (phase two of the study), a
phosphate buffered saline (PBS) solution was prepared to maintain pH and provide the cells with
water and essential inorganic ions. The native !/,#*-.*+ isolate was stored in a solution

containing 40 uL of sterilized PBS (sodium chloride 8g, potassium chloride 0.2g, disodium

phosphate 1.44g, monopotassium phosphate 0.24g, all in 1 L purified water and adjusted to pH
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7.4 using HCl) combined with 10 pL glycerol at -80°C. Only one microorganism was identified
as !/ #*-.*+ | and therefore does not provide sufficient information to determine if one selective
media type is more effective for the enumeration and isolation of !/, #*-.*+ . However, the isolate
identified as !/, #*-.*+ was the only colony that grew and produced the correct color morphology
on all three media types suggesting using the CHROMagar™ !/ #*- *+ agar, S110 agar, and
Baird-Parker in tandem could be useful in eliminating the false positives that arise when using
the agars individually.

Table 2.2. Comparison of results obtained by testing three different agar media for in vitro
testing of the recovery of I/,#*-.*+ isolates.

Sand Baird-Parker Isolate Bacteria
A T CHROM S110 A
gar 1ype Sample agar Agar gar Number Identified
CHROMagar 1 + 1 NA
Bacillus
CHROMagar 2 + 2 paramycoides
strain ZS3
Staphylococcus
CHROMagar 3 + + + 3 aureus strain
MASMIN2
Baird-Parker 1 N 4 NA
Agar
Baird-
aird-Parker ) N 5 NA
Agar
Baird-Parker {Jrlestla .
Agar 3 + 6 taiwanensis
& strain STH4
Bacillus
S110 Agar 1 + 7 subtilis strain
DE-7
S110 Agar 2 + 8 NA
I .
S110 Agar 3 N N alobacillus

sp . strain LD2

FESBBBABA fter conducting PCR & QIAquick Nucleotide Removal, Qubit 1x dsDNA high sensitivity test
showed some samples had too low of concentration and were not sent to lab for DNA sequencing

$
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Sand eluate samples obtained from eight recreational beaches on Oahu, Hawai’i were
used to isolate !/, #*-.*+ colonies. DNA extraction and sequencing analysis of the 16S rRNA
gene revealed that 0% of the initial 23 identified isolates were a sequenced match to !/ #*-.*+ |
regardless of being sampled from the intertidal or supratidal zone. Bacterial isolates belonging to
the genus @¥);"*+ attributed to 70% of the false positives identified on the CHROMagar™ !/,
#*- *+ agar suggesting that some @#);"*+strains may possess a competitive advantage over !/,
#*-*+ . A boostrap consensus tree of the identified isolates rooted with the !/, #*-.*+ 16S rRNA
gene sequence further supported that bacteria of different phylogenetic clades are capable of
using the chromatic substrates and producing the correct color morphology suggesting that
CHROMagar™ I/ #*- *+ agar may not be sufficient for visual identification and enumeration of
I #*- %+

Three additional sand eluate samples were collected from Keehi Lagoon, and the
I"#$%&'()())*+ Medium No. 110 agar, the Baird-Parker agar, and the CHROMagar™ I/ #*- *+
agar were tested in tandem to reduce the high rate of false positives that arose when visually
identifying !/, #*-.*+ colonies on CHROMagar™ !/ #*- *+ agar. Of the nine cultivated colonies,
only one isolate was shown to grow and produce the correct color morphology on all three agar
types. DNA extraction and 16S rRNA gene sequencing confirmed this isolate to be a 98.72%
match to I"#$%&)())*+,#*-.*+ . Testing the three agar types concurrently showed that using the
"#$%&'()())*+ Medium No. 110 agar, the Baird-Parker agar, and the CHROMagar™ I/ #*- *+
agar in tandem could be useful in reducing the rate the false positives that occur when using the

agars individually.

$
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The main goal of phase two of the study was to prepare sand microcosm experiments for
growth (or decay) dynamics of !/, #*-.*+ in beach sand in response to various nutrient
enrichments. Initial nutrient concentrations were determined from stream water, and beach sand
microcosms were spiked with filter sterilized stream water to induce growth of !/, #*-.*+ in
beach sand. The specific objectives to meet the goal of phase two included:
Objective 1: Determination of selected nutrients from Manoa Stream water and sand
types.
Objective 2: Analyze cultivated ! /, #*-.*+ isolate for the presence of antibiotic resistance.$
Objective 3: Enumerate !/, #*-.*+ from three stock solutions (native,strain MASMIN2,
NCTC 10788 BioBall®, NCTC 12493 KWIK-STICK™),
Objective 4: Prepare sand culture plates for nutrient enrichment of !/ #*-.*+ .
Objective 5: Define a data processing method through RCloud Studio and JMP statistical

software.$

KO9BDC@>:;HGH$<FQ$#VC;?GS;F><=$0;HGNF$

Microbial populations are dependent on essential nutrients for survival, and microbes
must readily adapt to fluctuating conditions in their environment [ 104]. Nutrient requirements of
microbial species is dictated by the chemical composition of its biomass, and 1s often complex

[105]. I/, #*-.* +generally requires a phosphate, a carbon source, and an organic source of
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nitrogen to grow and reproduce [68, 69]. While !/, #*-.*+ prefers organic nitrogen sources, the
bacteria is able to utilize nitrate or nitrite as a terminal electron acceptor in environments with
low oxygen levels [106]. !/, #* -.*+ must adapt to fluctuating oxygen, carbon, and nitrogen
sources during host evasion, and nutrient-limiting conditions in the natural environment [74,
107]. Nutrient availability and environmental conditions cause bacteria to live in continuous
cycles of growth or starvation which govern bacterial cell size, bacterial growth rate, and the
abundance of bacterial populations in a given environment [108, 109]. As nutrient availability is
continually fluctuating, it forces microorganisms to adapt to various environmental conditions
and therefore affects microbial population dynamics.

Microbial growth over time as a function of nutrient availability has been studied for
decades, but it is still not fully understood due to rapidly changing environmental conditions
[59]. Climate change is predicted to alter the frequency and intensity of precipitation events
where these climate-induced trends and increased urbanization will likely impact nutrient loads
along with bacterial loads and dispersal [110, 111]. For this study, it is proposed that nutrient
loads from watersheds and stormwater runoff influence !/, #*-.*+ concentrations in coastal
environments. Concentrations of !/, #*-.*+ have been shown to increase with higher levels of
rainfall and river discharge [3, 29] which in turn has a negative impact on coastal water quality
and public health. Nutrient concentrations have been found to be higher in groundwater in
comparison to nearshore waters [78], and, for this project, it is hypothesized that nutrient loads
from freshwater systems may enhance the growth of !/, #*-.*+ ,in wet beach sand. The
experimental design to test this hypothesis was to use sand microcosm experiments to compare
the growth and/or decay rates of different !/,#*-.*+ strains in beach sand in response to various

nutrient enrichments.
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Manoa Stream is located in southeast Oahu and begins at the base of Manoa Falls and runs
behind the East-West Center on the University of Hawaii (UH) at Manoa campus. Its waters are
enriched with both nutrients and organic matter, and the Hawaii Department of Health classified
the Manoa Stream as an Inland Waters, Class 2 which aims to protect its use for recreational
purposes, support aquatic life, agricultural and industrial water supplies, shipping and navigation
as defined by the Hawaii Administration Rules, Section 11-54-3. Manoa Stream has steep-sided
natural channel walls and is composed of a heterogeneous mixture of various sediment sizes and
large boulders that have spalled from the channel walls. The land surrounding Manoa Stream at
the sampling site is largely urbanized by the UH campus (Figure 3.1), but the majority of the

stream within the channel is surrounded by vegetation and covered by tall trees (Figure 3.2).
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Figure 3.1.$ampling location (shown in red) of Manoa Stream water for
determinization of selected nutrients.
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Figure 3.2. Vegetation and land cover at Manoa Stream sampling site.

Water samples were collected within a one-foot depth of the Manoa Stream in the mid-morning
on May 30% 2023. Using aseptic techniques, water samples were collected in a sterilized 1 L
polypropylene bottle, transported back to the WRRC laboratory, and stored in the fridge at 4°C.
Waikiki sand and commercially graded coral sand were obtained to analyze the growth
dynamics of !/, #*-.*+ strains in different sand types. On June 1st, 2023, a sand sample was
collected at Waikiki Beach approximately 30 feet to the right of the Waikiki Pier from directly
above the intertidal zone where the sand was slightly damp. The sand sample was taken from the
top 5 inches of the sand column and filled into two, sterile 1 L polypropylene bottles. The sand
samples were transported in a cooler back to the WRRC laboratory and stored in the fridge at
4°C. PRO-PAK coral sand defined as locally sourced graded sand was purchased from Home

Depot on June 20", 2023, and was stored at room temperature.
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Nutrient enrichments were based on the chemical composition of the sand types and the
water samples collected from the Manoa Stream. 1L of the PRO-PAK coral sand was washed
three times with sink water by combining the sand and sink water into a polypropylene bottle,
shaking the mixture for one minute, and pouring off the excess water after the sand particles had
settled. 1 L of PRO-PAK coral sand and 1 L of Waikiki sand were then sterilized in the
autoclave on a liquid cycle at 121°C for 15 minutes. After sterilization, 5g of sand was combined
with 45 mL of Milli-Q water in a 100 mL polypropylene bottle and vortexed for one minute.
After allowing the sand particles to settle, 5 mL of the water was filtered through a sterile 0.2 pm
Acrodisc™ syringe filter using a sterile 5SmL (5cc) BD Luer-Lok™ syringe and placed into a 5
mL poly vial with a filter cap.

Water samples were filtered through a GN-6 Metricel ® membrane (0.45 um pore size, Pall
Laboratory) using a sterilized magnetic filter and sterile Erlenmeyer flask with a side arm to
produce clarified stock. Filtration was performed on the water samples to prevent particles from
interfering with ion chromatography analysis, and to remove microorganisms from the samples.
The Dionex ICS-110 operation manual allows prepped samples to be filtered through 0.2 pm to
0.45 um filters. Based on the protocol, 5 mL of the 0.45 um filtered water was poured directly
into a 5 mL poly vial with a filter cap.

