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ABSTRACT
APPLICATION OF MATRIX-ASSISTED LASER DESORPTION/IONIZATION
TIME-OF-FLIGHT MASS SPECTROMETRY (MALDI-TOF MS) FOR
DIFFERENTIATING SOURCES OF FECAL POLLUTION

Caroline Kmiecik
University of Houston-Clear Lake, 2022

Thesis Chair: Michael G. LaMontagne, PhD.

Since the passage of the Marine Mammal Protection Act in 1973, pinniped populations in
coastal waters of the United States have increased exponentially. These high populations
of large mammals could contribute to fecal contamination of recreational waters.
Enterococci species counts are used to assess the degree of fecal contamination and
elevated counts of this fecal indicator bacteria (FIB) force managers to close beaches;
however, contribution of pinnipeds to high FIB counts is not known. This may reflect the
high cost of methods of tracking the source of microbial contamination. Matrix Assisted
Laser Desorption lonization — Time of Flight Mass Spectrometry (MALDI-TOF MS) is a
time and cost-effective way to identify bacteria through protein mass spectra analysis.
MALDI-TOF can distinguish strains of bacteria of the same species but has not been

evaluated as a tool for tracking Enterococci isolated from pinnipeds. In this study,
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Enterococci were isolated from fresh seal scat samples taken from a pen housing harbor
seals. Libraries of Enterococci were also generated from dog scat and a sample from a
wastewater treatment plant. These isolates were identified with a MALDI-TOF system
and confirmed by 16S rRNA gene sequencing. Cluster analysis of mass spectra generated
by MALDI-TOF grouped 22 E. faecalis isolates clustered into four coherent MALDI-
TOF taxonomic units (MTUs), with two MTUs being harbor seal-specific. Phylogenetic
analysis of E. faecalis 16S rRNA sequences from harbor seal and dog scat showed that
sequences from different mammalian and non-mammalian sources clustered together,
confirming that 16S rRNA sequencing is unable to differentiate sources of E. faecalis
contamination. The distinct source-dependent MALDI-TOF MS clusters suggest that

MALDI-TOF MS may be a valuable tool in microbial source tracking.
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CHAPTER I:
INTRODUCTION

Pinniped Population of Cape Cod, Massachusetts

Harbor seals (Phoca vitulina) and Gray seals (Halichoerus grypus) are the two
most common pinnipeds found year-round in the Cape Cod area of Massachusetts (Sette
et al. 2020). Massachusetts and Maine paid bounties on harbor and gray seals from 1888
until 1962 in an effort to increase fishing yields (Lelli et al. 2009). Lelli et al. (2009)
estimated that approximately 72,000-135,000 seals were killed during this period, leading
to a decrease in the seal populations of Cape Cod, MA to near extinction.

The seal population rebounded following the Marine Mammal Protection Act of
1972. In the last 30 years, surveys of the Cape Cod area have reported approximations of
seal populations at 2,035 in 1994 (NOAA, 1994), 15,700 in 2011 (NMFS, 2011), and
between 30,000 and 50,000 in 2017 (Moxley et al. 2017). A 2018 survey of the New
England region conducted by the National Oceanic and Atmospheric Administration
(NOAA) suggested a collective population of 97,000 to 107,000 seals and an annual
population growth rate of 4-5% (NOAA 2019).

Harbor Seals (P. vitulina)

Harbor seals belong to the Phocidae “true seal” family of the mammalian order
Carnivora. Harbor seals are carnivorous marine mammals that primarily eat groundfish
(NOAA, 2019). Harbor seals are large marine mammals, weighing 180 to 285 pounds
and having a length of five to six feet as adults. Harbor seals haul-out in large groups
(Figure 1) on rocks and beaches in intertidal zones for resting, foraging, and

thermoregulation (Murray 2008).



Figure 1. Harbor seals (Phoca V|tuI|na) hauled outin an |solated area in Chatham MA.

Photo credit: NOAA Fisheries
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Figure 2. Map of oberserved harbor and gray seal activity recorded between

1999 and 2012, including regions of seal strandings (Frungillo 2014) and known seal haul

out sites (Pace et al. 2019).



Ecological Significance of Harbor Seals.

As a top predator, changes in harbor seal abundance, behaviors and health can
serve as important indicators of ecosystem change, making them an essential sentinel
species (Trites 1997). The turnover and recycling of nutrients is especially crucial role of
harbor seals. When harbor seals eat in herds, they release massive ammounts of nutrients
(Trites 1997). These nutrients support plankton(Trites 1997).

Though fecal matter from seals provide nutrients to plankton, the increasing
numbers of seals and pinnipeds in the wild have contributed to increased fecal
contamination of beaches (Costalago et al. 2019). Fecal bacteria are often found in
recreational swimming waters near seal habitats (Steele et al. 2018, Staley et al. 2018);
however, the level of fecal contribution from wild seals is mostly unknown.

Fecal Contamination in Recreational Waters

A 2021 report by the Environment Massachusetts Research and Policy Center
identified 264 beaches out of 556 beaches tested in Massachusetts with unsafe levels of
fecal contamination (Weissman and Rumpler, 2021). Of these beaches, 29 were found to
have unsafe levels of fecal bacteria on at least 25% of the days tested (Weissman and
Rumpler, 2021). These unsafe fecal bacteria levels have resulted in widespread beach
closures across Massachusetts. Beach closures resulting from fecal contamination have
been a persistent issue for Massachusetts for several years, primarily due to the inability
to identify specific sources contributing to the increased contamination.

Microbial Source Tracking

Microbial source tracking is a tool used to differentiate human and non-human
sources of fecal pollution, and to identify specific sources of fecal contamination.
Microbial source tracking (MST) employs indicator microorganisms to predict the

presence of fecal pollution associated with pathogens (Scott et al. 2002).



Indications Fecal Contamination

FIB are found in the intestinal tracts of warm-blooded mammals and are excreted
through fecal waste. As high concentrations of FIB are indicative of fecal contamination,
which suggests the presence of pathogenic microorganisms and viruses (Scott et al.
2002). Monitoring FIB levels is an essential method in assessing water quality (Gomez-
Donfate et al. 2016) as unintentional ingestion of waterborne pathogens may cause a
variety of diseases in swimmers. Mild gastroenteritis is the most common of these
diseases (Arnold et al. 2016); however, exposure to fecal-contaminated waters can be
dangerous for the immunocompromised.

