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ABSTRACT
TRANSCENDING MICROBIAL SOURCE TRACKING TECHNIQUES ACROSS
GEOGRAPHIC BORDERS: AN EXAMINATION OF HUMAN AND ANIMAL
MICROBIOMES AND THE INTEGRATION OF MOLECULAR APPROACHES IN
PATHOGEN SURVEILLANCE IN BRAZIL AND THE UNITED STATES
by
Amber M. Koskey
The University of Wisconsin-Milwaukee, 2013
Under the Supervision of Professor Sandra McLellan
Waterborne illnesses, attributed to the ingestion or contact with contaminated water,
present a significant global health concern. Surface water sources can be impacted by
wide array of pollution inputs, but fecal pollution generates the most significant and acute
threat to human health. Therefore, the detection of fecal bacteria in surface water sources
remains an important public health objective. Current surface water monitoring employs
the use of fecal indicator bacteria (FIB) including E. coli and enterococci as proxies for
pathogenic organisms carried in fecal pollution. These traditional indicators, detected by
culture-based microbiological methods, do not discriminate fecal sources from another.
New molecular approaches in pathogen surveillance, such as microbial source tracking
(MST) and fecal-associated signatures, are culture-independent and are better suited for
both the detection and identification of fecal pollution sources. By identifying fecal
pollution sources, human health risks can be more accurately assessed and remediation
strategies can be effectively implemented.

This paper examines a variety of MST markers, and the basis for these by integrating in
host source microbiome studies. Chapter 2 describes work with Catellicoccus
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marimammalium, where next generation sequencing demonstrates this marker is a
dominant member of the gull microbiome. This work has important implications for
reconciling high fecal indicator levels at beaches with health risk. Chapter 3 extends
MST work to areas of poor sanitation in Jenipapo, Brazil. The distribution of human
specific indicators in surface water fecal contamination and prevalence of the waterborne
illness schistosomiasis is described. Lastly, Chapter 4 explores the microbial community
of humans and animals across different geographic regions, Brazil and the United States,
to evaluate the applicability of existing MST methods, assess host-specific organisms and
fecal-associated bacterial groups, and investigate the potential to develop new and
geographically-appropriate markers.
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CHAPTER 1: Background and Significance

Fecal pollution in surface water sources as a public health threat
Worldwide, fecal pollution in surface water sources is a significant water quality
impairment that constitutes a major public health threat. Waterborne illnesses, related to
the inadequate provision of water and sanitation services, are responsible for 4 billion
cases of diarrhea and 1.8 million deaths each year, mostly impacting children 5 years of
age and younger living in the rural communities of developing countries (1-2). In these
communities, drinking water supplies are often local waterbodies (i.e. streams, rivers or
lakes) that are contaminated from non-point runoff and at times, the direct discharge of
untreated sewage (3). Quite often, water collected from these sources - for household use
(i.e. sanitation and hygiene purposes) and consumption - is used or consumed prior to
treatment (3). The lack of sanitation and drinking water infrastructures within these rural
communities creates a self-perpetuating cycle of diarrheal diseases, along with other
waterborne infections associated with differing routes of exposure, resulting in: eye
infections, skin irritations, ear, nose and throat infections and respiratory illness (4).
Schistosomiasis, in particular, is a parasitic waterborne infection whose transmission is
dependent on human fecal contamination of fresh water. Unlike most bacterial and viral
waterborne illnesses that are acquired through ingestion, infection results through the
contact of contaminated water (5).

In more developed regions of the world, drinking water sources are treated and piped
directly into one’s house, and sanitation services - sewage treatment facilities or septic
systems - are readily abundant and utilized, so the risk of acquiring waterborne illnesses
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from drinking water sources is minimized. However, waterborne illnesses attributed to
recreational water exposures remains a risk factor, especially during summer months
when bacterial levels increase with increasing water temperatures and when recreational
water use is at its peak (6). Numerous studies have found correlative relationships
between gastrointestinal (GI) illnesses and exposure to recreational waters impacted by
fecal contamination (4, 7). As indicated through the Centers for Disease Control and
Prevention (CDC) Surveillance for waterborne disease outbreaks Morbidity and
Mortality Weekly Report (MMWR) Surveillance Summaries, the incidence of illness
attributable to recreational water exposure appears to be increasing over time. There were
21 recreational water outbreaks reported in 2000, 78 from 2005 to 2006, and 134 from
2007 to 2008 (8-9). Beach closings and advisories have also been increasing in recent
years; the Natural Resources Defense Council (NRDC) reported in 2008 that beach
closings and advisories hit their fourth highest level in the 19 years that the NRDC has
been tracking them (10). NRDC also reports that in 2008, the number of closings and
advisory days at ocean, bay and Great Lakes Beaches topped 20,000 for the fourth year in
row, confirm that our nation’s beaches continue to suffer from serious water pollution
that puts swimmers at risk (10). Whether one’s waterborne illness is attributed to
ingestion (i.e. contaminated drinking water) or through physical contact (i.e. general
household use or recreational activities), understanding the exposure routes, transmission
dynamics and sources of waterborne infections is imperative in preventing human illness.
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Surface water sources and fecal pollution inputs
Surface water sources are susceptible to a wide range of pollution inputs, physical,
chemical and microbiological (11). The protection from pathogenic microbes, such as
those identified in fecal contamination, is designated by the Clean Water Act as the most
important constituent of water used for recreation and public water supplies, along with
other uses (11-12). Fecal contamination enters surface water sources via non-point
runoff, domesticated animals, wildlife and agriculture, and through point sources, such as
the direct discharge of untreated sewage. Whether from animals or humans, fecal
contamination is significant water quality impairment and risk to human health; however,
exposure to human feces poses a greater health risk. Although animals serve as reservoirs
for a variety of enteric pathogens including: various serotypes of Salmonella, Escherichia
coli, Cryptosporidium spp. Campylobacter, Giardia spp., human feces are more likely to
contain human-specific enteric pathogens: Shigella spp., hepatitis A virus, Norwalkgroup viruses, and Salmonella enterica serovar Thypi, as well as the previously identified
pathogens (4, 12). Consequently, humans are at higher risk when exposed to water
contaminated with human feces. In a comparison study that looked that the human health
risks from exposure to recreational waters impacted by human and non-human sources of
fecal contamination, recreational water contaminated by sewage and cattle posed a higher
relative risk of acquiring GI illnesses than water sources contaminated by gulls, chickens
and pigs (4); therefore, knowing the source of fecal contamination (human vs. animal) is
important for risk assessment (12). The identification of fecal contamination sources also
enables the development of appropriate and cost-effective mitigation strategies.

4
Water quality monitoring techniques
Current surface water monitoring employs the use of fecal indicator bacteria (FIB), such
as E. coli and enterococci, to assess the presence of fecal pollution in water; however,
these traditional monitoring methods lack the ability to discriminate fecal sources.
Traditional indicator microorganisms are ubiquitous in nature and are found in the feces
of humans and animals alike, which limits its usefulness as a method to assess human
health risk (12-13). In light of the limitations of traditional monitoring methods,
integrating new molecular approaches in pathogen surveillance are advantageous as they:
provide a better indicator of human health risk, assess host-specificity and can
subsequently be used for mitigation efforts. Molecular techniques, such as microbial
source tracking (MST) and fecal-associated signatures, can be used to detect and identify
pollution sources in surface water sources.

MST uses bacterial genetics to characterize host-specific microorganisms. Host-specific
microorganisms are recognized as an organism’s microbial signature and once identified,
can be used to track pollutants to their source inputs (12). Using fecal-associated
microbial signatures is another molecular technique that can be used to identify fecal
pollution in surface water sources. Similar to MST, fecal signatures consist of a suite of
organisms that are abundant in the microbial community of fecal pollution (13-14). The
profiling of multiple markers, instead of a single host-specific organism, enhances the
specificity of identifying multiple fecal sources in contaminated and complex
environmental samples (13). Given the complexity of watershed systems and array of
fecal contamination inputs (i.e. wildlife, agriculture, sewage), microbial source tracking
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and fecal-associated microbial signatures, are both excellent tools for detecting fecal
contamination in surface water sources and identifying pollution sources. By identifying
the pollution source, efforts can be further made to quantify human health risk, develop
appropriate mitigation strategies and protect human health.

Geographic applicability of microbial source tracking
Geographic variability and host specificity can factor into the applicability of MST
markers, so it is important that the regional utility of a MST marker is tested and
validated across different watersheds (12). Further research is needed to evaluate if
makers developed in one region, state or country will transcend different geographical
regions, as there are a multitude of factors that have been shown to impact and diversify
the gut microbiota of animals and humans, including: diet, sanitation, genetics,
environment, age, antibiotic exposure, geography, etc. (13-16). The intestinal tract of
humans and animals is a complex ecological community that fluctuates overtime and
varies substantially between different individuals and organisms (15), so the
identification of MST markers requires: a comprehensive investigation of fecal microbial
community populations; microbial community comparisons, within and between different
organisms; an assessment of host-specific organisms and fecal-associated bacterial
groups; and an investigation of geographically-appropriate markers.