Two ion chromatographers were used in parallel for the detection of anions (F-, Cl', NOy",
NOs, Br -, PO+*, SO4%) and cations (Li*, Na*, K*, NH4*, Ca?*, Mg?*). A Dual Dionex ICS-110
Ion Chromatographer, AS-DV Autosampler using a 25 pL injection volume, as required by the
manufacturer’s protocol, was used to produce anion and cation chromatographs. The

concentrations of cations and anions for the sand types and Manoa Stream water samples were
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exported and recorded in excel (Appendix D). As Milli-Q water is made by being passed through

ion exchangers and organics cartridges, it contains very few ions and was used as a control.
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Stock solutions were prepared for the isolated native !/,#*-.*+ strain recovered in phase
one of the study, !/,#*-.*+ derived from NCTC 10788 BioBall®, and !/ ,#*-.*+ derived from
NCTC 12493 KWIK-STICK™. To facilitate !/,#*-.*+ colony isolation from the NCTC 12493
KWIK-STICK™, the unopened KWIK-STICK was first allowed to equilibrate to room
temperature for 3 hours, and then the provided swab was heavily saturated with the hydration
material following the manufacturer’s required protocol. The saturated swab was used to streak
one-third of a CHROMagar™ !/ #*- *+ agar plate. The hydration material was streaked on to
the remaining two-thirds of the agar plate using a sterile loop, and the culture plate was
incubated at 35.5°C for 24 hours.

I/ #*-*+ stock solutions were prepared in a nutrient broth containing sodium chloride to
promote the growth of halotolerant microbes. The enrichment was comprised of Bacto™ Tryptic
Soy Broth (TSB; pancreatic digest of casein 17g, papaic digest of soybean 3g, dextrose 2.5g,
sodium chloride 5g, dipotassium phosphate 2.5g, all in 1 L purified water). A sterile loop was
used to transfer about 1 pL of the stored !/, #*-.*+ isolate recovered in phase 1 of the study into
10 mL of TSB. One !/, #*-.*+ colony derived from the NCTC 12493 KWIK-STICK™ was
transferred into 10 mL of TSB using a sterile loop, and one !/,#*-.*+ NCTC® 10788 BioBall
containing 550 CFU was placed into 10 mL of TSB. The three solutions were incubated at

35.5°C for 24 hours.
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Culture plates were used to determine if the !/, #*-.*+ isolate (obtained in phase one of the
study) and the !/, #*-.*+ strain derived from the NCTC® 10788 BioBall were resistant to
methicillin antibiotics. According to the manufacturer, the !/,#*-.*+ derived from NCTC 12493
KWIK-STICK™ was mecA positive and methicillin resistance and was therefore not tested.
Agar was prepared by mixing 16.5g of CHROMagar™ I/ #*- *+ agar powder with 200 mL of
Milli-Q water in a 500 mL PYREX® round media glass storage bottle and autoclaved at 110°C
for 5 minutes. After sterilization, the agar mixture was allowed to cool in a water bath until it
reached 48°C. 200 uL of CHROMagar™ MRSA supplement was pipetted into the agar and
mixed on a Barnstead Thermolyne Nuova stir plate for 3 minutes. The agar was poured into petri
dishes (100mm x 15 mm, Falcon®) and allowed to solidify at room temperature. Once solidified,
the agar plates were stored in the fridge at 4°C for 24 hours.

A pipette was used to transfer 100 pL of !/, #*-.*+ stock onto the CHROMagar™ MRSA
supplemented !/, #* -.*+ agar plate and incubated at 35.5 °C for 24 hours. After 24 hours, the
plates were visually assessed to determine if there was any growth from the native !/ #*-.*+
stock (isolated in phase one) or the !/, #*-.*+ stock derived from the NCTC® 10788 BioBall.
Neither strain of !/,#*-.*+ produced growth and were therefore classified as non-resistant to

methicillin antibiotics (Table 3.1).
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Table 3.1. "#$%&'()())*+,#*-.*+ strains used in nutrient enrichment experiments9
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*For the purpose of this study, strains were provided names for easy identification.
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Serial dilutions of the stock solutions were prepared by first pipetting 9 mL of dilution
water into seven separate 15 mL polypropylene conical tubes. An adjustable 10-100 pL pipette
was used to transfer 1 mL of the stock solution into the first polypropylene conical tube. The
tube was inverted 15 times. Using a fresh pipette tip, 1 mL of the well-mixed solution was
transferred to the second polypropylene conical tube and was inverted 15 times. This 10-fold
dilution was repeated for all seven tubes. 100 uL from each serial dilution was streaked onto a

CHROMagar™ I/ #*- *+ agar plate and incubated at 35.5 °C for 24 hours.
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Figure 3.3. Serial dilution CHROMagar™ !/ #*- *+ agar plates of the first four dilutions (1:10,
1:00, 1:1000, 1:10000) after 24 hours for the enumeration of !/,#*- .*+ from stock solutions.
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The initial concentration for the sand experiments were based off of the stock concentrations

(Appendix C) and calculated through the following equations:

. . 1 mL Transfer Volume 1 . .
Dilution Factor = = — — 10X Dilution Factor
10 mL Total Volume 10

Stock Concentration (# CFU/mL) = # CFU x |10 |Pilution Number

# CFU/mL in Stock
100 g sand

Initial Concentration Goal =

= 3x10* to 6x10* ( # CFU )

g Sand

where the dilution number is the number of dilutions performed to get to the plate the colonies
were counted on. Based on the calculated stock concentrations, each !/, #*-.*+ strain (recovered
native and laboratory) was serial diluted using 1 mL of transfer volume into 9 mL of each water
type (Manoa Stream water and Milli-Q water) to achieve an initial starting concentration in the

range of 3*10* to 6*10* CFU/g sand.
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Sand samples were autoclaved one day prior to re-inoculation of the !/, #*-.*+ species.
Autoclaving sand samples has been found to increase the amount of water-soluble organic
content (WSOC) where the nutrients released by autoclaving along with decreased microbial
competition has been shown to enhance microbial survival in sterilized sand [112]. A sterile
laboratory scoop and sterile aluminum weigh dishes (Fisherbrand™) were used to combine 100g
of sterilized sand with 10 mL of the diluted stock culture. The mixture was shaken by hand for 2

minutes, and 50g of the mixture was transferred into a petri dish (100mm x 15 mm, Falcon®).

Sand (100g) +
Diluted Stock
Culture (10 mL)
Shake by hand
(2 minutes)
50g sand into petri dish

[ 1 = 1 = 1 ]

Native Strand + Native Strand + Laboratory Laboratory
Manoa Stream Milli-Q Water Strand + Manoa Strand + Milli-Q
Water Stream Water Water

Figure 3.4. Outline of method to analyze the ecology of !/,#*-.*+ in beach sand in response to
nutrient enrichments.

I/ #*-*+ is a facultative anaerobic bacterium meaning it grows best in oxygen-rich

environments, but is still capable of living in anaerobic conditions [113]. In order to promote
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optimal growth conditions, the petri dishes were not wrapped in parafilm in order to promote
oxygen exchange. Additionally, light has been shown to suppress in vitro growth of !/ #*- *+
[114]. Therefore, petri dishes were stored in a dark cabinet at room temperature in order to
encourage microbial preservation and prevent photochemical breakdown of the media

components.
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i Over a 7-to-10-day period, two subsamples of each sand culture were extracted to
determine the moisture content and the prevalence of I/, #*-.*+ over time. Before extraction, the
degree of saturation of the sand culture plates were visually assessed. Based on the visual
assessment, 0 to 1.5 mL of the respected water type was added to the culture plates to ensure the
sand did not become completely dry. A sterile laboratory scoop was used to extracta 1g
subsample from each culture plate and transferred with the use of a sterile aluminum weigh dish
(Fisherbrand™) into a polypropylene conical tube containing 10 mL of dilution water. The
subsample and dilution water mixture was vortexed for 30 seconds. The sample was serial
diluted four times into 9 mL of dilution water using a 1 mL transfer volume. The sample was
inverted 15 times before conducting each step of the 10-fold serial dilutions. On day zero, 5 mL
of the (undiluted, 1:100 diluted, and 1:10000 diluted) eluate were filtered through GN-6
Metricel® membrane (0.45 um pore size, Pall Laboratory) using sterilized magnetic filter towers
and a filtration manifold. Sterile forceps were used to transfer the filter onto CHROMagar™ 1/,
#*-*+ agar plates, and the plates were incubated at 35.5°C for 24 hours. Based on the

prevalence of !/ #*-.*+ from the day before, the number of serial dilutions were altered to

produce countable plates for the remaining 7-to-10-day sampling period.
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Flgure 3.5. CFUs on CHROMagarTM '/ #*-F+ agar plates from subsample serial d11ut10ns
after 24 hours of incubation.

To determine the prevalence of !/ #*-.*+ per gram of dry sand, an additional 1g subsample was
taken from each culture plate and dried at 45°C for 24 hours. The moisture content was

calculated through the following equation:

sandyye; — sandgry < 100

Moisture Content (%) =
sandgy

The concentration of ! /#*-.*+ for each day (shown in Appendix F) was based on the number of
CFUs, the dilution number, the amount of dilution filtered, and was calculated through the

following equations:

CFUs
5 mL filtered eluate

Bacterial Population ( ) = # CFU x 1(QPilution Number

CFUs ) ( CFUs

5 mL filtered eluate) x 10 mL total eluate

Bacterial Population ( =
g wet sand

Dry weight information was used to convert the CFUs of I/ #*-.*+, per gram of wet sand to

CFUs per gram of dry sand through the equation:
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CFUs ) _ ( CFUs ) (g wet sand)
gdrysand/ \gwetsand X g dry sand

Bacterial Population (
Experiments which measured bacterial population over time were plotted on a semilog plot of
CFUs per gram of dry of sand versus time. The bacterial growth/decay dynamics were modeled
through the following equation:

n, = nyekt

Where n, is the abundance of CFUs at time zero, n;is the abundance of CFUs at time t (days),

and k is the growth rate (if positive) or decay constant (if negative).
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The data for the microbial growth over time as a function of nutrient enrichments was
processed through R statistical software through the RStudio Cloud platform. A three-way
repeated measures analysis of variance (ANOVA) test was used to analyze the interactions
between the three independent variables (time, bacterial strain, water type) on the continuous
dependent variable (bacterial population). The integrity of the ANOVA statistics is dependent on
how well the data meets the ANOVA assumptions. The ANOVA test assumes the outcome
variable scores have a normal distribution, the distributions have the same variance, and that the
data are independent [115]. To ensure the data met the assumptions, the Shapiro-Wilk test of
normality and the Levene’s test for homogeneity of variance across groups was performed. The
three-way ANOV A was used to determine variances between the independent variables on the

dependent variable. The F-test is then calculated through the ratio of between-group variability
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and variability of observations within the groups. The p-value compares the calculated F-value
and the degrees of freedom and is used to validate the null hypothesis of no difference between
the group means against the observed data. If the calculated p-value is less than 0.05, the null
hypothesis is rejected, and it implies that there is statistical significance. For the purpose of this
study, the three-way repeated measure ANOVA with a 5% significance level was used to
determine if there was statistical significance between the !/, #*-.*+ strains and/or water
treatment type on the survival of !/ #*-.*+ in sand over time.