There are four groups of bacteria considered to be fecal indicators: Total
coliforms, fecal coliforms, E. coli, and Enterococcus spp. (Scott et al. 2002). E. coli and
Enterococcus spp. are the most widely used indicators for monitoring fecal pollution as
they are abundant in the guts of warm-blooded organisms, have similar survival rates as
some pathogens (Scott et al. 2002).

Enterococci

Enterococcus is a large genus of Gram-positive lactic acid bacteria with both
clinical and environmental relevance (Devriese et al. 2006). Enterococci are facultative
anaerobes; this allows Enterococci to exist in a wide variety of environments (Fisher and
Phillips, 2009). Enterococci are unable to form endospores; however, they are able to
survive in a diverse range of environmental conditions, including extreme temperature
(10 — 45 °C), high sodium chloride concentrations (6.5% NacCl), in the presence of bile
salts (40%), and wide pH ranges (4.8 —9.6) (Fisher and Phillips, 2009). Enterococci are
typically found in the intestines of mammals; however, Enterococci are also ubiquitious
in nature and can be found free-living in a variety of environments (Manero and Blanch

1999).



Enterococci became the U.S. federal standard for water quality in public marine
environments in 2004 (Federal Register 2004). This is partly due to the presence of
Enterococci having a higher correlation than fecal coliforms to many human pathogens
often found in sewage and water (Jin et al. 2004).

Current Fecal Indicator Limitations

FIB are not limited to humans but also exist in the intestinal tract of many other
warm-blooded animals (Orskov 1981, Fiksdal et al. 1985). Though efficient in detecting
the fecal contamination, the presence of FIB alone, such as Enterococci, does not provide
clear information regarding the specific source of fecal pollution. Enterococci are
ubiquitous in nature and can be found in varying concentrations depending on source

(Table 1).

Table 1. Average concentration of Enterococci found in various sources contributing to
recreational water contamination

Source Enterococci Concentration Study
Byappanahalli et al.

Soil 103 CFU/g (2012)

Urban Runoff 103 CFU/100 mL-1 Reeves et al. (2004)

Sand 1-104 CFU/g Halliday and Gast (2011)

Eszzzring 10® CFU/Person Elmir et al. (2007)

Seal Scat 1.21x102-3.10x 10° CFU/g Lisle et al. (2004)

Human scat 10° CFU/g Layton et al. (2006)

Dog Scat 104 - 108 CFU/g Wright et al. (2009)

Raw Sewage 10° CFU/100 mL-1 Ahmed et al. (2008)

Culture-Dependent Techniques
Culture-dependent techniques allow researchers to select for and differentiate
bacteria from mixed cultures, as well as identify clinically and environmentally-relevant

secondary metabolites. These techniques include in vitro cultivation of bacteria using



selective and differential growth media. Selective media promotes growth of specific
bacteria by inhibiting the growth of other bacteria, while differential media allows the
differentiation of bacterial types.

Though less diversity is seen in culture-dependent techniques than in culture-
independent techniques (VVaz-Moreira et al. 2011), previous metagenomic studies that
focused on the gut microbiome of seals only identified bacteria to a family level of
taxonomic classification (Numberger et al. 2016, Pacheco-Sandoval et al. 2019, Glad et
al. 2010). To our knowledge, little-to-no studies have been done on identifying harbor
seal scat-isolated Enterococci at a species level through culture-dependent techniques.

In this study, we used 2x Rapid Enterococci ChromoSelect Agar (2x REA)
(Sigma 51759) and 2x Enterococci Mixed Media broth (2x EMM) to select for and
isolate Enterococci from different sources that contribute to fecal contamination of
recreational waters. REA and EMM are both selective and differential media, allowing
for easier isolation and detection of Enterococci species based on color change in the
media. 2x REA contains chromogenic mixture (X-Glu) as an indicator of Enterococci
growth; Enterococci contain 3-D-glucosidase that cleave X-Glu, resulting in colonies
with blue-green pigment (Sigma).

Experimental Subjects

A fresh composite scat sample from captive harbor seals was provided by a local
aquarium and used to generate a library of Enterococci isolates. To assess the ability of
MALDI-TOF to differentiate fecal indicators from different environmental sources,
libraries of Enterococci were also generated from domestic dog scat and a composite
sample of human waste from a sewage treatment plant, respectively. These sources were
chosen based on accessability and their potential contribution to fecal contamination of

recreational marine waters.



Domestic Dog (Canis lupus familiaris)

Domestic dogs (Canpis lupus familiaris) belong to the Canidae family of the
mammalian order Carnivora. At least 38% of American households own a dog (AMVA
2018), making canines the most popular pet in the US. Dogs are often taken to
recreational beaches; however, dog waste not removed from the environment due to
irresponsible pet owner behavior has found to contribute to the levels of Enterococci
found in beach sand and water (Wright et al. 2009).

Sewage

Sewage waste delivered to sewage treatment facilities undergo a primary and
secondary treatment before being discharged back into water outlets. The primary
treatment involves filtration processes that remove large particles and sediments from the
waste. The secondary treatment results in the removal of approximately 85% of organic
matter and is then disinfected with chlorine prior to discharge (EPA 1998). However,
different factors such as heavy rainfall overwhelming the combined sewer overflows
(Gorman 1999) can contribute to the unintentional discharge of partly or non-treated
sewage into the environment, contributing to fecal contamination of recreational waters.

Microbial Identification

Enterococci isolated from harbor seal scat, domestic dog scat, and sewage were
identified through MALDI-TOF MS and 16S rRNA sequencing.
MALDI-TOF MS

Matrix-assisted laser desorption-ionization time of flight mass
spectrometry (MALDI-TOF MS) is a method of peptide mass fingerprinting (PMF) that
provides fast and accurate identifications of unknown microorganisms (LaMontagne et
al. 2021). Species and strain discrimination are possible with MALDI-TOF MS (Wolters
et al. 2011, Hettick et al. 2006). Additionally, Mazhari (2021) found that MALDI-TOF



MS provides the same species and strain resolution as seen in Whole Genome
Sequencing (WGS).

In the full MALDI-TOF MS protocol, formic acid protein extractions from
bacterial isolates are spotted onto conductive steel targets and overlaid with a matrix
solution. MALDI-TOF MS is a soft ionization method as the matrix solution used to
assist the ionization process protects the molecules from being fragmented by the laser
pulses. (Wang et al. 2016).