Purpose of the Study
This paper investigates the exposure routes and transmission dynamics of waterborne
infections, utilizing MST methods and fecal-associated microbial signatures for the
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detection and identification of fecal contamination in surface water sources. This paper
will also examine the relationship between traditional FIB measurements and MST
techniques, and compare potential MST markers with host microbiome assemblages. It
will also look at the distribution of surface water fecal contamination and prevalence of
the waterborne illness schistosomiasis. Lastly, this paper will also explore the microbial
community populations of humans and animals across different geographic regions,
Brazil and the United States, to: evaluate the applicability of existing MST methods;
assess host-specific organisms and fecal-associated bacterial groups and; investigate the
potential to develop new and geographically-appropriate markers. The overall goal of this
research is to become more proficient at integrating molecular techniques to detect and
identify fecal contamination sources, to subsequently minimize public health exposure
risks and prevent human illness.
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CHAPTER 2: Analysis of gull fecal microbial community reveals dominance of
Catellicoccus marimammalium in relation to culturable enterococci
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Abstract
Gulls are prevalent in beach environments and can be a major source of fecal
contamination. Gulls have been shown to harbor a high abundance of fecal indicator
bacteria (FIB), such as E. coli and enterococci, which can be detected readily as part of
routine beach monitoring. Despite the ubiquitous presence of gull fecal material in beach
environments, the associated microbial community is relatively poorly characterized. We
generated comprehensive microbial community profiles of gull fecal samples using
Roche 454 and Illumina MiSeq platforms to investigate the composition and variability
of the gull fecal microbial community and to measure the proportion of FIB.
Enterococcaceae and Enterobacteriaceae were the two most abundant families in our
gull samples. Sequence comparisons between short-read data and near full-length 16S
rRNA gene clones generated from the same samples revealed Catellicoccus
marimammalium as the most numerous taxon among all samples. The identification of
bacteria from gull fecal pellets cultured on membrane-Enterococcus indoxyl-β-Dglucoside (mEI) plates showed that the dominant sequences recovered in our sequence
libraries did not represent organisms culturable on mEI. Based on 16S rRNA gene
sequencing of gull fecal isolates cultured on mEI plates, 98.8% were identified as
Enterococcus spp., 1.2% Streptococcus spp.; and none were identified as C.
marimammalium. Illumina deep sequencing indicated that gull fecal samples harbor
significantly higher proportions of C. marimammalium 16S rRNA gene sequences (>50fold), relative to typical mEI culturable Enterococcus spp. C. marimammalium therefore
can be confidently utilized as a genetic marker to identify gull fecal pollution in the beach
environment.

12
Introduction
Gulls, and other shorebirds and waterfowl, are prevalent in beach environments and their
feces are considered a major source of FIB in coastal and lake waters worldwide (1-5). E.
coli and enterococci are commonly used to monitor the presence of pathogenic organisms
in beach environments and assess the relative human health risks associated with
recreational water use (6); however, these FIB are ubiquitous as they are found in the
feces of humans and animals alike, limiting their utility to accurately predict human
health risks (7). Although there is evidence to support the shedding of human pathogens
(8-11), the human health risks associated with shorebirds and waterfowl feces are
inherently lower than those from human fecal inputs (12, 13). Furthermore, bird
droppings are a more concentrated, point source of contamination on beaches, while
sewage is more readily dispersed, presenting a larger radius of contamination risk. Beach
advisories are implemented to protect public health, but many unnecessary beach closings
result from FIB seeding by gulls (2, 3). These closings can have huge economic
implications, especially in coastal areas (14); therefore, the ability to discriminate the
source of fecal contamination is critical for both human health risk assessments and
mitigation of economic losses.

Currently, most health-related surface water monitoring programs use selective media to
culture FIB, usually E. coli and enterococci. Gulls often shed high densities (105-109
CFUs of E. coli and 104-108 CFUs of Enterococcus spp. g-1 feces) of these organisms via
their droppings to surface waters and beach environments (3, 15). Thus, gull
contamination can confound the monitoring efforts of recreational water sources
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proposed by the United States Environmental Protection Agency (16). Gull populations
have steadily increased in urban areas over the past thirty years because of more readily
abundant food supplies, long lifespans, and few natural predators (17-19). Recreational
water quality monitoring efforts are, in turn, impacted by these growing gull populations.

Traditional culture-based monitoring methods have been successful at establishing
human health risk thresholds; however, these methods generally lack the ability to
identify contamination sources (7). The inability to distinguish sources of fecal
contamination - human sewage, avian species, domestic pets or other urban animals hinders management efforts and conveys an inexact measure of human health risks
associated with recreational water use. Discriminating between contamination sources in
beach and coastal environments can improve risk assessment and mitigation strategies,
and help limit unnecessary beach advisories and closings caused by sources that do not
carry pathogenic organisms.

Despite the ubiquitous presence of gulls and their impact on water quality monitoring
efforts, analysis of the organisms harbored in gull feces has been limited to traditional
cloning methods (20-22) and a comprehensive microbial community profile has yet to be
investigated. Next generation sequencing platforms have gained popularity in recent
years as a cost-effective way to deeply explore the microbial community compositions of
many samples, while providing taxonomic resolution nearly equivalent to full-length 16S
rRNA gene sequences (23, 24). Deeper resolution of microbial communities from gull
feces can aid in discerning the gulls’ contribution to the total fecal load in beach
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environments. Furthermore, an increased understanding of the gull fecal bacterial
composition could assist in the development and validation of source-specific assays to
enhance beach-monitoring efforts.

Previous attempts to monitor gull pollution have resulted in the development of assays
targeting specific bacteria as markers of fecal pollution. Gull-2 (PCR) and gull2, gull3,
gull4 and LeeSeaGull (real-time PCR assays) target the 16S rRNA gene of Catellicoccus
marimammalium (Gull-2, gull2 and gull4) and the genus Streptococcus (gull3) (21, 22,
25). The assays targeting C. marimammalium seem the most promising as this organism
is commonly found in gull fecal samples, is host-specific when compared to non-avian
animals, and is detectable in water sources with suspected gull contamination (21).
Geographic variability can factor into the efficiency and breadth of microbial source
tracking marker use, so the regional utility of a marker must be well tested and validated.
A recent nationwide, multi-laboratory assessment of PCR methods targeting C.
marimammalium discovered that MST methods designated for gull detection were crossreactive with pigeon feces from California (26). The prevalence, geographic scope and
ecology of C. marimammalium in host birds warrants further investigation, and future
assessments should encompass environmental samples from diverse geographic regions
(26). Given these findings, it will be important to note the abundance of C.
marimammalium and general composition of gull fecal samples from Lake Michigan.

In this study, we used the Roche 454 and Illumina MiSeq deep sequencing platforms to
examine the composition and relative abundance of bacteria in gull fecal samples. We
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obtained 16S rRNA gene sequences for bacterial species cultured on mEI plates using
Sanger sequencing and determined their proportion in the overall community. We
explored the potential for gull fecal contamination to confound current water quality
monitoring efforts through their contribution of commonly cultured FIB. Lastly, we
evaluated the regional utility of the Gull-2 assay for beaches along Lake Michigan using
gull fecal samples and environmental samples with presumed gull contamination.

Materials and Methods
Study area, sample collection, and DNA extraction of gull fecal samples
Fresh gull fecal samples were collected aseptically with sterile spatulas from parking lot
surfaces at Bradford Beach (Milwaukee, WI) and Grant Park (South Milwaukee, WI).
Samples were collected within 2-3 minutes after deposition to prevent overgrowth with
non-fecal bacteria. In total, 57 gull fecal samples were collected at Bradford Beach
(n=42) and Grant Park (n=13), and Point Beach (n=2) in Two Rivers, WI, between
December 2011 and October 2012. The collected samples were stored in sterile 2 mL
tubes, transported to the laboratory within two hours, and stored at -80 C. DNA
extractions were performed on 200 mg of the fecal pellets using the Qiagen Stool Kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol, with minor
modifications (doubling the amount of ProteinaseK, transferring 2X supernatant volumes,
and eluting with both DES and AE Buffer). Extracted DNA was stored at -20 C until
further analysis. Four samples from Grant Park (2012) and four from Bradford Beach
(two each from 2011 and 2012) were further purified using the MO BIO PowerClean
DNA cleanup kit for sequencing (MoBio Laboratories, Carlsbad, CA). DNA
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concentration and purity were measured using a NanoDrop ND-1000 (Thermo Fisher
Scientific, Pittsburg, PA).