A three-way ANOVA test indicates the presence of statistically significant differences
between the independent variables and their interactions on means of the dependent variable
(CFUs), but it does not tell you how the means are different. Therefore, further analysis was
performed in JMP statistical software to determine growth rates or decay constants for each !/,
#*-*+ strain in response to nutrient enrichment. Bivariate plots were made between the natural
logarithm of CFUs versus time in days. A linear line of best fit was applied to the initial
exponential growth curve until the bacteria population reached maximum capacity, and then used
to determine the growth constant which is represented by the slope of the line. Decay constants
were applied to experiments where there was only a decline in bacterial population and
determined through the slope of linear line of best fit of INCFU versus time over the entire time

frame.
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The main goal of phase three of the study was to determine the growth (or decay) dynamics
of I/ #*-.*+ in beach sand in response to various nutrient enrichments. The survival of !/ #*-.*+
was analyzed by determining the significance between !/, #*-.*+ growth/and or decay dynamics
when supplemented with nutrient enriched water compared to Milli-Q water (used as a control).
This evaluation included three !/ #*-.*+ strains, two sand types, and four slightly varied nutrient
enrichments. The specific objectives to meet the goal of phase three included:
Objective 1: Assess ANOVA test results to determine if there is statistical significance
between nutrient enrichments and/or !/, #*-.*+ strains on bacterial population.
Objective 2: Determine growth rate/decay constant and maximum population density for
each !/ #*-.*+ strain in regard to nutrient enrichments.
Objective 3: Based on the statistical significance and microbial growth curve parameters,

determine the growth (or decay) dynamics of !/,#*-.*+ in beach sand.

09B;>:@QH

Microbial growth curves are used to assess the effects of stress on microbial population
dynamics. Growth rates depend on how efficient the nutrients are at providing growth, and the
kinetics of how the nutrients are accumulated [116]. Growth curves follow a sigmoidal curve
with four phases including the lag phase, exponential phase, stationary phase, and death phase. In

the lag phase, the microbes are adapting to the new environmental conditions. Once binary

40



fission begins in the exponential phase, the cells begin to double at each generation until they
reach a maximum specific growth rate [117]. In the stationary stage, the cells are no longer
growing, but remain metabolically active which creates a plateau in the growth curve [118]. This
plateau is also associated with the carrying capacity, or the maximum population an environment
can support. Once the nutrients have been depleted, the population enters the death phase and
begin to die-off.

Six laboratory experiments were conducted to analyze the in vitro microbial growth curves of
I/ #*-*+ in beach sand. !/,#*-.*+ survival in response to nutrient enrichments varied between
sand types, bacterial strains, and nutrient levels. In order to gain a better insight on the growth
dynamics of !/ #*-.*+ | experiments were modified slightly between trials and are summarized in
Table 4.1. For the purpose of this study, preliminary results of the effects of sand types on !/,
#*-*+ survival are discussed first, followed by an in-depth analysis of the impact of nutrient
enrichment on the growth/decay dynamics of different !/ #*-.*+ strains.

Table 4.1. Experimental modifications for full analysis of !/,#*-.*+ growth/decay dynamics
in beach sand.

Experiment Strains Compared Sand Type MS Filtration NO2- NO3- NH4+  Tnions PO4 3-
1 Native: BioBall Waikiki 0.45 pm 0.000 1.090 0.029 0.269 0.000
2 Native: BioBall  PRO-PAK Coral Sand 0.45 pm 0.000 1.060 0.022 0.257 0.000
3 Native: BioBall Waikiki 0.45 pm 0.000 1.090 0.029 0.269 0.000
4 Native: KWIK-STICK Waikiki 0.45 pm 0.000 1.090 0.029 0.269 0.000
5 Native: BioBall Waikiki 0.2 um 0.000 0.820 0.030 0.209 0.140
6 Native: BioBall Waikiki 0.2 um, autoclaved 0.000 0.890  0.022 0.218 0.024

Nutrient concentrations for Manoa Stream water (mg/L)

Entire list of nutrient concentrations for each experimental trial shown in Appendix E.

O9R<FQ$!DC; 0 F$>:;$3G<LG=G>[BBEH D

I/ #*-*+ had higher survival in Waikiki sand (Figure 4.1A) in comparison to commercial

PRO-PAK coral sand (Figure 4.1B) regardless of the strain. !/,#*-.*+ remained viable in

Waikiki sand for 2 to 3 days before entering the death phase, while there was an immediate
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decline in bacterial population cultured in PRO-PAK coral sand (Table 4.2). Based on the
ANOVA test results (Table G-1 and Table G-2 in Appendix G), there was no significant
difference (p-value > 0.05) between the bacterial strains on CFUs in Waikiki sand or PRO-PAK
coral sand. In Waikiki sand, there was no statistical significant differences (p-value > 0.05)
between water enrichment type on CFUs. However, the p-value was below 0.05 for water type in
PRO-PAK coral sand meaning there is a significant difference between the water types on the
bacterial population in PRO-PAK coral sand. Based on Figure 4.1B and a low p-value, !/ #*-.*+
is suggested to have a slower die-off rate in PRO-PAK coral sand when enriched with Milli-Q
water in comparison to Manoa Stream water. $

Microorganisms require organic matter to provide energy for growth and the formation of
new cells. Commercially bought PRO-PAK coral sand has little to no organics which poses a
possible explanation for !/, #*-.*+ quickly entering the death phase. Due to the overall bacterial
decline of !/ #*-.*+ in PRO-PAK coral sand, Waikiki sand was used for all subsequent
experiments.

Table 4.2. !/ #*-. *+ growth rate in Waikiki and PRO-PAK coral sand.

I:+/6896 % 7<>:?% | 1?@1>:$<>;3GH . cb 1?7@1>:$.<>;3GF . C
2>7<@F IDC;$ 7<GYGYGH2<k 2WM<?®) '* c(63)@7?<=$| 2WM<?;Q
a8"Q<Bb 2<FQ%$a8"Q8Dhb
Native, Manoa 0.717 0.897 -0.541 0.946
MASMIN2 Stream
Native, Milli_ Q 0.816 0.991 -0.235 0.923
MASMIN2
NCTC 10788 Manoa 0.091 0.984 -0.525 0.976
BioBall® Stream
NCTC 10788 | Milli-Q 0.456 0.752 -0.256 0.932
BioBall®

*negative value denotes a decay constant
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Figure 4.1. Viability of !/ #*-.*+ in Waikiki sand (A) and PRO-PAK coral sand (B). Native !/,
#*-*+ strain MASMIN2 and NCTC 10788 BioBall® were enriched with 0.45 pm filter
sterilized Manoa Stream water (blue and gray respectfully) and Milli-Q water (red and yellow
respectively).
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’ Autoclaved Waikiki sand and filter-sterilized (0.45 um pore size) Manoa Stream water
containing the same nutrient concentrations were used to conduct experiments three (Figure
4.2A) and four (Figure 4.2B). Experiment three compared the native !/,#*-.*+ strain MASMIN2
(native) and NCTC 10788 BioBall® (BioBall) while experiment four compared the native !/,
#*- *+ strain and the NCTC 12493 KWIK-STICK™ I/ #*- *+ strain (KwikStick). The ANOVA
test results for experiment three and four (Table G-3 and Table G-4 in Appendix G) had p-values
below 0.05 for water type meaning that there was statistical difference between water treatment
types on bacterial population. The ANOVA tests also indicated that there was statistical
significance (p-value < 0.05) between the !/, #*-.*+ native and KwikStick strains, but no
statistical significance (p-value > 0.05) between the !/,#*-.*+ native and BioBall strains on
CFUs. As previously mentioned, a three-way ANOV A denotes which factors impact a response,
but it does not indicate how they affect the outcome. Therefore, growth rate and carrying
capacity were determined to summarize and compare the growth curve data between datasets
(Table 4.3 and Table 4.4).

Water type had minimal impact on growth rates where all three strains had growth rates
between 0.205 to 0.390 1/day regardless of being enriched with nutrient water. The only
exception was the !/, #*-.*+ BioBall strand enriched with Manoa Stream water which had a
decay rate of -0.103 1/day. !/, #*-.*+ strains supplemented with Milli-Q water had a higher
maximum population density and survived in the sand culture for a longer duration than the !/,

#*-.*+ strains enriched with Manoa Stream water.
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Figure 4.2. Microbial survival dynamics for !/ #*-.*+ strains (native: N, NCTC 10788 BioBall®:
BB, NCTC 12493 KWIK-STICK™: KS) enriched with Manoa Stream water (MS) or Milli- Q

water (MQ).$
$
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Table 4.3. Growth curve parameters for !/, #*-.*+ strains MASMIN2 and NCTC 10788

BioBall®.
+/6896>?<@ 7<>;?3DC;$ | 1?7@1>:$.<>;§ . QW<?;@ &<VGSMS$
a8"Q4h ' @CM=<>G@F$G&F
a)+"Q3QPSH<FRL
Native, Manoa Stream
MASMIN2 (0.45 um filter- 0.264 0.899 92,857
sterilized)
Native,
MASMIN2 Milli_ Q 0.361 0.842 512,195
NCTC 10788 Manoa Stream
BioBall® (0.45 um filter- -0.103 0.881 NA
sterilized)
NCTC 10788
BioBall® Milli-Q 0.264 0.843 118,605

*negative value denotes a decay constant

Table 4.4. Growth curve parameters for. !/, #*-.*+ strains MASMIN2 and NCTC 12493 KWIK-