The MALDI-TOF MS system involves desorption and ionization processes in
which the matrix is vaporized by pulses of laser light at a wavelength of 337 nm; this
ablates analyte and matrix molecules from the steel target. The analyte molecules
becoming ionized through proton transfer with the nearby matrix molecules (Wang et al.
2016), resulting in each analyte ion having a single positive charge. In time of flight
(TOF) mass spectrometry, an electric field accelerates these ionized molecules so that
each ion has the same kinetic energy; this allows separation of ions by mass as the lighter
ions travel faster than heavier ions (Wang et al. 2016).

MALDI-TOF MS can identify bacteria by comparing PMFs with reference
spectra databases. Bacteria-specific mass spectra found within a mass range of 2 to 20-
kDa (Panda et al. 2014) are typically used for this comparision. The popular MALDI
Biotyper reference library consists of 3,893 species across 664 microorganism genera
(Bruker 2021), allowing for easy identification for diverse groups of bacteria, including
FIB
16S rRNA Sequencing

16S rRNA sequencing is commonly used for phylogenetic analysis of bacteria
(Johnson et al. 2019). Comparing 16S rRNA sequences with reference sequences

available on public databases allows for the differentiation between bacteria across major



phyla at the genus level (Janda and Abbott 2007). Universal 16S primers can be used to
amplify the 16S rRNA sequence extracted from unknown isolates, giving a large yield of
16S rRNA for sequencing and microbial identification. Though 16S rRNA sequencing
can identify many genera of bacteria to the species and level, the ability to fully resolve
taxonomic identities at these levels is often limited. Limitations to 16S identifications
include inadequate references in databases not allowing for proper comparison, as well as
many 16S rRNA sequences being partial due to short read sequencing platforms targeting
the 16S variable regions. Limiting 16S sequencing to only a few hypervariable regions
does not give the taxonomic resolution that would be allowed by sequencing the entire
approximately 1,500 base pair 16S rRNA gene (Johnson et al. 2019).
Significance

The persistent issue of fecal pollution in recreational marine waters primarily
remains due to the inability to identify the source of fecal contamination (Bernhard and
Field, 2000). Identifying sources of fecal contamination is essential for assessing
associated human health risks and determining the necessary actions for remediation
(Scott et al., 2002). Fecal pollution in marine environments can come from a variety of
places, including: human sewage, agricultural livestock runoff, domestic pets, and marine
mammals such as harbor seals. As there are so many different elements that can
contribute to marine fecal pollution, source identification is crucial.

To our knowledge, this is the only study to date to assess the capability of
MALDI-TOF MS to differentiate Enterococci isolated from pinnipeds and Enterococci

isolated from different potential sources of recreational water fecal contamination.



2018 Preliminary Data

As pinnipeds are protected by the 1976 Marine Mammal Protection Act, studying
seals in the wild can be difficult. To assess whether captive seals could be used to study
wild seals, DNA sequences of bacteria isolated from captive harbor seal scat in a 2018
preliminary study was used to construct a phylogenetic tree.

In this 2018 study, DNA was extracted from 180 mg of harbor seal scat using the
NucleoSpin DNA Stool kit (Macherey-Nagel, #740472). The extracted DNA was used to
amplify the 16S rRNA region using Polymerase Chain Reaction (PCR) with universal
16S primers. Following 16S rRNA sequencing and manual curation of sequences
generated from harbor seal scat, a phylogenetic tree was constructed. This tree includes
sequences isolated from other marine mammals and terrestrial mammals. Sequences from
captive harbor seals were found to be closely related to sequences isolated from wild
seals (Figure 3). Sequences from both captive and wild seals clustered closely with other
marine mammalian sequences; however, marine mammal sequences did not cluster with
sequences from terrestrial mammals. This suggests that captive seals are a convenient,

reliable way to study the gut microbiome of wild seals.
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Figure 3. 16S rRNA phylogenetic analysis from 2018 preliminary study showing that gut
bacteria isolated from captive seals are closely related to those from wild seals.
Highlighted in pink are sequences derived from captive harbor seals.
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CHAPTER II:
METHODOLOGY AND MATERIALS

Sample Collection

Six grams of a fresh composite scat sample was provided by a local aquarium
housing harbor seals. These captive seals are kept in a 70,000 gallon tank filled with
saltwater treated with ozone; temperature is maintained at 15.56°C and salinity at 15 ppt.
Fresh domestic dog scat was collected and provided by the owner. A composite sample
of human sewage in a 50 mL conical tube was provided by the Dallas Salmon
Wastewater Treatment Plant (Houston, TX, USA). All samples collected were
transported to the lab on ice and immediately used for serial dilution preparation.

Scat Sample Preparation

One gram of fresh scat was transferred to a sterile 50 mL conical tube and
suspended in 20 mL of 1x PBS to make a scat slurry. Slurries were vortexed until
homogenous and centrifuged at 10,000 x g for 10 minutes. 15 mL of the resulting
supernatant was decanted and discarded. The remaining 5 mL of supernatant was
transferred to a new, sterile 50 mL conical tube to be used for serial dilutions. Slurries
were serially diluted in 1x PBS from 1071 to 107 for plating on Enterococci-selective
media. The remaining scat slurries were preserved in 10% glycerol and stored at -80°C to
retain viability.

Cultivation of Enterococci

2x Rapid Enterococci ChromoSelect Agar

100 pl of 1074, 107%, and 107® dilutions were transferred to a single quadrant on 2x
Rapid Enterococci ChromoSelect Agar (2x REA) and streaked with a sterile swab. The
remaining plate was quadrant streaked with sterile loops to isolate colonies of

Enterococci. 2x REA plates was incubated at 37°C for 48 hours. Each dilution was plated

12



on to three separate plates per source, for a total of 27 plates. Blue colonies indicative of
Enterococci growth were restreaked onto 2x REA agar to verify isolation of Enterococci.
2x Enterococci Mixed Media Broth

EMM broth was prepared with 42 mL of 2x EMM base (2 g peptone, 2 g yeast
extract, 1 g lactose, 0.54 g potassium dihydrogen phosphate, 2 g sodium citrate in 84 mL
of distilled water), 5 mL of 1% sodium azide, 2 mL of 0.88 M sodium carbonate
monohydrate, and 1 mL of Trinitrophenyl for a final volume of 50 mL.