Next generation sequencing and 16S rRNA gene data set analysis
454 pyrosequencing targeting the V4-V6 hypervariable regions of the 16S rRNA gene
generated ~7,000 quality reads per gull fecal sample. Primers 518F (5CCAGCAGCYGCGGTAAN-3), 1064R (5-CGACRRCCATGCANCACCT-3)
amplified DNA, and primer 565F (5-TGGGCGTAAAG-3) allowed for bioinformatic
trimming (27) of raw sequence reads from the Roche genome sequencer GS-FLX.
Illumina sequencing was also performed for six of eight gull samples (Gulls 1, 4-8). The
V4-V5 hypervariable regions were amplified in these samples according to protocols
developed in the Josephine and Bay Paul Center at the Marine Biological Laboratory,
Woods Hole, MA (28). Sequences from both datasets were trimmed, quality controlled,
and aligned; data was stored in the Visualization and Analysis of Microbial Population
Structures (VAMPS) database (http://vamps.mbl.edu). Taxonomic assignments were
made for all sequences using Global Alignment for Sequence Taxonomy (GAST) (23).
VAMPS taxonomic count tables were normalized to maximum for microbial community
comparisons.

E. columbae and C. marimammalium reference sequence comparisons and Gull-2
alignment
Similarity entropy plots comparing full-length sequences of E. columbae (GAST
annotation of the most abundant species of bacteria in gull samples) and C.
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marimammalium (identified by Lu et al. (21) as the dominant species in gulls and target
for the Gull-2 assay) were made in Vector NTI (Life Technologies, Grand Island, NY).
NCBI reference sequences (E. columbae - AF0661006, C. marimammalium – AJ854484)
were used for comparison.

16S rRNA clone library generation from gull fecal samples
Three of the eight gull fecal samples (Gulls 1, 2 and 5) were used to generate 16S rRNA
gene clone libraries to enable a more definitive classification of the most abundant taxa in
the gull microbial communities. PCR was performed with universal primers, 8F (5AGAGTTTGATCCTGGCTCAG-3) and 1492R (5-GGTTACCTTGTTACGACTT-3).
Products were purified and cloned as described previously (20); sequencing was carried
out with both the M13F and M13R primers using the ABI BigDye Terminator Kit
(Applied Biosystems, Foster City, CA) on an ABI Prism 3700xi (Applied Biosystems,
Foster City, CA). Nearly full-length (~1400 bp) contigs were constructed from forward
and reverse sequence reads with sufficient overlap (CLC Genomics Workbench,
Cambridge, MA). A total of 223 clones were analyzed; incomplete and partial sequences
were removed from the dataset. Quality sequences were aligned in mothur (29) using the
SILVA alignment as a reference. Chimeras were identified using DECIPHER (30) and
removed. Quality sequences were uploaded into Ribosomal Database Project (RDP) for
classification (31). BLAST (32) was used to obtain species-level identification of
sequences identified by RDP as Catellicoccus. Sequence alignment comparisons were
done in MEGA 5 (33) to evaluate the number of times the Gull-2 assay would match our
nearly full-length C. marimammalium contigs (n=176).
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Sequencing and phylogenetic analysis of gull fecal bacterial isolates cultured on mEI
plates
Fresh fecal samples were collected aseptically, as described above, from Grant Park,
South Milwaukee, WI on October 18, 2012. Fecal pellets were re-suspended in a 1:1
weight/volume of PBS; further dilutions (~1:10 and 1:100) were made using sterile
water. The dilutions were filtered onto a 47-mm diameter, 0.45-m-pore-size
nitrocelluose filters (Millipore, Billerica, MA) and placed on membrane-Enterococcus
indoxyl-β-D-glucoside (mEI) agar plates (34) and incubated for 24 hours at 41C. Plates
that generated enough colonies, without being too numerous to count (TNTC), were
selected for colony PCR with universal primers 8F and 1492R to amplify the 16S rRNA
gene. PCR products were cleaned up using ExoSAP-IT (Affymetrix, Santa Clara, CA)
and sequencing was carried out as above, but with only the 8F primer.

Phylogenetic analyses of high quality forward reads from the mEI isolates, ~874 base
pairs long, were conducted in MEGA 5 (33). Clones representing the 111 unique
sequences were selected out of 342 total. Four isolates that were identified by BLAST
(32) as Streptococcus lutetiensis were removed from the final phylogenetic tree. A
neighbor-joining phylogenetic tree based on evolutionary distances estimated using the pdistance method was generated with the unique sequence representatives and reference
sequences in MEGA 5 (33); distances are given as the number of base differences per
site. A bootstrap test was performed with 1000 replicates. Isolates that clustered around a
known reference sequence, with 99% sequence identity or greater, were grouped together
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and annotated as such. Isolates that clustered with two or more reference sequences were
left in the phylogenetic tree without classification.

An alignment and cluster analysis was performed in mothur (29) to verify the proportion
of mEI culturable organisms within our dataset. Sequence reads from the Illumina dataset
and Enterococcus spp. sequences obtained from the mEI isolates (albeit not the same gull
samples as were sequenced, but from the same study area) were compared; only exact
matches were counted.

Sequences within the Illumina dataset identified as C. marimammalium (n=224,082)
were compared to sequences identified as an exact match to our cultured mEI isolates to
generate the proportional relationship between C. marimammalium and culturable
Enterococcus spp. Proportions of culturable Enterococcus identified to the species level
(e.g., E. faecium, E. faecalis, E. hirae, E. durans; n=142), and sequences that may
represent organisms that might be cultured on mEI, but not identified to the species level
(i.e., Enterococcus (species N/A), n=4,132), were also compared to C. marimammalium.

Detection and prevalence of C. marimammalium gull fecal and environmental
samples from the Milwaukee region
Gull-2 assay (Gull-2F: 5-TGCATCGACCTAAAGTTTTGAG-3 and Gull-2R: 5GTCAAAGAGCGAGCAGTTACTA-3) PCR amplifications were carried out as
described in Lu et al. (21) on fecal samples collected between December 2011 and
October 2012 (n=57). Preliminary tests revealed that the Gull-2 assay amplified with
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better efficiency when BSA was added to the reaction. Sensitivity tests were also
conducted on the four gull fecal samples with the highest concentrations of DNA to test
the detection limit of the Gull-2 assay. PCR was done on serial dilutions (100 to 106) from
a 1:1 wt:vol mixture of fecal matter and PBS.

Environmental samples collected during the 2010 and 2011 field seasons from Bradford,
Atwater, Point, and McKinley Beaches in and near Milwaukee with elevated plate counts
of both E. coli and enterococci were selected for Gull-2 screening. Sand and water
samples were previously extracted using the MO Bio Soil Isolation Kit (MO BIO
Laboratories Inc., Carlsbad, CA) and stored at -80 ˚C. PCR amplifications of the Gull-2
assay were carried out as described above using 5 L of DNA in a final reaction volume
of 25 L.

16S rRNA gene sequences
Isolate and clone library 16S rRNA gene sequences were deposited into GenBank under
the following accession numbers: KF250762 - KF250872 (mEI isolate sequences) and
KF250873 - KF251018 (clone library sequences). The 454 pyrosequences and Illumina
sequences are available through the VAMPS database (www.vamps.mbl.edu/).

Results
Microbial community structure in gull fecal samples
A total of 56,428 pyrosequences were generated from eight gull fecal samples.
Enterococcaceae and Enterobacteriaceae were the two most abundant families,
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comprising 58% (Enterococcaceae) and 29% (Enterobacteriaceae) of the samples
(Figure 1). Nearly all samples contained ≥ 50% Enterococcaceae or Enterobacteriaceae,
with the exception of Gull 6, which was also composed of Pseudomonadaceae,
Erysipelotrichaceae, Moraxellaceae, Lactobacillaceae, Leuconostocaceae,
Clostridiaceae, and Staphylococcaceae and had the highest diversity by far of any of the
fecal samples.

Catellicoccus was the most abundant genus on average, accounting for 55% of the total
pyrosequences recovered from the eight gull fecal samples (Table 1). Enterococcus,
Escherichia/Shigella, Clostridium, Klebsiella, and Pseudomonas were also common
genera, each accounting for >10% of the sequences obtained in at least one fecal sample.
Catellicoccus and Enterococcus were the only genera present in all samples. Gull 6 had a
more heterogeneous distribution of genera than the others, with relatively high
proportions of Pseudomonas, Klebsiella, and Psychrobacter. A few typically non-fecal
genera were also relatively common in our samples, including: Serratia, Staphylococcus,
and Comamonas.