STICK™,
+/6896R>?<@ 7<>;?3IDC;$ | 1?@I1>:$.<>;3 . ”QWM<Q3$ &<VGSMS$
a8"Q<Bb '@CM=<>®R@FHG>L
a)+-"Q$Q?D$H<E(
Native, Manoa Stream
MASMIN2 (0.45 um filter- 0.205 0.611 181,651
sterilized)
Native,
MASMIN2 Milli_ Q 0.360 0.803 386,207
NCTC 12493 Manoa Stream
KWIK-STICK™S| (0.45 pm filter- 0.390 0.854 300,000
sterilized)
NCTC 12493
KWIK-STICK™$ Milli-Q 0.392 0.840 324211

I/ #*- *+, has higher viability in Milli-Q water (control) in comparison to Manoa Stream

water (nutrient enrichment). Nutrients are an essential component for bacterial growth and once

the nutrients are exhausted, the bacterial population enters the stationary phase where the amount

of viable cells remain present [104] . Based on Figure 4.2, the bacterial populations only entered
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a stationary phase when supplemented with Milli-Q water regardless of the strain suggesting that
another factor was present within the Manoa Stream water that causes lower viability. Possible
explanations for the lower survival dynamics of !/, #*-.*+ in Manoa Stream water include the
existence of bacteriophages within the stream water or the presence of other bacteria that are
outcompeting !/, #*-.*+ . Additionally, the 2020 State of Hawai‘i Water Quality Monitoring and
Assessment Report (HDOH, 2020b) listed Manoa Stream as not meeting the water requirements
for dieldrin and chlordane. Chlordane is an organochlorine pesticide [119] that is toxic to some
microorganisms, and been found to impact the generation time and viability of !/, #*-.*+ [120].
Based on these results, further experiments were conducted to determine if viruses or other

bacterial strains were present in the Manoa Stream water.

O9Ra>;F>GH#VEH> FE AS3G?NBEMS?G;FAE ?GE:S;F>$7<>, %%

Bacteriophages are viruses of bacteria and are capable of injecting their genomes into the
host cell which eventually leads to death of the bacterial cell [121]. Bacteriophages are the most
abundant organism on earth and each phage has a specific range of bacterial hosts [122]. While
there is a large range of bacteriophages that are capable of infecting !/, #*-.*+ cells, a few
specific I/,#*-.*+ bacteriophages include phage JD007 and pjiSA012 (B&(C;-;<#. family), and
phage S24-1 and 44AHID (2(<(C;-;<#. family) [123].

Plague assays were conducted to determine if there were bacteriophages present in the
Manoa Stream water. Agar plates were made by combining 16.5g of CHROMagar™ 1/ #*- *+
agar powder with 200 mL of Milli-Q water and autoclaving the mixture at 110°C for 5 minutes.
The agar was cooled to 37°C in a water bath, followed by the addition of 4.5 mL of native !/,

#*-*+ stock. The agar was mixed on a stir plate for 3 minutes, poured into petri dishes (100mm
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x 15 mm, Falcon®), and allowed to solidify at room temperature. Once solidified, 10 drops
containing 10 uLL of Manoa Stream water (45um filter-sterilized) were added directly on top of
the agar plates. The plates were incubated at 35.5°C for 24 hours. No plaques formed on the
bacterial agar plates when supplemented with Manoa Stream water. Based on these results, there

was assumed to be no !/, #*-.*+ specific bacteriophages present in the nutrient enrichment water.
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In a well-mixed culture with limited nutrients, the presence of competing bacterial species
can cause death to other species by either being better suited for acquisition of the limited
nutrients or by actively impairing or killing other microbes [124]. In order to test for the presence
of competing bacteria within the Manoa Stream water and Milli-Q water, Difco™ R2A agar
plates (yeast extract 0.5g, proteose peptone No. 3 0.5g, casamino acids 0.5g, dextrose 0.5g,
soluble starch 0.5g, sodium pyruvate 0.3g, dipotassium phosphate 0.3g, magnesium sulfate 0.5g,
agar 15g, all combined per 1L of water) were made using the manufacturer’s required protocol
and sterilized in the autoclave on a liquid cycle at 121°C for 15 minutes. After the agar plates
had solidified, 100 pL of Manoa Stream water was pipetted directly on top of the Difco™ R2A
agar plates, and the spread plate technique was used to evenly distribute the water sample. This
method was repeated for Milli-Q water using separate Difco™ agar plates. The agar plates were
left undisturbed at room temperature for 48 hours.

The Manoa Stream water contained 63 CFUs/100 pL of water while the Milli-Q water
contained 0 CFUs/100 uL of water. These results confirmed the presence of other bacterial
species within the Manoa Stream water which could be a possible explanation for the lower

viability of !/ #*-.*+ in sand when enriched with Manoa Stream water. To address this problem,
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a new Manoa Stream sample was collected on August 15", 2023 and filter-sterilized through a
0.2 pm microporous GN-6 Metricel® membrane (Pall Laboratory). All prior experiments used
0.45 pm filter sterilized Manoa Stream water for nutrient enrichments. Bacteria have been found
to pass through 0.45 um pore size membrane filters [125] which could result in the presence of
bacteria that are capable of outcompeting !/, #*-.*+ for the limited nutrients in the sand culture
plates. As sterilized filtrate has been achieved with the use of 0.2 um filters [126, 127], this pore
size was used to ensure the removal of all bacteria from the water sample. In order to ensure
sterilization through microfiltration, the spread plate technique was repeated with 0.2 pm filter
sterilized Manoa Stream water to analyze Difco™ R2A agar plates for the presence of bacterial
growth. No growth was produced on the agar plates after incubation at room temperature for 48

hours confirming the complete removal of bacterial species.
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The growth dynamics of !/, #*-.*+ was reassessed using 0.2 um filter sterilized Manoa
Stream water and is shown in Figure 4.3. The ANOVA test results (Table G-5 in Appendix G)
indicated that there was statistical significance (p-value < 0.05) between !/, #*-.*+ strains on
CFUs, but there was no statistical significance (p-value > 0.05) between water types on bacterial
population. !/,#*-.*+ remained viable in both water treatment types while the growth curve
parameters varied between strains (Table 4.5). The native !/ #*-.*+ strain had a growth rate of
0.367 1/day and 0.387 1/day when enriched with Manoa Stream water and Milli-Q water
respectively while the BioBall !/ #*-.*+ strain had a growth rate of 0.196 1/day and 0.235 1/day
when enriched with Manoa Stream water and Milli-Q water respectively. Based on the 95%

confidence intervals for the growth rates (Figure 4.4), the water types completely overlapped for
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each !/ #*-.*+ species showing that water enrichment type had no impact on growth rate

dynamics. However, there was little overlap between the 95% confidence intervals for the

different strains’ growth rates confirming statistical significance and difference between the !/,

#*-*+ strains.
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Figure 4.3. Growth dynamics of !/, #*-.*+ strains (Native strain MASMIN2: N, NCTC 10788
BioBall®:BB) when enriched with 0.2 pm filter-sterilized Manoa Stream water (MS) or Milli-Q

water (MQ).
Table 4.5. Growth curve parameters after 0.2 um filter-sterilization of Manoa Stream water.
+/6896 R>?<@l 7<>;?$!DC;$ 1?7@1>:$.<>;$ . C &<VGSMS$
as8"Q<Bb 2WM<?$) '@CM=<>G@F$0;F
a)+-"Q3$Q?DIH<K(
Native Manoa Stream
MASMIN2 (0.2 um filter- 0.367 0.810 301,099
sterilized)
Native
MASMIN2 Milli-Q 0.387 0.943 235,556
NCTC 10788 Manoa Stream
BioBall® (0.2 um filter- 0.196 0.907 97,248
sterilized)
NCTC 10788
BioBall® Milli-Q 0.235 0.940 278,652
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Figure 4.4 95% confidence intervals of !/, #*-.*+ growth rates when enriched with 0.2 um filter-
sterilized Manoa Stream water (MS) or Milli-Q water (MQ). Shown are the natural logarithm of
CFU inclines for !/ #*-.*+ native strain MASMIN2 (N) and !/ #*-.*+ strain NCTC 10788
BioBall® (BB). JIMP software was used to determine confidence intervals for growth rate
constants based on linear regression.

An additional sterilization step was used to analyze the growth dynamics of !/ #*-.*+ in
sand when enriched with autoclaved, 0.2 pm filter sterilized Manoa Stream water (Figure 4.5). A
Manoa Stream sample was collected on January 15%, 2024, filter sterilized through a GN-6
Metricel® 0.2 pm microporous membrane (Pall Laboratory), and sterilized in the autoclave on a
liquid cycle at 121°C for 15 minutes. Autoclaving is the most effective sterilization technique
and was used to ensure the complete removal of microorganisms [128] including the removal of

chlordane that could be present within the stream water. The ANOVA test results (Table G-6 in

Appendix G) resulted in a p-value above 0.05 for both water type and bacterial strain meaning
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that the effect of !/,#*-.*+ strain and the water enrichment treatment on bacterial population
were not statistically significant. !/, #*-.*+ had lower viability when enriched with autoclaved
Manoa Stream water where there was an overall decline in bacterial population. While the native
I/ #*-*+ strain demonstrated a slightly higher decay rate ranging from 0.186 to 0.195 1/day
compared to the BioBall !/, #*-.*+ strain decay range of 0.069 to 0.095 1/day, the 95%
confidence interval shown in Figure 4.6 depicts large overlaps between the strains’ growth rates.
This confirms that there was little to no statistical significance between the decay dynamics in

regard to both water enrichment type and bacterial strain.
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Figure 4.5 Growth dynamics of !/ #*-.*+ strains (Native strain MASMIN2: N, NCTC 10788
BioBall®:BB) when enriched with autoclaved, 0.2 um filter-sterilized Manoa Stream water
(MS) or Milli-Q water (MQ).
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Table 4.6. Growth curve parameters after autoclaving and 0.2 um filter-sterilization of Manoa
Stream water.