A 96-well microplate containing 200 ul of 2x Enterococci Mixed Media (EMM)
broth were inoculated with 50 pl of 104, 1075, and 107 dilutions and incubated at 37°C
for 48 hours. Wells positive for Enterococci growth were restreaked onto 2x REA agar to
verify isolation of Enterococci. 100 pl from the well plate was transferred to a quadrant
on 2x REA and streaked with a sterile swab. The remaining plate was quadrant streaked
with sterile loops to isolate colonies of Enterococci. All isolated colonies were restreaked

onto TSA and prepared for MALDI-TOF MS within 24 hours of growth (Table 2).

Table 2. Isolate codes and the source sample and dilution cultured from.

Dilution Plated Harbor Seal Domestic Dog Sewage
EMM Well 107° ESO1-ES04 EDO1-EDO4 ELO1-ELD4
EMM Well 1075 ESOS-ESO8 EDOS-EDD8 ELO5-ELOS
EMM Well 107* ES09-E512 EDDZ-ED12 ELDS-EL12
10°® ES13-ES24 ED13-ED24 EL13-EL24
105 ES25-ES40 ED25-ED40 EL25-EL40
10 ES41-ES56 ED41-EDS6 EL41-ELS6
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MALDI-TOF MS

Proteins were extracted from isolates following the Formic Acid/Ethanol Tube
Extraction (TE) Method (Bruker). A 10 ul-loopful of subculture from an isolated pure
bacterial colony was suspended in 300 pul LC-MS Grade Water (Sigma WX001) and
vortexed until homogenous. Bacterial suspensions were treated with 70% ethanol by
adding 900 pl of 100% HPLC-MS Ethanol (Sigma 459828) and vortexing thoroughly.
Suspensions were centrifuged at 14,500 rpm for two minutes and the supernatant was
completely decanted and discarded. Bacterial pellets were allowed to air-dry at room
temperature for 10 minutes to ensure all ethanol was removed.

Pellets were resuspended in 50 pl of 70% formic acid (Fisher Scientific #A117-
50) and vortexed thoroughly; tubes were allowed to stand for five minutes. 50 ul of 100%
acetonitrile (Thermo Scientific #51101) was added to each tube and vortexed thoroughly
for 10 seconds. Formic acid extractions were centrifuged at 14,500 rpm for two minutes,
and 70 pl of the resulting supernatant was transferred to a sterile 1.5 mL microcentrifuge
tube. Protein extractions were stored at -20°C prior to steel target spotting.

Prior to spotting protein extractions, a 384-spot steel target plate was cleaned with
70% EtOH and 80% Trifluoroacetic acid (TFA). The target was rinsed with distilled
water and allowed to dry completely.

One microliter of protein extraction was placed onto a spot on the 384-spot steel
target plate and allowed to air dry. The supernatant spots were then overlaid with 1 pl of
matrix solution (5 mg Bruker HCCA/mL) and allowed to air-dry. The steel targets were
then packaged on ice and shipped overnight to the Proteomics and Mass Spectrometry
Core Facility at the Huck Institute (The Pennsylvania State University, University Park,

PA, USA) for mass spectrometry analysis.
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MALDI-TOF MS Analysis

Identifications of isolates from the Bruker MALDI Biotyper system and their
associated reliable-1D scores were received in the form of a PDF report. The reliabilty of
isolate identities were determined using score range presented in Table 3 (Bruker 2021).

Mass spectra were analyzed by cluster analysis using custom scripts (LaMontagne
et al. 2021) and functions from the R package MALDIquant (Gibb and Strimmer 2012).
The script used included two optimization loops that repeatedly sampled random values
within a specified range for the following parameters: smoothing, baseline removal,
alignment, alignment tolerance, and signal to noise ratio (LaMontagne et al. 2021). The
first loop optimized the number of peaks shared between pairs of average mass spectra
and calculated Jaccard coefficients. The second optimization loop minimized the
overlapping of cosine similarity values between closely and distantly related isolates,
respectively (LaMontagne et al. 2021, Strejcek et al. 2018). The script defined MALDI-
TOF taxonomic units (MTUs), which correspond to operational taxonomic units, through
cluster analysis (LaMontagne et al. 2021). Approximately unbiased probability values
and bootstrap probabilities were assigned to clusters with Pvclust (Suzuki and

Shimodaira 2006). The script used in this study is presented in an R markdown file

(Appendix).
Table 3. Reliability of Bruker IDs by score range.
Score Range Description
2.300... 3.000 Highly probable species identification
2.000...2.299 Secure genus identification, probable species identification
1.700 ... 1.999 Probable genus identification
0.000 ... 1.699 No reliable identification
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DNA lIsolation

Representative isolates of E. faecalis MTUs that were identified as species-secure
using the Bruker MALDI Biotyper database (Biotyper score > 2.3) were identified by
16S rRNA gene sequencing to confirm the identity of MALDI-TOF MS isolates.

DNA was extracted from Enterococci isolates using the MasterPure™ Gram
Positive DNA Purification Kit (Lucigen MGP04100). Overnight cultures of Enterococci
isolates in 1 mL TSB were pelleted by centrifugation at 16,000 x g for two minutes; the
resulting supernatant was decanted and discarded. The pellets were resuspended in 140 pl
TE Buffer and vortexed until homogenous. 10 pul TE with 1 pl Ready-Lyse Lysozyme
was added to each tube and vortexed to mix. Tubes were incubated overnight in a 37°C
water bath to help facilitate lysis. After 24 hours, 150 ul Gram-Positive Lysis solution
with 1 pl Proteinase K (50 pg/ul) was added to lysates in each tube, and vortexed
thoroughly to mix. Tubes were incubated at 70°C for 15 minutes at 300 rpm, and briefly
vortexed every five minutes. 2 pl of RNase A (10 pg/ul) was added to each tube and
incubated in a 37 °C water bath for 30 minutes. 175 pl of MPC Protein Precipitation was
added to each tube and vortexed thoroughly for 10 seconds. Cells were pelleted by
centrifuging at 4°C for 10 minutes at 10,000 x g. The resulting supernatant was
transferred to new, sterile 1.5 mL microcentrifuge tube. 250 pl of ice-cold isopropanol
was added to the supernatant and mixed by inverting tubes 40 times. DNA was pelleted
by centrifuging at 4°C for 10 minutes at 10,000 x g. The isopropanol was decanted and
discarded, and DNA pellets were washed twice with 10 pl of 70% ethanol. Extracted
DNA was eluted in 35 pl TE buffer and DNA concentration was measured using

NanoDrop. DNA extractions were stored at -20°C prior to amplification with 16S PCR.
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16S rRNA PCR

DNA extractions and universal primers were used to amplify the 16S rRNA gene
of Enterococci isolates through PCR. Enterococci DNA templates were thawed on ice
and flicked into suspension if needed. PCR master mix was prepared in a sterile 1.5 mL
microcentrifuge tube using 120 ul of 2x Platinum Il Hot-Start PCR Master Mix
(Invitrogen #14000012), 100 ul of nuclease-free water (Invitrogen #4387936), 10 ul of
0.1 uM 8F (5’-AGAGTTTGATCCTGGCTCAG-3’), and 10 pl of 0.1 uM 1492r (5°-
GGTTACCTTGTTACGACTT-3"), for a final volume of 240 pl.