Not only was the general taxonomic diversity in V4-V6 reads from gull fecal samples
low, but sequences within the Catellicoccus group shared high similarity. A single
sequence accounted for over 16% of the Catellicoccus sequence reads. Furthermore,
~33% of the pyrosequences shared >99% sequence identity over a >400 bp read length.
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Clone libraries constructed from a subset of the same DNA samples verified the
pyrosequencing results. Over 94% of the 223 clone library-based sequences were
classified as Catellicoccus. Catellicoccus accounted for >98% of clones in Gull 1 (1.4%
as Salmonella), 100% in Gull 2, and 84% in Gull 5 (9% Escherichia/Shigella, 5 %
Salmonella, and 1% as Streptococcus; Table 1). Nearly all sequence reads identified as
Catellicoccus (208/210) were ≥99% match to the C. marimammalium reference sequence
NR042357. The two remaining clones were a 96% match to the same reference sequence.
A comparison between the clone libraries and 454 pyrosequences revealed that more than
90% of the Catellicoccus sequences shared >99% sequence identity in the V5-V6
regions.

Taxonomic resolution of Catellicoccus marimammalium, the dominant taxonomic
group in gull feces
“Enterococcus columbae” was the initial taxonomic assignment of the most numerous
sequence group in the 454 pyrosequence dataset. However, comparison to the RDP and
NCBI databases showed that this sequence group matched most closely to Catellicoccus
marimammalium (Table 1). The majority of nearly full-length (~1400 bp) 16S rRNA
gene sequences of these libraries exactly matched the pyrosequences in the V4-V6
region, confirming that C. marimammalium was the dominant species in our gull
samples.

E. columbae and C. marimammalium reference sequences shared the highest identity
(>97%) at the end of the 16S rRNA gene within the 499 bp hypervariable region targeted
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for pyrosequencing (V4-V6). The highest variability occurred within the V1-V3 regions,
which are targeted by the Gull-2 assay (21) (Figure 2). The high sequence identity in the
V4-V6 regions of the two species explained the incorrect annotation of E. columbae
within our 454 pyrosequence dataset.

Identification and comparison of bacteria isolated on mEI plates
The quantity of enterococci cultured on mEI from four gull fecal samples ranged from
1.1 × 104 to 4.9× 104 CFU g-1 (Table 2). The majority (338/342) of these isolates were
identified as Enterococcus spp. and four were identified as Streptococcus spp. Both E.
durans and E. faecalis were the most abundant species identified in each gull sample, but
the distribution and proportions varied slightly between individuals. The overall
Enterococcus species distribution was as follows: E. durans (52%), E. faecalis (36%), E.
faecium (4%), E. mundtii (1%) and E. hirae (2%) (Figure 3). All isolates shared >99%
sequence identity to a reference sequence, with the exception of 11 Enterococcus isolates
whose identity could not be confidently resolved to the species level. No isolates were
closely related to C. marimammalium, the most abundant species from our sequencing
approaches.

Use of Illumina deep sequencing to explore rare occurrence of mEI culturable
bacteria in the gull fecal microbial community
MiSeq Illumina sequencing provided greater sequencing depth (~65,000 reads per
sample) and further confirmed C. marimammalium as the dominant taxonomic group
within our gull fecal samples. The identity and abundance of microbial taxa were
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generally in good agreement with the distributions seen in the pyrosequence dataset. This
deeper sequencing method highlighted the disparity between C. marimammalium and the
low-abundance mEI-culturable Enterococcus spp.: E. faecium, E. faecalis, E. durans and
E. hirae. Of the 389,838 bacterial sequences generated by MiSeq Illumina sequencing,
57% were identified as C. marimammalium; <2.0% of sequences represented organisms
commonly cultured on mEI; and 0.01% were an exact match to mEI-cultured isolates.
Comparison of the mEI isolate sequences to the Illumina dataset revealed only four
unique matches, representing 46 total sequences (45 Enterococcus species N/A, 1 E.
durans). Escherichia coli made up 0.05% of the Illumina dataset, and sequences that
could not be distinguished between Escherichia and Shigella made up 24% (Table 3).

Validation of Gull-2 assay with clone library contigs, gull fecal and environmental
samples
The primers for the Gull-2 assay were an exact match to 170 of the 176 near full-length
C. marimammalium sequences generated from gull fecal samples. Four of the contigs had
a single base pair mismatch in either the forward or reverse primer regions, and two had
base pair mismatches in both the forward and reverse primer regions. Fifty-seven gull
fecal samples were tested with the Gull-2 PCR assay; 54 (95%) tested positive.
Sensitivity tests on the four samples with the highest DNA concentrations revealed that
the Gull-2 assay was detected down to the 1:1x105 dilution. However, only six (27%) of
22 environmental samples (sand and water) tested with the Gull-2 assay were positive
(Table 4).
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Discussion
Enterococcaceae and Enterobacteriaceae families dominant within gull fecal samples
Enterococcaceae and/or Enterobacteriaceae dominated the 454 pyrosequencing libraries,
with most Enterococcaceae sequences matching the C. marimammalium reference strain.
With the exception of a few sequences, Enterobacteriaceae sequences could not be
classified beyond the family level. There appeared to be a dichotomy between gull
populations at the two sampling locations, Bradford Beach (Gulls 1-4) and Grant Park
(Gulls 5-8). Samples collected at Bradford Beach consisted almost entirely of
Enterococcaceae, while those collected at Grant Park were more generally more diverse
and were dominated by Enterobacteriaceae species. Variations in gull gut microflora
can occur even within small geographic regions of a city (20), and highlight the need for
an assay with wide geographic applicability. While both Bradford Beach and Grant Park
are beaches on Lake Michigan, differences between them may account for the observed
differences in gull fecal communities. Grant Park is relatively isolated and minimally
impacted by human activities. Bradford Beach, within the Milwaukee city limits, is a
well-utilized and highly impacted tourist beach. Human activities affect the abundance
and diversity of food sources available to gulls. Furthermore, when gulls inhabit areas
where contact with human and domestic pet excrement may occur, host-enteric bacterial
interactions and cosmopolitan population structures can develop (35).

Catellicoccus marimammalium is numerically dominant, but not culturable on mEI
C. marimammalium has been identified in multiple studies (21, 22) as the dominant
species in gull fecal microbial communities. Our study confirms those findings with a
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comprehensive analysis using three separate sequencing platforms, each targeting a
different region and length of sequence. Results were generally in good agreement, but
did show taxonomic classification was influenced by amplification region and assignment
method. Proper taxonomic classification is limited by the length of the sequence read, the
region targeted, and reference sequences available in the taxonomic databases. Targeting
different hypervariable regions within the same sequence can result in different
taxonomic annotations (V4-V6 compared to the V1-V3 regions of same sequence) (36,
37). We were able to demonstrate the benefits of pairing smaller, full-length sequence
libraries with high-abundance, shorter sequence read libraries to elucidate the abundance
and proper classification of C. marimammalium. Sequence comparisons illustrated that
the 5 end of the 16S rRNA gene sequences, notably the V1-V3 regions, appear to be
more discriminatory for taxonomic classification than the central portion of the gene (V4V6 region).

We identified near clonal populations of C. marimammalium species in our gull fecal
samples as the most highly abundant sequences. Lu et al. (21) also found predominance
(26%) of high-identity (≥99%) C. marimammalium sequences in gulls from West
Virginia. Collectively, these findings suggest that C. marimammalium has relatively low
sequence diversity in gull fecal samples across large temporal and spatial gradients. High
abundance of C. marimammalium in our gull fecal samples collected from Milwaukee
beaches, combined with near clonal populations within the species, further supports the
selection of C. marimammalium as the target for the microbial source tracking of gulls in
this region.
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The abundance of C. marimammalium in DNA samples suggests that the gull gut is good
habitat for this organism; yet we failed to detect it on any of the mEI plates that we
screened, despite the fact that C. marimammalium is within the Enterococcaceae family.
Identification of gull fecal bacteria cultured on mEI plates revealed that the intestinal
track of gulls harbors several other, lower abundance, Enterococcaceae spp. that are
readily culturable. The mEI medium selects for the growth of enterococci, notably E.
faecalis, E. casseliflavus and E. faecium, but other Enterococcus spp. (E. mundtii, E.
hirae, E. gallinarum, E. avium, and E. durans) have also been isolated on mEI (38, 39).
The gull fecal isolates cultured on our mEI plates were similar to those identified in a
previous study by Layton et al. (40) in which C. marimammalium was notably absent as
well, suggesting that it is not mEI culturable.