I:+/6896 R>?<F 7<>;?$!DC;$ 17@1>:$.<>;8 . QWM<?®)
a8"Q<bb

Manoa Stream
Native, MASMIN2 (0.2 um filter- -0.195 0.943
sterilized, autoclaved)

Native, MASMIN2 Milli_Q -0.186 0.956
NCTC 10788 Manoa Stream
BioBall®$ (0.2 um filter- -0.095 0.637
sterilized, autoclaved)
NCTC 10788
BioBall®$ Milli-Q -0.069 0.798

*negative value denotes a decay constant

$
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Figure 4.6 95% confidence intervals of !/, #*-.*+ growth rate dynamics after additional
sterilization of Manoa Stream water. Shown are the natural logarithm of CFU inclines for !/,
#*- *+ native strain MASMIN2 (N) and !/, #*-.*+ strain NCTC 10788 BioBall® (BB) after
being supplemented with Manoa Stream water (MS) or Milli-Q water (MQ). JMP software was
used to determine confidence intervals for growth rate constants based on linear regression.
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’ Autoclaving has no detrimental impact on the concentrations of ions present within a
water sample, but can significantly impact the levels of total organic carbon (TOC) and dissolved
organic carbon (DOC) [129, 130]. Sterilization with the use of an autoclave has been found to
slightly alter phosphate concentrations (few hundredths of micromole per liter), but did not
change the concentrations of nitrate or nitrate [ 131]. With the exception of a slight modification
of phosphate concentration, the preservation of ionic integrity was confirmed through ion
chromatography analysis (Table D-1 in Appendix D) which showed no significant decline in
ionic concentration between the samples. The slight increase in ionic composition present in the
autoclaved sample versus the sample that was only filter sterilized was attributed to it being two
different Manoa Stream samples. However, a decomposition study performed to analyze how
sterilization techniques impact TOC within water samples resulted in significant errors in the
analysis of TOC due to the decomposition of the organics [129]. The high pressurized steam of
an autoclave can cause oxygen to be lost by lowering its solubility, inorganic carbon to be driven
off as CO2, and ultimately alter the speciation of chemical components [132, 133]. Additionally,
at a circumneutral pH, the slight decrease in phosphate and carbon dioxide concentrations
generates a slight increase water pH (about 0.15-0.20) [131]. While !/ #*-.* +remained viable
for the first few days after being supplemented with autoclaved Manoa Stream water, it is

proposed that the shifts in water chemistry due to sterilization with the use of an autoclave

impacted the survival dynamics of !/,#*-.*+ in the sand cultures.
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I/ #*-*+ regulates gene expression in response to environmental stress through sigma
factors 6 and o® [134]. Of the two sigma factors, 6* in gram-positive bacteria is responsible for
housekeeping while 6® plays a role in stress resistance [135]. The role of ¢® has been found to
control the environmental stress response of !/ #*-.*+ | but is not a mechanism used in starvation-
survival dynamics [136]. The alternative factor is activated during the stationary phase [137],
and aids with adaptation to oxidative stress, biofilm formation, and drug resistance [134]. The
expression of 6® is linked to production of virulence factors where the majority of present studies
on !/ #*-*+ regulatory mechanisms in response to limited nutrients is in regard to virulence
factors upon host invasion [17, 138]. The quorum-sensing system controls virulent genes and is
composed of two components that are encoded by accessory gene regulator (agr) genes [139].
These agr genes not only encode proteins to aid the organism in adhering and invading host cells
for nutrition, but also controls expression of exoenzymes that help the organism survive in
inanimate environments [15] such as beach sand. Abiotic environmental cues such as iron
concentration can also influence the expression of virulence factors in !/,#*-.*+ . The ferric
uptake regulatory protein (Fur) in !/, #*-.*+ senses iron concentrations, and sequentially
regulates the expression of genes, cytoplasmic proteins, and antioxidative stress proteins [140].
Target gene expression is inhibited when iron concentrations are high, and when iron is limited,
there is an increase in production of cytotoxins that are important to !/,#*-.*+ infections [140].

Starvation-survival response of !/, #* -.*+ outside of the host induced by nutrient limitation is
less understood, but is known to require differential protein synthesis and multiple loci [135].
Watson et al. found that 99% of I/, #*-.*+ cells died within the first two days upon entering

glucose or multiple nutrient-limiting conditions [107]. While this high death rate is not fully
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understood, it is suggested that the dead cells may provide nutrients to the survivors where the
surviving cells become smaller, divide less frequently, and are more capable of adapting to
oxidative stress [107]. In this starvation-survival state, soda, heme A synthase (ctaA), and umuC
(a component of SOS response) are loci required for maintenance and exiting this state [107,
135]. When nutrients are reintroduced, starved cells respond immediately with increased RNA
and protein synthesis [141].

The survival of microorganisms in response to changing environmental conditions is
dependent on not only their ability to adapt to nutrient limitation, but is also reliant on
competition and predation within the native community [142]. Interestingly, the heme A
synthase (ctaA) that has been found to be important for !/ #*-.*+ starvation-survival state is also
important for many aerobic bacteria [143], and has maximum expression during transition from
the exponential phase to the stationary phase [141]. The results of this study showed that in the
presence of other microbial communities, !/,#*-.*+ did not maintain a stationary phase where the
bacterial population quickly entered that death phase after reaching a maximum population
density (Figure 4.2). The !/,#*-.* +population continued to decline even after being
supplemented with additional nutrient enriched water daily suggesting that !/, #*-.*+ could not
exit the starvation-survival state, and that the competing bacterial species were more fit for the
acquisition of these nutrients.

Overall, additional nutrient enrichment had no statistical impact (p-value > 0.05) on the
growth dynamics of !/ #*-.*+ in beach sand. These results reject the null hypothesis and suggest
that micronutrients present within Waikiki sand were sufficient in sustaining !/ #*-.*+
population. This aligns with the prediction of Monod’s model where specific growth rate is

independent of nutrient concentration at high concentrations [144] as seen in Figure 4.4.
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However, Monod’s equation does not account for the possibility of multiple limiting nutrients,
growth in a mixture of substrates, or the relationship over the entire nutrient concentration range
[65, 66]. As these sand microcosm experiments were enriched with a combination of nutrient
with varying concentrations, further research should be conducted to determine the specific

limiting nutrients for !/,#*-.*+ outside of its main host environment.
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Community-acquired !/, #*-.*+ and MRSA infections are on the rise and are recognized as a
threat to human health. While most !/,#*-.*+ cases cause non-life-threatening infections of the
skin and soft tissues, severe cases can lead to more detrimental infections in the bloodstream,
bones, or joints. Human activity in recreational waters was originally believed to be the main
source of !/, #*-.*+ infections. However, streams, wildlife, pets, wastewater, and urban runoff
can all lead to !/, #*-.*+ contamination in both beach sand and recreational water sources. Beach
sand is capable of filtering bacteria from the seawater, can provide a habitable environment for
bacteria, and can contribute to its spread both horizontally across beaches, and vertically into the
groundwater table. Beach sand harbors significant levels of bacterial species and increased
stormwater runoff as a result of climate change is expected to alter bacterial loads and dispersal.
As nutrient loads from freshwater systems may directly impact bacterial growth and result in a
negative impact in nearshore water quality and on public health, it is important to understand the
ecology of microbial life in beach sand. Therefore, the main purpose of this study was to gain
insight on the impacts of nutrient levels on !/, #*-.*+ survival dynamics in wet beach sand.

Sand sample eluates from eight recreational beaches on Oahu, Hawai’i were assayed for
the isolation and cultivation of a native !/, #*-.*+ isolate. DNA sequencing and DNA analysis of
the 16S rRNA gene sequence confirmed none of the initial 23 isolates that produced the correct
color morphology on CHROMagar™ I/ #*- *+ agar were a sequenced match to !/, #*-.*+ . 70%

of the identified isolates were determined to be a @#);"*s species where further investigations
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using a maximum likelihood, bootstrap consensus tree of the identified bacterial species
confirmed that bacteria of various clades are capable of not only utilizing the substrates within
the CHROMagar™ I/ #*- *+ agar, but also producing the correct color morphology. These
results indicate that this agar type may not be sufficient for enumeration of !/, #*-.*+ isolates,
and two additional agar types along with the CHROMagar™ !/ #*- *+ agar were tested in
tandem to reduce the number of false positives among visual assessment. Three additional Keehi
Lagoon sand sample eluates were used to identify isolates producing the correct respected color
morphology on "#$%&'()())*+ Medium No. 110 agar, the Baird-Parker agar, and the
CHROMagar™ I/ #*- *+ agar. DNA extraction and sequencing analysis revealed that the only
isolate that grew and produced the correct color on all three agar types was a 98.72% sequenced
match to 16S rRNA gene sequence of !/,#*-. *+. These results support the presence of !/ #*-.*+
within recreational beach sand, and that using multiple !/,#* -.*+ selective media types
concurrently can reduce the rate of false positives that arise when using an individual agar type.
Sand microcosm experiments using the native !/, #*-.*+ isolate along with two laboratory
I/, #*-*+ strands (NCTC 10788 BioBall® and NCTC 12493 KWIK-STICK™) were used to
assess the impacts of nutrient loads of !/ #*-.*+ survival dynamics. Preliminary microcosm
experiments with regards to sand type on the viability of !/, #*-.*+ demonstrated that ! / #*-.*+
had higher survival in Waikiki sand rather than PRO-PAK coral sand. Commercially bought
PRO-PAK coral sand contains little to no organics which poses a possible explanation for the
immediate decline of the bacterial population in this sand culture. In two subsequent
experiments, the growth dynamics of the three !/, #*-.*+ strains were assessed when enriched
with higher nutrient levels from 0.45 um filter sterilized Manoa Stream water in comparison to

Milli-Q water that contained no nutrients. Based on the ANOVA test results, water type was
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determined to be significant (p-value < 0.05) in both experiments where !/,#*-.*+ had higher
viability and a higher maximum population density when enriched with Milli-Q water with
respect to each strain. Further investigation of the biological composition of the 0.45 um filter
sterilized Manoa Stream water revealed that the reduction in population size when enriched with
higher nutrient loads was likely related to the activities of other microorganisms present in the
stream water. Additional sterilization steps including filtering the Manoa Stream water through a
0.2 um pore size filter and autoclaving the water sample were conducted and complete bacterial
removal was confirmed through additional testing. The ANOVA tests indicated that there was
now no statistical significance (p-value > 0.05) between water type on bacterial population when
enriched with 0.2 um filter sterilized or autoclaved Manoa Stream water. These results indicate
that water enrichment treatment had no statistically significant effect on the growth dynamics of
I/ #*-*+ in beach sand. Interestingly, !/, #*-.*+ did have lower viability when enriched with
autoclaved Manoa Stream water in comparison to 0.2 um filter sterilized stream water where
there was an overall gradual decline in bacterial population. This suggests that the water
sterilization technique also impacts !/, #*-.*+ survival dynamics.