24 ul of the prepared master mix was aliquoted into ten separate 0.2 mL PCR
tubes. One microliter of DNA template was transferred to nine tubes, giving a final
reaction volume of 25 pl. The tenth tube was inoculated with 1 pl of nuclease-free water

to be used as a negative, no-template control. Thermocycling was performed as described

in Table 3.
Table 4. PCR Thermocycling Conditions

Step Temperature Time

Initial Denaturation 94°C 2 minutes
PCR: 35 Cycles
Denaturation 98°C 5 seconds
Annealing 60°C 15 seconds
Elongation 60°C 15 seconds
Hold 4°C o0

PCR products were examined for amplification through agarose gel
electrophoresis. A 1% agarose gel was prepared using 1x TBE buffer and GelRed. Six
microliters of 1kb DNA ladder (NEB N3200S) was placed in the first well to analyze
DNA base pair size. Five microliters of PCR product supplemented with 1 pl of 6x

loading dye (NEB B7021), and the no-template control were transferred into the
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remaining wells. Gel electrophoresis was run at 75V until the DNA traveled down three
quarters of the gel. The gel was then observed using the Gel Doc XR System from Biorad
to check for successful amplification. PCR products with amplified DNA were shipped to
Lone Star Laboratory (Houston, TX, USA) for 16S rRNA sequencing.
16S rRNA Phylogenetic Analysis

The generated forward and reverse 16S rRNA sequences were manually curated
in the software program BioEdit (7.2.5). The reverse sequence was reverse-
complemented and pair-wise aligned with the forward sequence. Mismatched nucleotide
base pairs were manually curated using the generated 16S spectra data. A consensus
sequence was generated from the aligned forward and reverse sequences to be used for
phylogenetic analysis. Consensus sequences were used to find reference GenBank
sequences using BLAST. Consensus and reference sequences were automatically aligned
by CLUSTAL-W. A phylogenetic tree with the multiple sequence alignment was
constructed in BioEdit using the DNAmIk DNA Maximum Likelihood program with
molecular clock method. The generated tree file was visualized using the web service

phylogeny.fr (Dereeper and Guignon et al. 2008).
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CHAPTER III:
RESULTS

Cultivation of Enterococci

56 isolated colonies with morphologies consistent with Enterococci were selected
per source, for a total of 168 isolates. Upon restreaking onto 2x REA, 144 isolates were
found to have morphologies consistent with Enterococci: 53 isolates from seals, 56
isolates from dogs, and 47 isolates from sewage.
2x EMM Broth

Nine sewage isolates restreaked from Enterococci-positive 2x EMM 10~* wells
(Figure 4) did not have the blue pigment indicative of Enterococci growth when plated
onto 2x REA; however, four additional sewage isolates from the 2x EMM 10~* wells
were restreaked for MALDI-TOF analysis, each with morphologies consistent with
Enterococci. Enterococci-positive 2x EMM wells from harbor seal scat and dog seal scat
plated onto 2x REA, respectively, all had colony morphologies consistent with that of

Enterococci (Figure 5).

T T
SIS S8 885

Harbor Seal Sewage

Figure 4. 2x EMM plates with labels indicating inoculation source sample. Red wells are
indicative of Enterococci growth. The twelfth column for harbor seal and the first column
for domestic dog and sewage are uninoculated wells used as a negative control.
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Figure 5. Dilutions from 2x EMM wells plated onto primary 2x REA plates for A)
Harbor seal, B) Domestic dog, and C) Sewage.
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2x Rapid Enterococci ChromoSelect Agar

Isolates from the 10~° and 107 dilutions plated onto primary 2x REA plates all
had morphologies consistent of Enterococci when restreaked onto secondary 2x REA
(Figure 6). Two seal scat isolates and one sewage isolate from their respective 10~
dilution primary 2x REA plates did not have morphologies consistent with that of
Enterococci and were not included in MALDI-TOF MS preparations. 42 isolates per
source were selected for MALDI-TOF MS analysis, for a total of 126 isolates identified

by the Biotyper database.
A

Figure 6. Slurry dilution 2x REA primary plates for A) Harbor seal scat, B) Dog scat, and
C) Sewage. 107¢, 10>, and 10~* dilutions plated onto 2x REA show in first, second, and
third row, respectively.

21



MALDI-TOF MS ldentifications
Of the 126 isolates identified via MALDI-TOF MS, 114 were identified as
Enterococci, with 54 species-secure isolates, 58 genus-secure isolates, and two genus-
probable isolates. Six Enterococci species were identified from the collective source
samples: E. casseliflavus, E. faecium, E. faecalis, E. gallinarum, E. hirae, and E. mundtii
(Table 5). Despite having morphologies consistent with that of Enterococci on 2x REA,
four isolates cultured from harbor seal 2x EMM 10~* wells (ES04-ES08) were identified

as Carnobacterium maltaromaticum, and thus excluded from cluster analysis.

Table 5. Enterococci species identified from each sample source.

Enterococcus Species Harbor Seal Domestic Dog Sewage
E. casseliflavus 0 8 0

E. faecium 0 0 34

E. faecalis 34 18 1

E. gallinarum 0 1 0

E. hirae 4 0 3

E. mundtii 0 11 0

Enterococci isolated from harbor seal scat were identified as either E. faecalis or
E. hirae (Table 6). Domestic dog scat had the greatest species diversity of Enterococci
cultured, with a total of four species isolated. Sewage samples had a total of three
Enterococci species isolated, while only two Enterococci species were isolated from
harbor seal scat. These results are in partial unison with those of Medeiros et al. (2017),
who identified high proportions of E. faecalis and the presence of E. hirae in South
American and Subantarctic fur seals samples through gPCR. However, Medeiros et al.

(2017) also detected a high proportion of E. mundtii and the presence of E. gallinarum
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and E. casseliflavus, both of which isolated from dog scat (Table 7) but was not isolated
from seal scat in this study.