Use of deep sequencing to explore the rare occurrence of culturable Enterococcus
spp. in relation to high abundance C. marimammalium
A noteworthy finding from our study is the rare occurrence of mEI-culturable
Enterococcus spp. in relation to the high abundance of C. marimammalium within the
Illumina dataset. Only a small proportion (46/180,888) of Illumina sequences assigned to
the Enterococcus genus were an exact match to our mEI isolates. Using the relative
abundances of taxonomic counts from our six Illumina samples, we can extrapolate the
proportional relationship between C. marimammalium and culturable Enterococcus spp.
to infer that for each colony of enterococci observed on mEI plates, there are ~4,900 C.
marimammalium present in gull fecal samples. If we take into account all Enterococcus
spp., and not just our exact sequenced isolate matches, the relative fold-abundance is ~50
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C. marimammalium per Enterococcus CFU. Enterococcus spp. typically have 4-6 rrnA
operons, whereas C. marimammalium have only one, so these are minimum estimates of
the relative fold-enrichment (41, 42). Comparing the quantity of enterococci cultured
from our four gull fecal samples, which averaged 2.3 x 104 CFU g-1, we can estimate that
there would be over three orders of magnitude greater density (~1.1 x 108 cells g-1) of C.
marimammalium also present. Our results may help to better understand the relationship
between organisms identified by traditional culture methods versus culture-independent
molecular techniques.

Implications for screening assays, source tracking, and human health
The prevalence of C. marimammalium in fecal samples (55/57; 95%) was higher than
previously reported (71%) (21), based on screening with the Gull-2 assay. Detection of C.
marimammalium in 27% of environmental samples was considerably lower than
previously observed (21). Lu et al. (21) reported that 96% of 48 freshwater samples with
presumed gull contamination, including eight samples from Grant Park Beach in South
Milwaukee were positive for Gull-2 (21); however, our environmental samples were not
necessarily presumed to have gull contamination. Factors affecting detection can include
varying fecal loads at time of sampling, seasonal effects on bacterial survival, lower
proportions of gull fecal pollution, or dilution of C. marimammalium DNA sequences to
below the limit of detection of the assay. Our serial dilutions showed an average
detection limit of 0.3 pg of gull fecal DNA per reaction, which is 20 times lower than
reported by Lu et al. (21) indicating that the gulls we sampled contained a higher
concentration of C. marimammalium, a possible explanation for the increased Gull-2
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assay efficiency on our gull fecal samples. Although the Gull-2 assay is sensitive to gull
fecal contamination (21, 22), the high volume of water in beach environments,
particularity Lake Michigan beaches, may dilute C. marimammalium DNA to below
detectable limits. Sand and water sources may additionally impact the persistence and
survival of C. marimammalium, which would also affect assay detection.

Geographic variability and host specificity can factor into the applicability of microbial
source tracking markers. The gull fecal samples used in the Lu et al. (21) study were
from WV, GA, OH, FL and Ontario, Canada; and our gulls were collected on Lake
Michigan in Wisconsin. A more recent study assessed the prevalence of gull makers in
animal feces collected from CA, OH, AK, GA, DE and South Africa, and detected C.
marimammalium in >85% of the gull fecal samples tested (22). C. marimammalium is
specific to gulls, when compared to other poultry, waterfowl and non-avian species
including pigs, dogs, cows and humans (21, 22, 25, 43). Aside from pigeons, which were
detected with the same sensitivity and specificity to that of gulls, most non-target hosts
have been near or below the lower limit of quantification or non-detectable (26). The
detection of C. marimammalium in our gull fecal samples, the amplification of C.
marimammalium with the Gull-2 assay in our environmental samples, and the alignment
of the Gull-2 primers (21) with our nearly full-length clone library contigs demonstrates
the regional utility of this microbial source tracking marker for gull contamination in the
Great Lakes region.
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Our research provides information on the diversity and variability of the gull fecal
microbial community, including the dominance of Enterococcaceae or
Enterobacteriaceae spp. in most samples analyzed. Using three separate sequencing
platforms, we were able to demonstrate that although taxonomic assignments can be
biased by primer choice, amplification region and sequence length, all methods clearly
show C. marimammalium to be the dominant taxon within our gull fecal samples.

Plate count assays such as mEI agar are the industry standard for detection of FIB in sand
and water samples. However, as is often the case with environmental samples, the most
abundant organisms are not readily culturable (44). Although the gull gut appears to be a
good habitat for organisms in the Enterococcaceae family, Enterococcus spp. that are
readily cultured on mEI accounted for 0.04% of our sequence reads. Establishing this
relationship between C. marimammalium and culturable enterococci allows better
quantification of the total gull fecal load to beaches and coastal waters, which may help
to understand the true impact gulls have on water quality monitoring efforts. These
findings also highlight the advantages of using culture-independent detection techniques
for environmental monitoring, as they are more encompassing, time efficient, and
increasingly more cost effective. Although gulls harbor traditional FIB that can be
observed in plate assays, non-mEI culturable C. marimammalium dominates the gull
fecal microbial community and is a more suitable genetic marker for tracking gull fecal
pollution.

FIGURE 1: Microbial community populations of eight gull fecal samples
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FIGURE 1: Microbial community populations of eight gull fecal samples. The V4-V6 hypervariable regions of the 16S rRNA gene
from fecal genomic DNA were amplified and pyrosequenced. Taxonomy was assigned to sequences using GAST, and taxonomic
counts were normalized to the maximum number of sequences. Only the most abundant genera ( >1% of at least one sample) are
presented. Fecal samples from Gulls 1-4 were collected from Bradford Beach, Milwaukee, WI on December 20, 2011 (1 and 2) and
January 5, 2012 (3 and 4), and samples from Gulls 5-9 were collected from Grant Park, South Milwaukee, WI on January 1, 2012.
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FIGURE 2: Entropy plot comparison of E. columbae and C. marimammalium reference sequences and Gull-2 assay alignment
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FIGURE 2: Entropy plot comparison of E. columbae and C. marimammalium reference sequences and Gull-2 assay alignment. The
entropy plot illustrates base pair agreement and dissimilarity in hypervariable regions (V1-V6). The entropy plot was generated using
Vector NTI; identical base pairs have a value of +1.0, similar base pairs a value of 0.5 and weakly similar base pairs a value of 0.2, as
indicated on the y-axis. Variable regions, shown on the x-axis, were identified using the E. coli system of nomenclature noted in
Chakravorty et al. (37). Variable regions targeted by the Gull-2 assay (21) include V1 and V3, and hypervariable regions selected for
454 pyrosequencing span the V4-V6 regions. Within the V1 and V3 regions targeted by the Gull-2 assay, there was 41% sequence
identity within 44 base pairs, and 98% sequence identity with the V4-V6 regions, which spanned 499 base pairs. GenBank accession
numbers of compared reference sequences are: E. columbae (AF061006) and C. marimammalium (AJ854484).
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FIGURE 3: Phylogenetic tree of gull fecal samples cultured on mEI
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FIGURE 3: Phylogenetic tree of gull fecal samples cultured on mEI. The unrooted consensus phylogram from neighbor-joining
phylogenetic analysis shows evolutionary relationships among bacterial isolates cultured on mEI from fecal pellets collected on
October 18, 2012 from Grant Park, South Milwaukee, WI. Enterococcus spp. reference sequences (GenBank Accession numbers:
AF061006, AB012212, AJ301830, AF039900, AF133535, AF061009, Y17302, AF061013, AF039903, AJ276354, and AF061004)
were used for isolate clustering and classification. Catellicoccus reference sequences (NR042357 and AJ854484), which clustered
together, were used as an outgroup. Enterococcus spp. reference sequences are listed next to the isolate name or cluster, along with the
isolate’s percent identity to the reference sequence. Gull fecal isolates were classified to the species level if they were >99% identical
to GenBank reference sequences. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches. Only nodes with ≥50% confidence during bootstrapping are labeled. The scale bar
indicates 1% sequence divergence.
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TABLE 1: Comparison of taxonomic assignments for gull fecal samples
Gull 1 Gull 2 Gull 3 Gull 4
Taxonomic Assignment
Pyrosequencing
Enterococcus 12.3%
3.4%
1.1%
2.5%
Staphylococcus
Catellicoccus 85.4% 96.4% 33.6% 96.7%
Lactobacillus 0.1%
3.2%
Leuconostoc
Weissella
Clostridium
Turicibacter
Comamonas
0.5%
Enterobacter
Escherichia
1.2%
Escherichia/Shigella
58.6% 0.6%
Klebsiella
Serratia
Pasteurella
Psychrobacter
Pseudomonas 1.6%
0.1%
0.1%
Clone library sequences
Catellicoccusb 98.6% 100.0%
n/ab
n/a
Escherichia/Shigella
n/a
n/a
Salmonella 1.4%
n/a
n/a
Streptococcus
n/a
n/a
a

Gull 5 Gull 6 Gull 7 Gull 8
1.0%
39.3%
3.3%
55.7%
-

7.5%
1.8%
5.9%
2.5%
0.4%
2.1%
1.6%
1.9%
0.3%
3.0%
0.8%
21.1%
15.4%
3.1%
0.7%
4.0%
18.8%