Biogeochemical cycling of nutrients by microbial communities is key to maintaining
functioning ecosystems. As microbes are found in every ecosystem and impact human welfare,
terrestrial environments, and aquatic environments, it is important to understand how microbial
communities respond to changing environments where nutrients are either in excess or limited.
The resilience and adaptive abilities of specific microbial communities to changing
environmental conditions is interdependent on a wide range of interactions which is why
microbial growth dynamics as a function of nutrient availability remains as a hot topic of

research.
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Monitoring the dynamics of microbial survival in beach sand is important for the protection
of human health. The starvation-survival mechanisms for !/,#*-.*+ outside of its main ecological
niche requires further research to understand not only what limits !/ #*-.*+ growth in inanimate
environments, but also how the bacteria alter its metabolism in response to the availability of
nutrients. The focus of this study was on nutrients (total N, NH*", NO? , NO*, PO4*") that are
predicted to be affected by shifts in rainfall driven by climate change. However, as organic
carbon sources are a required energy source for !/, #*-.*+ | future studies should also take into
account the concentration of organic carbon species present within the nutrient enrichment water
for a more holistic approach of understanding !/ #*-.*+ growth dynamics. Additionally, as there
are no current water quality standards correlating the concentration of !/ #*-.*+ to the risk of
infection, and the sand-borne exposure to !/ #*-.*+ and MRSA in relation to human health is
unknown, further microbial risk assessments and epidemiological studies should be performed.

The limited ability to predict and manage microbial responses to changing environmental
conditions shows the need for further research in the interactions of microbes, climate change,
and human well-being. It is valuable to consider not just how microbes respond to climate
change, but also how microbial communities impact climate change. With the rapid increase of
community-acquired !/, #*-.*+ infections, gaining a deeper understanding of how pathogenic
bacteria survive in beach sand would provide insight for preventative measures of future !/,
#*-*+ related infections. While the complexity of this dynamic can make research efforts
difficult, understanding the dependence on microbial responses to changing environmental

conditions is essential for maintaining an environmentally sustainable future.
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SAMPLING
DATE

10/18/22
10/18/22
10/18/22
10/18/22
10/18/22
10/18/22
10/18/22
10/18/22
11/15/22
11/15/22
11/15/22
11/15/22
11/15/22
11/15/22
11/16/22
11/16/22
11/16/22
11/16/22
11/16/22
11/16/22
11/16/22
11/16/22
1/18/23
1/18/23
1/18/23
1/18/23
2/7/23
2/7/23
2/7/23
2/7/23
2/7/23
2/7/23
2/8/23
2/8/23
2/8/23
2/8/23
2/14/23
2/14/23
2/14/23
2/14/23
2/15/23
3/7/23
3/7/23
3/7/23
5/16/23
5/16/23
5/16/23
5/16/23
5/16/23
5/16/23
5/16/23
5/16/23
5/16/23

#.25+*.$#/-1.
LOCATION ZONE
Pokai Bay Intertidal
Pokai Bay Supradtidal
Pokai Bay Intertidal
Pokai Bay Supradtidal
Pokai Bay Intertidal
Pokai Bay Supradtidal
Pokai Bay Intertidal
Pokai Bay Supradtidal
Pokkai Bay Intertidal
Pokkai Bay Supradtidal
Pokkai Bay Intertidal
Pokkai Bay Supradtidal
Pokkai Bay Intertidal
Pokkai Bay Supradtidal
Ala Moana Intertidal
Ala Moana Supradtidal
Ala Moana Intertidal
Queen's Beach Intertidal
Queen's Beach Intertidal
Waikiki Beach Walls Intertidal
Kuhio Beach Intertidal
Kuhio Beach Intertidal
Ko Olina-Lagoon 3  Supradtidal
Ko Olina-Lagoon 3  Supradtidal
Ko Olina-Lagoon 4  Supradtidal
Ko Olina-Lagoon 4  Supradtidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Queens' Beach Intertidal
Waikiki Beach Walls Intertidal
Kuhio Beach Intertidal
Waikiki Beach Intertidal
Pokai Bay Supradtidal
Pokai Bay Intertidal
Pokai Bay Intertidal
Pokai Bay Intertidal
Hale'iwa Beach Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal
Keehi Lagoon Intertidal

('#,0%e$(  $

%1%*,$(,08.#)*3#.4$*+$

20 $

$

5#()"
SAMPLE V:;gff
NAME
(2)
1A 1.62
1B 1.64
2A 1.63
2B 1.58
3A 1.61
3B 1.59
4A 1.58
4B 1.60
1A 1.62
1B 1.63
2A 1.64
2B 1.64
3A 1.65
3B 1.63
AM1 1.60
AM2 1.62
AM3 1.58
w1 1.61
w2 1.60
w3 1.59
K1 1.60
K2 1.59
0K3 dp 1.51
0K3 Ip 1.50
oK4 1.50
OK4 sp 1.52
KL1 1.57
KL2 1.58
KL3 1.53
KL4 1.50
KL3 1.53
KL4 1.50
w1 1.46
w3 1.56
w4 1.49
w5 1.45
PB1 1.45
PB2 1.43
PB3 1.44
PB4 1.45
CSB 1.43
Kla 1 1.42
Kla 2 1.46
Kla 3 1.44
R1 1.44
R2 1.44
R3 1.44
BP1 1.44
BP2 1.44
BP3 1.44
s1 1.44
S2 1.44
s3 1.44

62

L+, -

WET WET MOISTURE DILUTION
WEIGHT WEIGHT CONTENT WATER
® +WB (g) (%) (mL)
6.00 6.66 19.05 120
6.03 7.38 5.05 120
5.99 6.67 18.85 120
6.01 7.53 1.01 120
6.01 6.67 18.77 120
6.01 7.36 4.16 120
6.01 6.73 16.70 120
6.03 7.34 5.05 120
3.00 3.66 47.06 120
3.00 4.60 1.01 120
3.01 4.01 27.00 120
3.00 4.60 1.35 120
3.00 4.45 7.14 120
3.01 4.62 0.67 120
3.02 3.87 33.04 120
3.00 4.49 4.53 120
3.02 4.11 19.37 120
3.00 4.26 13.21 120
3.00 3.75 39.53 120
3.00 4.11 19.05 120
3.00 4.12 19.05 120
3.00 4.19 15.38 120
3.01 4.37 5.24 120
3.00 4.38 4.17 120
3.02 4.39 4.50 120
2.99 4.38 4.55 120
3.00 4.31 9.49 120
3.00 4.34 8.70 120
3.00 4.01 20.97 120
2.99 4.18 11.57 120
3.00 4.01 20.97 120
2.99 4.18 11.57 120
3.01 4.29 6.36 120
3.01 3.89 29.18 120
3.00 3.82 28.76 120
3.02 4.16 11.44 120
3.00 4.42 1.01 120
3.01 4.27 5.99 120
3.00 4.22 7.91 120
3.00 4.23 7.91 120
2.99 4.19 8.33 120
3.00 4.16 9.49 120
3.00 4.07 14.94 120
3.00 4.20 8.70 120
3.01 4.15 11.07 120
3.01 4.20 9.06 120
3.00 4.20 8.70 120
3.01 4.15 11.07 120
3.01 4.20 9.06 120
3.00 4.20 8.70 120
3.01 4.15 11.07 120
3.01 4.20 9.06 120
3.00 4.20 8.70 120

$.*&$

FILTERED
(mL)

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
40
40
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

20$
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e Lo sing xng xng ,
: #fﬁ& 0 %" 48 -, o 0) w | 1 2;8“1'5)6% L rEsw)  slesD) D) 0"+, 18")8* +&:&,* &fv-i&:@)‘ *

‘ ’ 20%7  29%7  29%7 &,
IHISHOYER () +,)- 10120*3)4 ! 156% 7 ! " g)*413
IHISHOYAR () +,)- 9:12)30%3)4+ % 16$<=>"< 5 ! %,)2*44:@+)/0A2)>*@+@02)*+BCDDEFGY  HH6$<
I HISHOYAR () +,)- /0120*3)4 5 16J"=>"< 5 ! 06K122%1)2*44:@+M'2*1/@*@+@02)*/+INOP HHBJT|
I HISHYYAR () +,)- 9:12)30%3)4+ < 9661%=>"< 5 ! 9690);A-4'227:@+@:6+@02)*+D%"% HH67!I
I HISHOYAR()+,)- 10120%3)4 7 <6%<=>"% 7 ! " 8)*413+
I HISHOYAR )+, )- 9:12)30*3)4-+ J HE"$=>"5 < ! | )?*44:@+0A2YM*L/@*@+@02)*+Q%  HH6™|
I HISHOYAR )+, )- 10120+3)4 P J619%=>"5 < ! | E'0A*)+)@*R:2*R+@02)*/+=1P"J"5%) HH6J<!
I HSHOYAR()+,)- 9:12)30*3)4+ $ 16H7=>"< 5 ! 9%=S*"M:L)?012*R+28/3:R+@02)*/+99 HH6J<!
WHITHOOOE () +,)- 10120%3)4 17 16J<=>"< 5 ! % U*2M*L)7*44:@ +A)4'31/02+8*2)/@+ @02)*/+, 13615
WHITHOOOE () +,)- 9:2)303)4+ 13 16§5=>"< 5 ! %,)7*44:@+0A2/M*1/@*@+@02)*/+BCDDEF GIHGPH
WHITHOO8 () +,)- /0120*3)4 P 16<"=>"< 5 ! %,)7*44:@+0A2*M*L/@*@+@02)*/+,0<%  HHG6P!I
WHITHYH& () *+,)- 9:2)30"3)4+  1$ 9%6"$=>"< 5 ! %,)7*44:@+)I0A2)>*@+@02)*+BCDDEFG9  HH6%!
WHITHOOO8 () +,)- /0120*3)4 H 16J"=>"< 5 ! %,)7*44:@+A)*(:L/@*@+@02)*/+,8916% HHB<$
WHITHOOOE () +,)- 9:2)3043)4+ %" 1675=>"< 5 ! %,)2*44:@+A)*(:L/@*@+@02)*+\W%)9 HS6!51
111 3496%6D4)+ X)) + /0120*3)4 %! 160%=>"< 5 ! %,)7*44:@+A)*(:L/@*@+@02)*/+,8916% HHB$%
11#1JH%6%DA) + X))+ 9:2)303)4+ %% 16<J=>"< 5 ! %,)7*44:@+A)*(:L/@* @+@02)*I+NGVH HH67P
111 JH%%DA) + X))+ /0120*3)4 %5 16H5=>"< 5 ! %,)7*44:@+@;6+R)2@1*441VWIJIP HHBJ<
I1J6%W: 1LY @+,1)2A+ J0120%3)4 %< 16<7=>"< 5 ! %,)7*44:@+0*R'/LI@*@+@02)*+BNDKV<77I7HHE"%
IH1JH%W: 1LY @+,1)2A+ J0120%3)4 %7 16P<=>"< 5 ! %,)7*44:@+A)*(:L/@*@+@02)*/+,8916% HH6$JI
I JB%Z)*((+,1)2A+Z)4 J0120*3)4 %J 165=>"< 5 ! %,)7*44:@+A)*(:L/@*@+@02)*/+,89!6% HHB$%
WHJHHQ AR+ 1)?A+  JO120*3)4 %P 16<$=>"< 5 ! %,)7*44:@+?121:@+@02)*/+<7$H H$6%F
1 6% Q:AR+ 1)2A 10120*3)4 %S 16"<=>"< 5 ! %,)7*44:@+2121:@+@02)*/+XCI7% HHBJ"!
HISHUEQ+GA*)VM"/+5 9:2)30+3)4+ ! %06P" 7 ! " @*FL)2*44:@+@:6+X\FV] HP6!$!
HISHUEQ+GA*)VM"/+5 9:2)30+3)4+ % 9%H3