Enterococci isolated from domestic dog scat were identified as E. faecalis, E.
casseliflavus, E. mundtii, and E. gallinarum (Table 7). Enterococci isolated from treated
sewage samples were identified as E. faecium, E. faecalis, and E. hirae (Table 8). Isolates

not identified as Enterococci were removed for cluster analysis.
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Table 6. MALDI-TOF Bruker identifications of Enterococci isolated from Harbor
Seals. Scores of >2.3 are considered to have a species-secured ID. Scores of
2.0 — 2.29 are considered to have a genus-secured 1D

Isolate Bruker ID Score
ESO1 Enterococcus faecalis 2.09
ESO2 Enterococcus faecalis 2.19
ESO3 Enterococcus faecalis 2.22
ES10 Enterococcus faecalis 2.05
ES11 Enterococcus faecalis 2.23
ES12 Enterococcus faecalis 2.18
ES13 Enterococcus faecalis 2.30
ES14 Enterococcus faecalis 2.08
ES15 Enterococcus faecalis 2.15
ES16 Enterococcus faecalis 1.97
ES17 Enterococcus faecalis 2.23
ES18 Enterococcus faecalis 2.29
ES19 Enterococcus faecalis 2.22
ES20 Enterococcus faecalis 2.32
ES21 Enterococcus faecalis 2.22
ES22 Enterococcus faecalis 2.17
ES23 Enterococcus faecalis 2.14
ES24 Enterococcus faecalis 2.30
ES25 Enterococcus faecalis 2.31
ES26 Enterococcus faecalis 2.25
ES27 Enterococcus faecalis 2.32
ES28 Enterococcus faecalis 2.32
ES29 Enterococcus faecalis 2.31
ES30 Enterococcus faecalis 2.38
ES31 Enterococcus faecalis 2.38
ES32 Enterococcus faecalis 2.34
ES33 Enterococcus faecalis 2.26
ES34 Enterococcus faecalis 2.21
ES35 Enterococcus faecalis 2.36
ES36 Enterococcus faecalis 2.18
ES37 Enterococcus faecalis 2.26
ES38 Enterococcus faecalis 2.19
ES39 Enterococcus faecalis 2.22
ES40 Enterococcus faecalis 2.25
ES43 Enterococcus hirae 2.43
ES44 Enterococcus hirae 231
ES45 Enterococcus hirae 2.43
ES46 Enterococcus hirae 2.26
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Table 7. MALDI-TOF Bruker identifications of Enterococci isolated from Domestic dog
scat.

Isolate Bruker ID Score
EDO1 Enterococcus casseliflavus 2.16
EDO02 Enterococcus mundtii 2.37
EDO3 Enterococcus faecalis 2.30
EDO4 Enterococcus faecalis 2.11
EDO5 Enterococcus casseliflavus 2.18
EDO6 Enterococcus mundtii 2.38
EDO7 Enterococcus faecalis 2.34
EDO8 Enterococcus faecalis 2.31
EDO09 Enterococcus faecalis 2.34
ED10 Enterococcus casseliflavus 2.01
ED11 Enterococcus faecalis 2.27
ED12 Enterococcus mundtii 2.40
ED13 Enterococcus faecalis 2.07
ED14 Enterococcus mundtii 2.25
ED15 Enterococcus casseliflavus 2.00
ED16 Enterococcus faecalis 2.25
ED17 Enterococcus casseliflavus 2.05
ED18 Enterococcus mundtii 2.39
ED19 Enterococcus faecalis 2.35
ED20 Enterococcus mundtii 2.30
ED21 Enterococcus faecalis 2.13
ED22 Enterococcus mundtii 2.30
ED23 Enterococcus casseliflavus 2.14
ED24 Enterococcus mundtii 2.12
ED25 Enterococcus casseliflavus 2.12
ED26 Enterococcus faecalis 2.42
ED27 Enterococcus gallinarum 2.10
ED28 Enterococcus casseliflavus 2.30
ED29 Enterococcus mundtii 2.37
ED30 Enterococcus mundtii 2.28
ED31 Enterococcus mundtii 2.03
ED32 Enterococcus faecalis 2.34
ED33 Enterococcus faecalis 2.34
ED34 Enterococcus faecalis 2.31
ED35 Enterococcus faecalis 2.31
ED36 Enterococcus faecalis 2.32
ED37 Enterococcus faecalis 2.27
ED38 Enterococcus faecalis 2.27
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Table 8. MALDI-TOF Bruker identifications of Enterococci isolated from treated-sewage
samples.

Isolate Bruker ID Score
ELO1 Enterococcus faecalis 2.31
ELO2 Enterococcus faecium 2.52
ELO3 Enterococcus faecium 2.30
ELO4 Enterococcus faecium 1.73
ELO5 Enterococcus faecium 2.37
ELO6 Enterococcus faecium 2.46
ELO7 Enterococcus faecium 2.09
ELO8 Enterococcus faecalis 2.35
ELO9 Enterococcus faecium 2.20
EL10 Enterococcus faecium 2.24
EL11 Enterococcus faecium 2.22
EL12 Enterococcus faecium 2.24
EL13 Enterococcus faecium 2.30
EL14 Enterococcus faecium 2.35
EL16 Enterococcus hirae 2.38
EL17 Enterococcus faecium 2.26
EL18 Enterococcus faecium 2.19
EL19 Enterococcus hirae 2.44
EL20 Enterococcus faecium 2.05
EL21 Enterococcus faecium 2.30
EL22 Enterococcus faecalis 2.25
EL23 Enterococcus faecium 2.35
EL25 Enterococcus faecium 2.44
EL26 Enterococcus faecium 2.25
EL27 Enterococcus faecium 2.41
EL28 Enterococcus faecium 2.19
EL29 Enterococcus faecium 2.18
EL30 Enterococcus faecium 2.45
EL31 Enterococcus faecium 2.22
EL32 Enterococcus faecium 2.26
EL33 Enterococcus faecium 2.41
EL34 Enterococcus hirae 2.42
EL35 Enterococcus faecium 2.24
EL36 Enterococcus faecium 2.43
EL37 Enterococcus faecium 2.22
EL38 Enterococcus faecium 2.18
EL39 Enterococcus faecium 2.24
EL40 Enterococcus faecium 2.35
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MALDI-TOF Cluster Analyses
All Enterococci Isolated

Enterococci isolates from each source clustered into 17 separate MTUs (Figure 7).
Each MTU was specific to a single source, except for MTUO3 and MTUO5, which had
isolates from seal and dog scat. Three MTUs were specific to harbor seals, two were
specific to domestic dogs, and nine were specific to sewage (Table 9).