1.1%
67.0%
1.1%
27.0%
0.3%
0.1%
2.3%
0.3%
0.2%

0.1%
3.4%
0.1%
0.1%
1.7%
1.8%
90.7%
0.1%
0.2%

83.8%
9.4%
5.4%
1.3%

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

Catellicoccus sequences (n=210) uploaded to BLAST were a 99% (n=208) and 96% (n=2) match to C. marimammalium reference

sequence NR042357
b

Not analyzed by clone library method
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TABLE 2: Enterococci counts from gull fecal samples cultured on mEI
Sample

Fecal mass
(g)

Enterococci counts
(CFU g-1 feces)a

0.45
2.06 x 104 CFU g -1
Gull 9
0.72
1.08 x 104 CFU g -1
Gull 10
0.76
4.80 x 104 CFU g -1
Gull 11
0.64
1.25 x 104 CFU g -1
Gull 12
a
CFU counts were obtained from 1:10 or 1:100 dilutions plated on mEI (see Methods).
Isolates for 16S rRNA sequencing were harvested from plates with well-dispersed colonies.
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TABLE 3: Relative abundance comparisons of C. marimammalium and commonly cultured FIB
FIB type
Gull 1 Gull 4 Gull 5
Gull 6
Gull 7 Gull 8
Enterobacteriaceae
Escherichia/Shigellab
28
80
23,921
20,996
333
48,545
Escherichia coli
0
0
41
45
1
121
c
mEI culturable organisms
E. faecium
1
0
0
105
0
0
E. faecalis
0
0
0
28
0
0
E. hirae
0
0
0
0
0
0
E. durans
0
0
0
9
0
0
Enterococcus (species N/A)d
74
90
43
3854
59
12
Identical to mEI isolatese
E. durans
0
0
0
1
0
0
Enterococcus (species N/A)
0
0
0
45
0
0
C. marimammalium 64,376 64,731 40,366
5,561
41,965
7,083
TOTAL Illumina sequences from gulls
64,974 64,983 64,980
64,938
64,971 64,992
a
Gull samples 2 and 3 not analyzed with Illumina
b

Sequences not distinguishable between Escherichia and Shigella

c

Species previously observed to grow on mEI

d

Sequences that may represent organisms that are typically cultured on mEI, but could not be assigned

e

Subset of Enterococcaceae whose sequences exactly matched our mEI isolate sequences

TOTALa
93,903
208
105
28
0
9
4,132
1
45
224,082
389,838
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TABLE 4: Detection of Gull-2 assay in gull fecal and environmental samples
Source

Samples Tested

Positive

Grant Park

13

12

Bradford Beach

42

40

Point Beach

2

2

Beach water

9

4

Sand

13

2

Gull feces

Lake Michigana

a

Bradford Beach, Atwater Beach, Point Beach and McKinley Beach

40

41
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CHAPTER 3: Sources and distribution of surface water fecal contamination and
prevalence of schistosomiasis in a Brazilian village
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ABSTRACT
Background
The relationship between poor sanitation and the parasitic infection schistosomiasis is
well-known, but still rarely investigated directly and quantitatively.

Methods
In a Brazilian village we studied the spatial relationship between human fecal
contamination of its main river and the prevalence of schistosomiasis. We validated use
of three bacterial markers of contamination in this population by 16S rRNA gene
sequencing and qPCR of feces from local residents. The markers consisted of the
Bacteroides-Prevotella group, human-specific Bacteroides HF8 cluster, and
Lachnospiraceae Lachno2 cluster. We then quantified human fecal contamination and
the distribution of Schistosoma mansoni infection along the river.

Findings
Sequence of total 16S rRNA DNA from stool samples validated the relative human
specificity of the HF8 and Lachno 2 fecal indicators. The concentration of fecal
contamination increased markedly along the river as it passed an increasing proportion of
the population on its way downstream. An increase in multiple bacterial families
associated with human feces was observed in the same distribution, with
Lachnospiraceae the most robust human-specific signal. This was not due to a localized
source of contamination since the spatial distribution of sewage draining directly into the
river was random. The prevalence of schistosomiasis likewise increased downstream in
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the community. The relationship between fecal contamination and schistosomiasis
prevalence was explored in a spatial model using linear regression. A significant
correlation was demonstrated between the prevalence of S. mansoni infection and local
concentration of human fecal contamination based on the Lachnospiraceae Lachno2
cluster (r2 0·53, p = 0·001, CI95% 0·48 – 0·58).

Interpretation
Fecal contamination in rivers has a downstream cumulative effect. The transmission of
schistosomiasis correlates with very local factors probably resulting from the distribution
of human fecal contamination, the limited movement of snails, and the frequency of
water contact near the home. In endemic regions, the combined use of human associated
bacterial markers and GIS analysis can quantitatively identify areas with risk for
schistosomiasis as well as assess the efficacy of sanitation and environmental
interventions for prevention.
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Introduction
The culture of common fecal organisms such as coliforms and enterococci has
historically been used as a proxy for the risk of infection with viral, bacterial, and
parasitic pathogens (1). Despite the well-known association between fecal contamination
of water and acute diseases, a correlation between these bacterial proxies and actual
disease causing organisms has been difficult to demonstrate in the absence of a pointsource such as sewage outflows (2). Known limitations that could explain this lack of
association include the short survival of some fecal indicator organisms in water (3), their
presence in environmental sources including soils and sediments (4, 5), contributions
from non-human sources, and low sensitivity of detection methods for some pathogens
(4, 5). The short incubation and shedding periods of these infections may also cause the
pathogenic organism to no longer be present by the time an investigation is undertaken.
Alternative indicators that are more specific to sources that carry pathogens offer a higher
level of information than traditional fecal indicators and can improve disease surveillance
and risk characterizations (6-10).

Schistosomiasis is a chronic parasitic infection that results from skin contact with water
as opposed to ingestion, which is the route of transmission for most other waterborne
diseases. It is a global disease that is transmitted in 78 countries with 240 million people
infected (11). In Brazil, it is the second most common cause of morbidity and death due
to parasitic infection (Ministry of Health,
http://tabnet.datasus.gov.br/cgi/deftohtm.exe?sim/cnv/obtuf.def, accessed 09-29-13).
Similar to other waterborne diseases, its transmission is dependent on human fecal
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contamination of fresh water. Thus, in Brazil the distribution of schistosomiasis maps to
areas with the poorest level of sanitation (National System of Sanitation Information;
www.SNIS.gov.br, accessed 5-20-13).

The biology of Schistosoma mansoni, the only schistosome species found in Brazil, is
very distinct from bacteria or protozoa. S. mansoni is a complex multicellular,
multiorgan, sexually reproducing animal. Parasite eggs excreted in the stool of infected
humans hatch after reaching fresh water and the released miracidium stage enters snails.
In the snail they undergo asexual reproduction and develop into cercariae, the infectious
stage for humans, which is released into the water. Cercariae quickly penetrate the skin of
people who come into contact with these waters. After migrating to the lungs and then the
liver, male and female worms mate and lodge in the intestinal mesenteric veins. Most of
the eggs produced will reach the colon and then the stool, but a portion is swept back into
the liver and produces fibrosis. The parasite is able to establish a long-term infection (540 years) if untreated that produces hundreds to thousands of eggs per day (12).

Given the complex life cycle of this parasite and its long-term survival in a community,
bacterial indicators that track human sources of fecal contamination in water may
contribute much to our understanding of the transmission dynamics of the parasite.
Delineation of the spatial distribution of fecal contamination of surface water may have
direct relevance for understanding the distribution of schistosomiasis at a fine spatial
scale, i.e. household.
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Methods
Study Site and Population
The village of Jenipapo in the state of Bahia, Brazil was selected for study because of its
high prevalence of S. mansoni infection, the geographic distribution of its human
population around surface waters, and its relative isolation from other settlements (13).
The village is split north and south by the Jiquiriçá River and a two-lane highway. The
Brejões River descends from the north, borders part of the village on the west, and enters
the Jiquiriçá River at approximately the village midpoint (Figure 1a). Within Jenipapo,
the Jiquiriçá River measures 5-10 meters across and less than 1 m deep, with areas of
bare rock as well as thick aquatic vegetation. The Brejões is narrower and shallower, but
still perennial. Most houses are located within 20 meters of these rivers. Topographically,
the region is a narrow river valley with approximately equal elevations on both sides.
Commercial activity is primarily devoted to raising livestock along with planting cassava,
beans, and bananas. Demographic data and prevalence of schistosomiasis was obtained
from interviews and a fecal survey of all residents of the village in 2009. The description
of the community has been published previously (13).