HISHUEQ+GA*)VM/+< 9:2)30+3)4+ 5 155

HISHAEQ+GAX)VM" < 9::2)30¢3)4+ < 9%<%

UHPHUBLLADM+  /0120*3)4 7 <%

UHPHUBLIADM+  /0120*3)4 J 175

UHPHUBLLADM"+  /0120*3)4 P 17$

UHPHUBLLADM"+  /0120*3)4 $ %P

UHPHUBLIADM"+  /0120*3)4 H %1

UHPHUBLLADM"+  /0120*3)4 " 151

OGHSHOMN:11/@Y+ 1)7A  J0120*3)4 n 155

OSHSHOB) (*(*+,1)?A+Z)4. 10120*3)4 1% 5<l

UHSHUT A+ 1)2A+  J0120*3)4 5 %17

UHSHOB) (*(+,1)?A+  ./0120*3)4 1< 9%H<

LHI<HUB()*+,)- 9:2)30"3)4+ 17 s

YHI<HUB () +,)- 10120%3)4 13 Y 7 ! " Y244 @+@6+H9V% HH6%¢
YHI<HUB()*+,)- 10120%3)4 P PH%

HI<HUEB()*+,)- 10120%3)4 1$ 5HJ

UHITHUPALY M)+, 1)2A+  J0120*3)4 H IHP

SHPHURLLADM+  .0120*3)4 %% %606 7 ! " Q)LFL)*44:@+) F@OMP+@02)4CZ<  HHB5<
SHPHUWRLIADM+  /0120*3)4 %5 1%

SHPHURLLADM+  J0120*3)4 9% 5<%

THIHWEQLIAM +  J0120*3)4 ! 5% 8)*413+

THIHWEQLIADM +  J0120*3)4 % I$7" 7 ! " )2*44:@+)2)R-2*31@+@02)*+TI5+ HH67$
THIHWEQLLAM +  J0120*3)4 5 75<" 7 ! " 9O)A-422:@+)21:@+@02)*/+XDIX\%  HS6PY%
THIHWEQLLASM +  .J0120*3)4 < 6% 7 ! 8)*413+

THIHWEQLLASM +  J0120*3)4 7 PH% 7 ! 8)*413+

THIHWEQLLASM +  .J0120%3)4 J HI" 7 ! " 8241 @0%)+0)*N)/L/@* @+@02)*/+9.J< HH6HS
THIHWEQLLAM +  .J0120*3)4 P am 7 ! " Y*44:@+@:LO*4*@+@02)+C=VP+ HH67J1
THIHWEQLLASM +  .J0120%3)4 $ 133 7 ! 8)*413+

THIHWEQLIADM +  .J0120*3)4 H <Jg" 7 ! " DAL)7*44:@+@:6+@02)*+[C% HHEPS$

* After conducting PCR & QIAquick Nucleotide Removal, Qubit 1x dsDNA high sensitivity test showed some samples had too low of
concentration and were not sent to lab for DNA sequencing

$
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Date S. aureus Stock Type -4 -5
7-Jun Native strain MASMIN2 >300
7-Jun NCTC 10788 BioBall® >300

22-Jun Native strain MASMIN2 >400 366
22-Jun NCTC 10788 BioBall® >300
25-Jul NCTC 12493 KWIK-STICK™  >300 37
15-Jan Native strain MASMIN2 >300
15-Jan NCTC 10788 BioBall® >300

-6
35
27
62
48

2
80
72

Corresponding dilutions are 1:10,000, 1:100,000, 1:1,000,000, 1:10,000,000 respectfully
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Stock Concentration (CFU/mL)
35000000
27000000
62000000
48000000
3700000
80000000
72000000 g
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Table D-1. Nutrient concentrations for Manoa Stream samples.
Low Cal  0.04 0.2 0.2 0.2 0.2 0.4 0.2 0.025 0.1
High Cal 20 100 100 100 100 200 100 10 40
(mg/L) Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulfate Lithium Sodium
MS (0.45um) 0.015 2147 0.000 0.06 0.96 0.00 5.94 0.000 16.58
MS (0.2um) 0.012 18.42 0.000 0.06 0.69 0.14 485 0.000 14.81

MS (0.2pum), autoclaved 0.015 = 19.61 0 0.08 0.76 0.024 6.48 0 15.06

Table D-1 Continued. Nutrient concentrations for Manoa Stream samples.

"#$%&  ()*+, 0+, 0*+, 0+,

-10$%&'  ( *(( ( (- 12/3145¢ 12/3147¢

12/316822"9.:2  7"&<<.:2 =&/9><..2 %&'?..2 5@+45 S5@A45 5-B45 C5."9< 7@B41
=D$1()B,E26 OC+ A+ F)(+ G 0« o 0 0 0«
=D$1()+E26 OCA ), H),+ 0.A 0« o 0 0¢ 0«
=D$1()+E261$&:;"?'&J  ()((,B OFH H)GL =)+ (O 0*G (  0*GL (O

Table D-2. Nutrient concentrations for PRO-PAK coral sand and Waikiki sand.
"#$%& (O 0+ 0+ 0+ 0+ 0* 0+ 0t O
J01$%&"  +( -(( -(( -(( -(( +(( -(( -( *(
230415 6'7"8/9: %1'8/9: ;/<8/<:=8"3/9: ;/<8&<:>1"?@1& A7'B&¢/<1/73 A"9/73
>CDE>FG$%"8&'$A&KIO o 0WC O« 0-( 0(( 0.+ 0WC -
J&/IKIK/$?&H9 o +0+ 0C  OM+ (- 0« ML+ O -*M),-

Table D-2 Continued Nutrient concentrations for PRO-PAK coral sand and Waikiki sand.
I"H$%&  ()*+, 0+, 0*+, 0+,
- 10$%&  ( *(( A *( 12/3145€ 12/3147¢
12/316822"9.:2 7"&<<.:2=&/9><.:2 %&'?.:2 5@+45 5@A455-B45 C5."9< 7@B4°
7D@478E$%"F&'$ G & OAI 0.A B)JJ O« o 0 0 0«
K&.L.L.$<&9H 0¢J )IM *)MI M)MN  O(( o 0 0 0O«
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Table E1. Total nutrient concentrations based on the chemical composition of Manoa Stream
water and respected sand types.

(mg/L) Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulfate Lithium Sodium

Experiment1 0.104 271.710 0.000 0.980 1.090 0.000 40.760 0.003 166.090
Experiment 2 0.046 21.810 0.000 0.060 1.060 0.000 6.460 0.000 17.610
Experiment3  0.104 271.710 0.000 0.980 1.090 0.000 40.760 0.003 166.090
Experiment4  0.104 271.710 0.000 0.980 1.090 0.000 40.760 0.003 166.090
Experiment5 0.101 268.660 0.000 0.980 0.820 0.140 39.670 0.003 164.320

Experiment6 0.104 269.850 0.000 1.000 0.890 0.024 41.300 0.003 164.570

Table E1 Continued. Total nutrient concentrations based on the chemical composition of Manoa
Stream water and respected sand types.

(mg/L) Ammonium Potassium Magnesium Calcium NO2-N NO3-N NH4-N TNions PO4-P

Experiment 1 0.029 7.210 25.000 21.230 0.000 0.246 0.023 0.269 0.000
Experiment 2 0.022 1.700 9.550 16.040 0.000 0.239 0.017 0.257 0.000
Experiment 3 0.029 7.210 25.000 21.230 0.000 0.246 0.023 0.269 0.000
Experiment 4 0.029 7.210 25.000 21.230 0.000 0.246 0.023 0.269 0.000
Experiment 5 0.030 7.040 24500 20.490 0.000 0.185 0.023 0.209 0.000
Experiment 6 0.022 6.870 24.740 21.080 0.000 0.199 0.013 0.218 0.000
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Table F-1. Bacterial population based on CFUs present in serial dilutions of sand subsamples and
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moisture contents for experiment one.
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Table F-2. Bacterial population based on CFUs present in serial dilutions of sand subsamples and
moisture contents for experiment two.