The source-specific MTU clusters are likely due to the difference in Enterococcus
species diversity isolated from each source; however, there were three harbor seal-
specific MTUs that did not cluster with isolates of the same species from dog scat and
sewage samples. MTU15 had 14 harbor seal-isolated E. faecalis, while MTU16 and
MTUL17 had harbor seal-isolated E. hirae.

Approximately two-thirds (3095/4465) of the pairwise comparisons showed
Jaccard similarity coefficients of less than 0.2 (Figure 8). Cosine similarity for these
pairwise comparisons ranged from 0.068 to 0.497. Approximately one-third (1370/4465)
of the pairwise comparisons showed Jaccard similarity coefficients greater than or equal
to 0.2. Cosine similarity for these pairwise comparisons ranged from 0.500 to 0.833.
Jaccard similarities of 0.2 corresponded to cosine similarities of 0.50. Isolates clustered
within MTUs appeared coherent, as they were consistent with the species identified by
the Bruker MALDI Biotyper reference library.

Consistent mass-to-charge ratios (m/z) were observed across the Enterococcus
genus with distinct peaks at 4411.953, 4758.186, 5095.4, 7272.734, and 9543.53. Peaks
at 7272.734 and 9543.53 were the most intense amongst these consistent m/z values.
Several peaks were found to be shared amongst Enterococcus species as well, with

distinct peaks at 8971.889 and 9054.732 observed in all E. faecium, E. mundtii, and E.
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faecalis mass spectra; however, these peaks were not found in E. hirae or E.

casseliflavus.
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Figure 7. Hierarchical clustering of mass spectra for Enterococci isolated from each
sample source. Pink, blue, and green boxes represent seal, dog, and sewage isolates,
respectively. MTUs are indicated at each node.
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Figure 8. Cosine versus Jaccard similarities for pairwise comparisons of mass spectra
from all Enterococci isolates.
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Table 9. MTUs defined through cluster analysis showing the number of isolates from
each source per MTU. MTU boxes highlighted indicate MTUs with isolates from a single
source. Blue, green, and pink boxes indicate MTUs with dog, sewage, and seal isolates,
respectively.

MTU Harbor Seal Domestic Dog Sewage
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Species-Secure E. faecalis

22 species-secure E. faecalis isolates (11 from seal, 11 from dog) were used for
cluster analysis. E. faecalis from seal and dog scat clustered into four MTUs (Figure 9).
Two of these MTUs (MTUO1 and MTUO2) had isolates from both seals and dogs;
however, MTUO3 and MTUO4 only had seal-isolated Enterococci (Table 10). Seal isolate
ES35 and dog isolate ED0O8 in MTUO2 clustered as sister taxa with an AU value of 91.
Though MTUO2 had both seal and dog isolates, the two clusters seen within this MTU

suggest that isolates from the same source still cluster more closely together.
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Enterococci isolates in the seal-specific MTUs (MTUO03 and MTUO04), as well as
the seal-dog mixed MTUO1 had a best match pattern to the strain Enterococcus faecalis
DSM 6134 DSM. Enterococci isolates in the seal-dog mixed MTUO2 had a best match
pattern to the strain Enterococcus faecalis DSM 20409 DSM.

Approximately 14.76% (31/210) of the pairwise comparisons showed Jaccard
similarity coefficients of less than 0.2 (Figure 10). Cosine similarity for these pairwise
comparisons ranged from 0.413 to 0.496. Approximately 85.24% (179/210) of the
pairwise comparisons showed Jaccard similarity coefficients greater than or equal to 0.2.
Cosine similarity for these pairwise comparisons ranged from 0.502 to 0.751. Jaccard

similarities of 0.2 corresponded to cosine similarities of 0.50.
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Figure 9. Hierarchical clustering of mass spectra for isolates from seal and dog reliably
identified as E. faecalis (Bruker score >2.3) by the Biotyper system. Pink and blue boxes
represent seal and dog isolates, respectively. MTUs are indicated at each node.
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Figure 10. Cosine versus Jaccard similarities for pairwise comparisons of mass spectra
from seal and dog species-secure E. faecalis isolates.

Table 10. MTUs defined through cluster analysis of species-secure Enterococci isolates
showing the isolates from seal and dog sources per MTU. Red boxes indicate MTUs that
had seal-isolated Enterococci only.

MTU Harbor Seal Domestic Dog
MTUO1 (1): ES29 (3): EDO3, EDO7, EDOS
MTUO2 (4): ES20, ES31, ES32, ES35 (8): EDO8, ED13, ED26, ED32,

ED34, ED35, ED36, ED40

MTUO3 (3): ES13, ES27, ES28 None

MTUOS (3): ES24, ES25, ES30 MNone
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16S rRNA Sequencing
PCR Amplification of Enterococci 16S rRNA
DNA amplification of harbor seal E. faecalis isolates ES25, ES27, ES29 and
ES32, and dog E. faecalis isolates ED08, ED09 and ED36 was assessed through gel
electrophoresis. Each PCR product had a DNA band size of approximately 1,500 base
pair (Figure 11), which is consistent with the expected PCR product size and known

length of the 16S rRNA gene (Johnson et al. 2019).

Ladder ES25 ES27 ES29 ES32 EDO8 EDOS ED36

3,000 bp
2,000 bp
1,500 bp

1,200 bp
1,000 bp

500 bp

Figure 11. Gel electrophoresis of 16S E. faecalis PCR products from harbor seal and dog.
Base pair length indicated next to the DNA ladder in well one. Each PCR product had a
band size approximately 1,500 bp.

16S rRNA Phylogenetic Analysis

Isolates ES13, ES25, ES27, ES29, ES30, ES32, ED08, ED09, and ED36 each had
a final sequence length of 1,433 base pair (bp) following manual curation in BioEdit. E.
faecalis 16S sequences generated from harbor seal and dog scat had a 100% identity
match, showing no differences in nucleotides between E. faecalis from these two sources.

Each E. faecalis consensus sequence put into BLAST had the same top 100 accession
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matches with percent identity scores ranging from 100-99.93%. The top matches were

not exclusive to mammals and included sequences isolated from insects, fish, and soil.