The location of each home and human water contact sites in the community was
established with a hand-held Trimble/Nomad GPS unit (Model 65220-11). The course of
the river within the village was surveyed by walking along one bank. Data were imported
into ESRI ArcGIS 10.0 (Redlands, CA) for mapping and analyses.
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Sample collection and DNA extraction
Human fecal samples. Briefly, whole morning stools were collected and a slide was
prepared by the Kato-Katz technique for microscopic examination. Samples positive for
S. mansoni were processed to enrich for S. mansoni eggs and 5 ml of the remaining mass
underwent total DNA extraction by a phenol and chloroform protocol (14). The DNA
was stored at -20oC for future analysis.

Animal fecal samples. Animal samples consisted of fresh stool collected from three pigs,
three dogs, two cows, and two horses residing in Jenipapo. Approximately 10 g were
collected from each with a plastic scoop and stored in 2 ml screw cap tubes at -20° C.
Efforts were made to collect samples within minutes after deposition to limit exposure
and prevent environmental contamination. DNA was extracted from 200 mg of the
sample using a Qiagen Stool Kit (Qiagen, Valencia, CA) according to the manufacturer’s
protocol. Extracted DNA was stored at -20 C until further analysis.

Water samples. A total of eight water sample sites were chosen along the Jiquiriçá River.
Six of the eight sites were most commonly reported for human contact with water (Figure
1a). Of the remaining two, one was collected 10 meters upstream from the first house and
the other 55 meters downstream of the last house. An additional sample was collected
from a small pond >4 km from the village. This was the source of the community's
drinking water located distant from human habitation. Water samples were collected in
August of 2012 using 500 ml plastic bottles. Where possible, a sample was taken from
both banks of the river. Each bottle was stored at 4°C within 30 min of collection. One ml
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of each sample was placed in culture media (3M™ Petrifilm™ E. coli/Coliform Count
Plate, 3M, Saint Paul, MN) for 24 h at 37°C and counted for colony forming units
(CFUs) of total coliforms and E. coli. The rest of the sample was filtered through a 0·22
µm nitrocellulose filter (EMD Millipore Corporation, Billerica, MA). Filters were folded
and placed in 2 ml screw cap tubes and stored at -20ºC for one week in the field and 80ºC in the laboratory until DNA extraction. For DNA extraction, frozen filters were
broken into small fragments with a sterile metal spatula and vortexed with a bead-beating
matrix and buffers, according to the manufacturer's instructions for the Fast DNA SPIN
Kit for Soil (MP Biomedicals, Solon, OH).

Quantification of traditional and alternative indicators
Six different qPCR assays were used for identification and quantification of fecal
indicator bacteria, as well as human and ruminant specific fecal bacteria (Table 1). All
qPCR assays were amplified in 25 µl reactions using 12·5 µl TaqMan Master mix, 1·0 µl
25 µM primer mixtures, 1·0 µl 2 µM probe mixtures, 5·5 µl water and 5·0 µl of DNA.
Assays were carried out as previously described in the referenced literature in Table 1.
All assays were run in duplicate.

Microbial community analysis using Hi-Seq Illumina Sequencing
Illumina deep sequencing was carried out at the Josephine Bay Paul Center of the Marine
Biological Laboratory. A comprehensive microbial community profile was generated for
five river samples, ten human fecal samples, and all collected animal fecal samples. The
V6 hypervariable regions of the 16S rRNA gene were amplified in each of the samples
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using previously described primers and protocols (15). Sequences were trimmed,
controlled for low quality and contaminated reads, and then aligned. Nearly 27 million
bacterial sequence reads were generated (~1 million reads per sample). The sequence data
were further processed and stored in the Visualization and Analysis of Microbial
Population Structures (VAMPS) database (http://vamps.mbl.edu). Taxonomic
assignments were made for all sequences using Global Alignment for Sequence
Taxonomy (GAST) (16).

To assess the proportion of bacterial community members that are potentially amplified
by the human specific fecal indicator assays, a BLAST (17) search was performed against
the Illumina sequence data sets with the HF8 and Lachno2 primers . Since the primers for
the human-specific assays are in regions of the 16S rRNA gene different from the V6
sequences, the HF8 and Lachno2 primers were BLASTed against the complete reference
sequences that encompassed the shorter V6 sequences. The V6 sequencing reads, each a
proxy for a bacterial community member, were then binned within the HF8 cluster or
Lachno2 cluster if their corresponding reference sequences contained both the forward
and reverse human-specific primers.

Spatial Analysis
The basic spatial unit for analysis was the household, which were characterized in terms
of presence of septic tank, number of household members, number of S. mansoni infected
household members, and proximity to water contact sites. Kernel density estimation was
used to assess and display the spatial density of the human population, schistosome
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infection, and river use for sewage disposal. The Moran's I statistic was calculated using
the Spatial Autocorrelation Tool in ArcGIS to assess spatial clustering.

To examine the association between proximity to fecally contaminated water and
schistosomiasis, a linear regression model was created with SPSS version 19 and ArcGIS
10.1. For the model, we made the following simplifying assumptions: 1) infection occurs
at the common water contact sites, 2) probability of infection depends only on proximity
of place of residence to a water contact site, 3) distribution of snails along the river is
homogeneous, and 4) prevalence of snail infection is proportional to degree of human
fecal contamination in water.

To assign a value for fecal exposure for each household, spatial interpolation of two fecal
marker DNA concentrations measured from the eight-water sample sites was performed
using Inverse Distance Weighting (IDW). The village was divided into a twodimensional grid of cells whose values were a function of their distance from a water
contact site and the concentration of a fecal contamination marker at that site. A power of
2 was determined to be the best value for the weighting exponent by distance with a cell
size of 20 m. Since S. mansoni is transmitted by human fecal water contamination, we
hypothesized that a human specific fecal marker (Lachno2) would be a better predictor of
schistosome infection compared to a general fecal marker, i.e. E. coli. Consequently, E.
coli and Lachno2 estimated concentrations at each resident’s location were extracted
from the IDW generated surface to obtain an E. coli-IDW and Lachno2-IDW value for
each home.
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The spatial distribution of the prevalence of schistosomiasis was mapped to the
residential area of Jenipapo as a grid of 200 m2 blocks. The density of human population
and number of cases of schistosomiasis per block was calculated using the point density
tool in ArcGIS. The prevalence of schistosomiasis within each block was obtained by
calculating the ratio of these two values using the Map Algebra tool. Prevalence of
schistosomiasis per 200 m2 was the dependent variable and the weighted E. coli and
Lachno2 concentrations at each resident’s home were independent variables. Since water
samples were not taken from the Brejões River, the section of the community bordering
the Brejões was not included in the analysis. The relationship of fecal contamination to
prevalence of schistosomiasis was then assessed by standard linear regression. The model
significance was determined by bootstrapping with 1000 resamples.

Results
Study site and Population
In 2009, Jenipapo consisted of 128 houses with 482 residents. Twenty-three residents had
no house assigned, hence were not included in the analysis (Table 2). More than 98% of
residents had tap water and an indoor flush toilet. There was access to adequate sanitation
for 201 (43·8%) via home septic tanks, while sewage drained directly into the river for
the remaining 258 (56·2%). Schistosomiasis was found in 209 individuals (45·5%) by
examination of 3 stools collected on different days (13). The geometric mean of intensity
(57 eggs per gram of feces) indicates generally light infections comparable to other
studies in Brazil (18). Ten percent of the infections were heavy (>400 eggs per gram).
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Spatial distribution of human population, sewage, and schistosomiasis
The Jiquiriçá River flows from west to east, and its course measures 1,542 meters from
the upstream sampling site to the downstream site. There is one formal bridge across the
river at the point where the Brejões River enters the Jiquiriçá. Human water contact sites
were primarily used to cross the river as well as for bathing, washing clothes, or fishing
(Figure 1a). The majority of houses are located on the south bank. Kernel density
estimation shows clustering of human population density at both ends of the village along
the south side of the Jiquiriçá River, but the greatest density clustered along the Brejões
(Figure 1b). The distribution of houses with sewage draining directly into the river
(Figure 1c), however, were not clustered based on Moran’s I statistic, which fell within
the 95% confidence interval of the null hypothesis (random spatial distribution) as
indicated by a low z score (Moran’s index = -0·013, p = 0·847, z = -0·19). In contrast, for
the prevalence of schistosomiasis, kernel density estimation shows clusters located along
the Brejões River and for people living along the most downstream segment of the village
(Figure 1d). The positive Moran’s index with a high z score and low p value indicated
that the distribution of schistosomiasis was not random (Moran’s index = 0·042, p =
0·006, z = 2·74).