%"&'()*"+,&-.I' 0(*12' 3"45+(,
&0+  &MH+&()*+  234+&()*+5-  6-(7/83'+ <=7+ @MH+A3-+ @H+A3-+09BC ,.I/'3(.7+J->82./(-:+
I"# $ " 1% 1% ,-/+0)1 0)1 &,+0)1 9-:/:/+0;1 0)1 09BCDE+=F G'/+7.:H1 09BCD)+H34+7.:+
Manoa Stream: Native
! "#$ " %&" %8&! "&" "#&! %&!" "#$! #%(!! ) *#
% %" ! %8&'+ %&! "&") "&'( %&! %" "((m +)$$
" # # %&'# %&90" "&+( "1&'+ %&!% #1! %!(! %%) %
+ +$ ) %&" 1&$$ "&" &+ %8&! +$!! *n $#%'
' + * %&'$ %& % "&+# "&I$ %&! (+! %))! %$+!
* % %&" %&! "&" "#&! %&!" % " +
%! ! '&(" %&90! H#&*4- "1&(( %&!" ! ! !
Milli Q: Native
! ") ' %&'1# %&! "&"# "#&! %&!+ ") #'(! Nt
% %!$ % %&" %&!" "&"* "&($ %&!" %!$!! "%(!! ")
" ) # %&'+ %&! "&++ "%&%%  %&!% i %1 Yo+**(
+ "% # %&'( %&!" "&+% "&($ %&!% "%!! l #1)!
' "% %&" %&!" "&++ %(&)! %&! "%!! "l (¢
* %+ %&'# %&! "&+% %)&"( %&!% %o+ " +"+
%! #) %" '&*$ %&!" #8&)' "&N %&! #) %9%" %+
Manoa Stream: Bioball
! " %&#% %&!" "&+% "*&#! %&! " (@ )%!!
% %" ! %&'+ %&!" "&") "'&($ %&! %" "((m +)$$
" )( # %&'+ %&!% "&"* "&" %&! & %+)!! %)%$
+ %) % %&'# %&!% "&+% %*&" %&!" %)!! +11 +*"0%
' "l % %&'% %&90# "&+% %*&+# %&! "I ' "I(
* + '&*) %&! #8&)% %*&)it %&! + ) *
%! ! ‘&*# %8&!+ #8&)! "%&%( %&! ! ! !
Milli Q: Bioball
! +5* ) %&+#% %&! "&"$ "(&"% %8&! +**11 *#'1] $))*
% %)! % %&'1# %&!) "&+" "%&(' %&!" %) +"11 ("
" %) %( %&'% %&\# "&"* "&I$ %&!% %)'! +'(1 +(%'!
+ %!" $ %&" %&!% "&"$ %(&(" %&!+ %!"1! "' il
' ‘( ! %&#% %&!) "&+% "&'H# %&!" ‘o s %!$!$
* "l '&*) %&!+ #8&)% "%&%( %8&!% " n "*1)
%! )" ! '&*( %&!) #8)$ %)&'( %&! )" %" %+]$

BB OO B R H B R H

& BB
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Table F-3. Bacterial population based on CFUs present in serial dilutions of sand subsamples and
moisture contents for experiment three.

%"&'()*"+,&-.I" 0(*12' 3"45+(,
Weigh =~ Wet Weight Dry Weight + Moisture Sample At Zero At Zero (CFU/g = Bacterial Population
I"# $ -1 2 3 -4 Boat (g) (g) WB (g) Content (%) (g) (CFU/5 mL) wet sand) (CFU/g dry sand)
Manoa Stream: Native
! "#! $ %&'( "&I% )&*) "+&)% "&!$ "HN #%!!! #)(*
" "%% ") %&(! "&l )&*" #$&Y* "&!" "%%!! #(! S))*
# $+ %&"™* "&! )&*! "+&!) "&M# S+ o +#()'
$ "( # %&+$ "&!) )&'+ H#H&! "&!" "(m $*l %"(*!
% $( $ )&% "&!1% )&+! #&+$ "&I# $(!! ! (63
' # %&" "&# )&*! HH&(+ "&M# #11 %!! %(#
( # # %&(* "&1$ )&'H "+&" "&! # )% *$
"#$ %&(# "&$" )&+" #1&"( "&!" #$ %* Y%t
Milli Q: Native
! "$" " %&"™ "&I" )&*# "&%% "&! "l ##! $1%*)
" " # %&(% "&I# )&*( #'&%$ "&l "Il ## SHS("
# "$" %&*( "&l )&)$ "&*) "&! "$til #l $I(#$)
$ "+$  # %&(! "&I" )&*# #$&" "&I" "+$I! $(1M %'l'$#
% #" )&!" 18&++ )&($ #&'$ T #10 Yol )'#'+)
' #) ( %&(% & )&™ #1&*) "&! #) mt )%$%
( ‘% ' %&(% "&") )&'+ #'&!) "&! '%l! "%(!! ")+
"l $ $ %&($ "&lI# )&* #'&%$ "&!" $'! ‘%! (@
Manoa Stream: Bioball
! "%' " %& "+ "&!% )&** "+&)% "&! "%l #+9%0!! $$'+$
" +' ) %&"™ "&l )&)+ #1&%( "&N +11 "+%!! #$$'$
# *+ ' %8&*( "&I% )&)' "&'$ "&! *+1 ! ")
$ *$ ( %&+" "&# )&(# #1&!! "&1$ *$l! "# "% (#Y
% )* ' %&(" "&I# )&*YH #H&(+ "&l )yl "l "$%+9
' # )&!" &M )&+( #'&+( "&N #11 %!! %%
(GI))] %&() "&!% )& ##&S$) "&I" ") #"l #%'
"l %&+! "&I* )& H#P&H" "&!" ## #*
Milli Q: Bioball
! "% %&'# "&*% *&"% ")&%-+ "&I" "%!! ##(!! *)*
+" ' %8&") "&! )&** "&)( "&N +"11 "(#1 #ill
# "#$ #) %&(* "&# )&'# "(&*! "&# "H$I! #%*1! #(*1)
$ %' %&+! "&!) )&" #1&*+ "&I# %' +%!1! "1(19%*
% %$ * %&+" "&I( )&'( #%&"% &l %$!! (@l +)"
' ) $ %&(* "&# )&'# "(&*! "&! ) "IN (1)
( %' %&'% "&1$ )&)+ #'&"( "&! %' +%!1! ")((
"l #() )&!" "&!) )&+% #1&*+ "&M# #ON )y "

BB BB R HRPH

& B
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Table F-4. Bacterial population based on CFUs present in serial dilutions of sand subsamples and
moisture contents for experiment four.

BB HB AP PR

BACTERIAL COUNT
0 -1 2 3
"#$
(g
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$ !
¢
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)
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) )
(
$
g
Y-
#)
"%
"
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$* +
$

WEIGHT
Weigh =~ Wet Weight Dry Weight + Moisture
-4 Boat (g) (g) WB (g) Content (%)
Manoa Stream: Native
$ %&'( "&!$ )&* "*&l)
%&*# "&I$ )&+* "*&!)
%&+" "&$ + "H&(*
%&%) "&I* )&') "&'H#
%&$% "&I( )&"# (1&!
%8&") "&I1% )&!" (1&#$
%&) " )&$) "*&+)
%&%' "&" )&% "&(
%&%( "&I+ )&(# #&('
Milli Q: Native
( %8&# " )&*Y "#&!)
%&+" "&!) )&'+ "#&$(
%&+" "&$( +&!" (&N
"* %&" "&I+ )&** "H&"
" %8&% "&!) )&(* (\&+#
(+ %&$+ "&!$ )&(% "*&l)
%&$) "&1% )&"# ($&™
%&$$ "&I" )&"+ ("&+#
+ %8&) "&(' )&$$ )%&((
Manoa Stream: KwikStick
! %&'# "&I( )&** ")&H#"
%&"* "&" )& # "H&)*
%8&# "&"% )&'( ($&#"
"* %8&") "&I+ )&*) &
! %&$) " )&"# "#&!)
%&90% "&I" )&(* ('&(%
%&"* "&" )&!# "H&)*
%&$' "&I( )&(( ("&%$
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Table F-5. Bacterial population based on CFUs present in serial dilutions of sand subsamples and
moisture contents for experiment five.
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Table F-6. Bacterial population based on CFUs present in serial dilutions of sand subsamples and
moisture contents for experiment six.
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Table G-1. F-values and p-values to analyze statistical significance in experiment one.
Df MeanSq F-test Threshold Calculated F-value P-value Significant?

Factor (Time_days) 5 53.880 5.050 46.448 3.42E-04 Y
Water_Type:Time_days 5 2.700 5.050 2.328 0.188 N
Bacteria: Time_days 5 1.840 5.050 1.586 0.437 N
Water_type:Bacteria:Time_days 5 1.160 5.050

$

$

Table G-2. F-values and p-values to analyze statistical significance in experiment two.
Df MeanSq F-test Threshold Calculated F-value P-value Significant?

Factor (Time_days) 6  40.350 4.284 126.094 4.81E-06 Y
Water_Type:Time_days 6 7.030 4.284 21.969 7.72E-04 Y
Bacteria: Time_days 6 0.130 4284 0.406 0.851 N
Water_type:Bacteria:Time_days 6 0.320 4.284

$

$

Table G-3. F-values and p-values to analyze statistical significance in experiment three.
Df MeanSq F-test Threshold Calculated F-value P-value Significant?

Factor (Time_days) 7  89.390 3.787 12.398 1.82E-03 'Y
Water_Type:Time_days 7 43.820 3.787 6.078 0.015 Y
Bacteria: Time_days 7 13.110 3.787 1.818 0.224 N
Water_type:Bacteria:Time_days 7 7.210 3.787

$

Table G-4. F-values and p-values to analyze statistical significance in experiment four.
Df MeanSq F-test Threshold Calculated F-value P-value Significant?

Factor (Time_days) 8 27.026 3.787 34738 2.0E-05 Y
Water_Type:Time_days 8 10.63 3.438 13.663  6.4E-04 Y
Bacteria: Time_days 8 4518 3.438 5.807 1.1E-02' Y
Water_type:Bacteria:Time_days 8 0.778 3.438

$

Table G-5. F-values and p-values to analyze statistical significance in experiment five.
Df MeanSq F-test Threshold Calculated F-value P-value Significant?

Factor (Time_days) 7 2.990 3.787 27.944 1.33E-04 Y
Water_Type:Time_days 7 0.393 3.787 3.673 5.38E-02 N
Bacteria: Time_days 7 4.174 3.787 39.009 4.38E-05'Y
Water_type:Bacteria:Time_days 7 0.107 3.787

$
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Table G-6. F-values and p-values to analyze statistical significance in experiment six.
Df MeanSq F-test Threshold Calculated F-value P-value Significant?

Factor (Time_days) 5 12.677 5.050 49.520 2.93E-04 Y
Water_Type:Time_days 5 0.012 5.050 0.047 0.998 N
Bacteria: Time_days 5 0.163 5.050 0.637 0.677 N
Water_type:Bacteria:Time_days 5 0.256 5.050
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