Phylogenetic analysis of E. faecalis isolates showed that isolates from different

mammalian and non-mammalian sources clustered together, with each branch having a

length of 0.00; this confirms that 16S rRNA sequencing does not provide the resolution

needed to differentiate sources of E. faecalis contamination (Figure 12).
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Figure 12. 16S phylogenetic analysis of E. faecalis isolated from harbor seal scat (pink)

and domestic dog scat (blue).
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CHAPTER IV:
DISCUSSION

MALDI-TOF MS

The objective of this study was to assess the capability of MALDI-TOF MS to
differentiate Enterococci isolated from sources of environmental fecal pollution. 16S
rRNA phylogenetic analysis, a gold standard for bacterial identification, was performed
to confirm the identification of E. faecalis isolates identified through MALDI-TOF MS.

Distinct clusters were seen following cluster analysis of all isolates identified as
Enterococci from harbor seal scat, domestic dog scat, and sewage (Figure 7). These
clusters were consistent with the MTUs defined; of the 17 MTUs identified, only two
MTUs (MTUO3 and MTUO5) had Enterococci isolated from different sources (Table 9).
Cluster analysis of isolates reliably identified as E. faecalis from harbor seal and
domestic dog scat resulted in four MTUs, two of which were harbor seal-specific (Figure
9). E. faecalis protein spectra from each MTU showed distinct peak differences
(Appendix). MTUs defined through cluster analysis of all Enterococci isolated were
mostly consistent with the MTUs defined for E. faecalis isolates. The harbor seal E.
faecalis isolates in seal-specific MTUs were also in the seal-specific MTU (MTU15)
defined by analysis of all isolates. This suggests that MALDI-TOF can reliably
differentiate sources of environmental Enterococci pollution.

A similar study performed by Mirani (2022) assessed the capability of MALDI-
TOF MS to differentiate sources of environmental E. coli pollution. This study found that
MALDI-TOF MS could differentiate sources of E. coli isolated from human-composite
from E. coli isolated from animal samples (harbor seal and domestic dog scat); however,
distinct clusters could not be seen in E. coli isolated from harbor seal and dog scat,

respectively. This may suggest that MALDI-TOF is more reliable in discriminating
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sources of Enterococci pollution than E. coli; though, the lack of source discrimination
between harbor seal and dog scat as shown by Mirani (2022) may be due to the low
number of E. coli isolated from harbor seal scat with only four harbor seal-isolated E. coli
being used.
MALDI-TOF MS and 16S rRNA Sequencing

MTUs defined through cluster analysis of Enterococci mass spectra suggests that
MALDI-TOF MS may be a reliable method in multiple source tracking to identify
sources of environmental Enterococci contamination. A library of 22 E. faecalis isolates
clustered into four separate MTUs, with two MTUs being harbor seal-specific. The
species identification given by the Bruker MALDI Biotyper system was confirmed as E.
faecalis through 16S rRNA sequencing. Furthermore, phylogenetic analysis of E. faecalis
isolated from different environmental sources confirms that 16S rRNA sequencing does
not provide the resolution needed for source discrimination of environmental E. faecalis
isolates.
16S rRNA Phylogenetic Analysis

16S rRNA sequencing of isolates reliably identified as E. faecalis by the Bruker
Biotyper system verified that MALDI-TOF MS can accurately identify these isolates.
Phylogenetic analysis of E. faecalis 16S rRNA sequences from harbor seal and dog scat
showed that sequences from different mammalian and non-mammalian sources clustered
together, confirming that 16S rRNA sequencing is unable to differentiate sources of E.
faecalis contamination. Following manual curation, the DNA sequences generated from
16S rRNA sequencing had a final length of 1,433 bp; this is close to the length of the full
16S gene (approximately 1,500 bp). Despite sequencing the near full 16S gene, the

sequences generated from both harbor seal and domestic dog E. faecalis isolates were
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identical. This confirms that 16S rRNA sequencing is unable to discriminate
environmental sources of E. faecalis pollution.

Current Limitations
Sample Replication

A key limitation of this study includes the number of samples used to culture
Enterococci. The library of Enterococci generated in this study was isolated from a single
composite sample of harbor seal scat, a sample of domestic dog scat, and a composite
sample of human waste from a waste treatment facility. Of these single samples, only one
gram was used to create the sample slurries used for serial dilutions. This sample
limitation provides a very small window into the overall Enterococci composition of
these samples; this may have also contributed to the low species diversity of Enterococci
isolated from each source, particularly harbor seal scat and sewage samples (two and
three species isolates, respectively). Generating a larger library of Enterococci isolated
from more samples of the sources used would provide more species-specific mass spectra
to use for comparison between sources, such as was done in this study with E. faecalis
isolated from harbor seal and dog scat.

Though the preliminary 2018 study suggested that gut bacteria from captive
harbor seals are closely related enough to use for studying wild seals, this study would be
improved by using wild seal scat to isolate Enterococci for MALDI-TOF MS analysis.
Reference Databases

A limitation in the application of MALDI-TOF MS for MST is amount of
environmental protein mass spectra in reference databases. To accurately identify
microorganisms using protein mass spectra, a reference spectra of the same strain is
needed. The Bruker MALDI Biotyper database is diverse; however, it primarily consists

of clinically-isolated microorganisms. The addition of more environmental sources of
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Enterococci mass spectra would provide better discrimination between sources as there
would be more spectra peaks in the reference databases to compare to.
Future Directions

The issue of beach closures in Cape Cod, MA primarily persists due to the lack of
contamination source identification. Having the ability to find where fecal indicators
originate from would allow officials to identify the reason for exceedances in fecal
contamination. Pinpointing the source of fecal contamination and its associated
transmission pathway into recreational water would allow beach administrators to
identify actions needed for remediation.

MALDI-TOF MS could be implemented to further expand upon the EPA’s
current water quality methodology. Though the formic acid/ethanol tube extraction
method helps ensure protein is extracted for analysis, MALDI-TOF MS can be performed
with isolates taken directly from a fresh agar plate. With an in-house MALDI-TOF MS
system, plating directly from an agar plate onto the steel target and performing MALDI-
TOF MS would provide researchers with mass spectra data for Enterococci isolates
within an hour. With the low cost of MALDI-TOF reagents per protein extraction and the
short turnaround time for mass spectra generation, MALDI-TOF MS could be used to
build a library of mass spectra from environmentally-isolated fecal indicators. Identifying
peaks in mass spectra specific to Enterococci based on isolation source would allow

researchers to easily identify the potential source of fecal contamination.
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