Marker Specificity
The 16S rRNA sequencing reads of extracted DNA from fecal samples of ten humans
and all collected animal fecal samples were normalized against their maximum number of
reads and queried for the human-specific Bacteroides HF8 and Lachno2 clusters. Overall,
humans had considerably lower amounts of Bacteroides in relation to Lachnospiraceae
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or more specifically, Blautia (one genera within Lachnospiraceae from which the
Lachno2 assay was designed). However, despite the low amount of overall Bacteroides
in humans, the HF8 sequence was found in 28% of the Bacteroides. Overall, the
proportion of sequence reads matching the HF8 cluster in humans was 10-fold higher
than for pigs and dogs, and 100-fold higher than for horses and cows. The Lachno2
cluster showed even higher specificity with the proportion of reads in humans ~100-fold
higher than three animal sources, but was only ~10-fold higher than for horses (Table 3).

Spatial distribution of the river’s fecal contamination
Using qPCR, the concentration of the Bacteroides-Prevotella group was at its lowest
(<2.7X105 copies/100 ml) from site S1, located upstream of the first house of the village,
through site S3 (Figure 2). There was a steep increase at S4 to 4.8X105 copies/100 ml.
The highest concentration was found at S5 (5.4X105 copies/100 ml), where the Brejões
River joins the Jiquiriçá. Its concentration then decreased gradually and by S8, located
downstream of the last house, the concentration of fecal marker had returned to a value
similar to S1 (2.7x105).

The human-specific markers (HF8 and Lachno2) followed a similar distribution;
however, concentrations increased one site further downstream compared to the
Bacteroides-Prevotella group marker. The HF8 marker was undetectable until site S5, at
which point it also reached its peak (0·9X104 copies/100 ml), followed by a gradual
decline. Lachno2 was detectable in minimal quantities at sites S1 to S4 (maximum
concentration 684 copies/100 ml), and also had a marked increase by site S5. The peak
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Lachno2 concentration was at site S7 (1·6X104 copies/100 ml), which is the last site
downstream in Jenipapo that humans utilize to cross the river, and declined by S8. The
ruminant specific marker was undetectable until S5 and remained in low concentrations
without significant variation between sites thereafter. The E. coli marker showed a
smaller degree of increase after S5. By contrast, the source of drinking water located 4·8
km north of the village had no copies of the HF8 human specific marker. Colony counts
for coliforms, and less so for E. coli, also increased as the river moved down stream and
declined sharply past the last house in the village (Figure 3).

Changes in bacterial communities across the river transect
Sequence data from the microbial communities found in river water was used to compare
the relative abundance of >20 bacterial families. Consistent with the qPCR results, the
proportion of Prevotellaceae and Lachnospiraceae increased significantly in the
downstream portion of the village (Figure 4). Ruminococcaceae and Enterobacteriaceae,
two other families associated with fecal communities, also increased. Combined, these
fecal families increased from ~3% to ~9% of the community between upstream to
downstream sites. Families associated with sewage- contaminated water - Moraxellaceae
and Aeromonadaceae, specifically Acinetobacter spp. and Aeromonas spp. - also
increased at sites six and seven (19-22). Comamonadaceae, a bacteria common to the
environment and freshwater, was the most abundant family on average, accounting for
over 40% of the microbial community populations at each sampling site (23).
Bacteroidaceae, which includes the genera Bacteroides, were in low abundance and are
not represented in Figure 4.
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Site-specific risk model
The 200 m2 prevalence grid for Jenipapo produced 7 blocks (Figure 5). Each house was
assigned a value for exposure to fecal contamination based on proximity to a water
sample site and the fecal marker concentration at site. The relationship of risk for
infection with S. mansoni to the concentration and proximity to fecal contamination was
modeled and tested statistically using the data from Jenipapo. Linear regression of
prevalence of schistosome infection against fecal contamination yielded an r2 of 0·28 for
the E. coli-IDW value (two-tailed p<0·001, 95% CI 0·22–0·35) and 0·53 for the
Lachno2-IDW value (two-tailed p<0·001, 95% CI 0·48–0·58). These results can be
interpreted as local concentration of human fecal contamination explaining over 50% of
the variance in risk for schistosomiasis.

Discussion
Although the village of Jenipapo is small, it is typical of many villages of Latin America.
It also shares a pattern of development common with larger communities and even the
great metropolises of Brazil. The village grew up along the two rivers that meet at its
center, and most homes border these rivers in order to have access to a ready form of
sewage removal. The community's drinking water supply is 4·8 km away where a
dammed stream forms a small reservoir. Jenipapo's geometry is a simple, mostly linear
distribution of residences and water contact sites, and this made it ideal for studying the
dynamics of fecal contamination and its relationship to acquisition of schistosomiasis.
Putting the degree of fecal contamination of the Jiquiriçá River within Jenipapo in
context, the geometric mean CFUs for E. coli (113 CFU/100 ml) was at the upper limit of
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the EPA's 2012 Recreational Water Quality Criteria value of 100 CFU/100 ml (24). This
level of contamination was estimated to result in 32 gastrointestinal illnesses per 1,000
primary recreational contacts.

We were further able to identify human waste as the major contributor to this
contamination. We validated both the HF8 and Lachno2 genetic markers as humanspecific by directly assaying the resident population. Interestingly, both human specific
markers were identified from humans in the US, but were also present in Brazilians. The
Lachno2 marker in particular showed a high signal in the water sample and all human
feces, but near absence in cows, the other major animal contributing to fecal
contamination of the river. These markers indicated that human fecal waste was the major
component of fecal contamination in this section of river. Overall, human-specific fecal
indicators contribute important quantitative information on water quality that could be
used for surveillance to gauge specific sanitation interventions.

The nearest community to Jenipapo is 8 km upstream with a population of 353 and
similar level of sanitation, and there are few intervening houses, but many areas of
pasture. Twelve km further upstream there is a town of 12,000. Despite nearby
populations, quantitative tracking of human fecal contamination in this study suggests a
predominance of local effects. The qPCR markers for human and other fecal
contamination, as well as coliform colony counts, are very low at the entrance to the
village and significantly increase as the river continues downstream. Inflow for the
village has significant levels of the Bacteroides-Prevotella group, but is very low for
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human fecal contamination indicating that most influence from communities upstream
has dissipated. We presume this is not the result of the HF8 marker being sensitive to
environmental degradation, since experimentally the duration of signals from Bacteroides
ranges from days to several weeks (25). In addition, the other marker of human fecal
contamination (Lachno2) shows a similar pattern. Within Jenipapo, the entry of sewage is
not clustered to one area of the community and we noted the concentration of
contamination is cumulative as the river moves downstream through the community.
The analysis of bacterial communities was based on number of sequence reads and is
consistent with the qPCR genetic marker data. The study is limited in the relatively small
number of samples taken, sampling only ~50 m beyond the community’s houses and a
lack of water samples.

Human fecal contamination of water and the presence of snails are prerequisites for
transmission of schistosomiasis. Snails are known to have a limited range of movement
(26). Proximity to water bodies where there are infected snails is a known risk factor for
schistosomiasis (27, 28). However, all inhabitants in Jenipapo are essentially equidistant
from the river, and finding and determining which snails are infected can be laborious. In
this study we show that, in a village with high prevalence of schistosomiasis, the risk of
acquiring the infection is driven not only by proximity to surface water but also by its
degree of human fecal contamination. The model explained a large amount of variation
without including data on snail populations. To further support this, a study conducted in
Jenipapo on S. mansoni population genetics found that parasite populations were more
similar among infected members of the same household compared to parasite populations
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of all infected individuals in the village (manuscript under revision). The variation not
explained by our model was likely due to violations of our simplifying assumptions.
Snails are not likely to be evenly distributed, and infection risk is influenced by more
than distance to a contact site (age, type of activity, etc.). Some infection occurs outside
of contact sites or not at the nearest contact site.

Although the human population disperses widely over this area, the local opportunities
for exposure near the home may dominate the infection risk profile. Since awareness of
schistosomiasis has been raised in the community and well before the analysis of fecal
contamination, we have heard reports that teenage boys now prefer to enter the river
upstream of the village. This may be a wise precaution, although the better solution will
be to remove the contamination from the river rather than remove the boys and girls.

FIGURE 1: Spatial Analysis of the Jiquiriçá River
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FIGURE 1: (a) Study area: village of Jenipapo in the state of Bahia, Brazil (b) Kernel density distribution of human population
(c) Kernel density distribution of sewage draining directly in the river (d) Kernel density distribution of S. mansoni infection.
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FIGURE 2: Bacterial concentration distribution along the Jiquirica River
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FIGURE 2: Bacterial concentration distribution along the Jiquirica River.
Bac 32, Bacteroides-Prevotella; HF8, human-specific Bacteriodes; Lachno2, human-specific Lachnospiraceae.
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FIGURE 3: CFU distribution along the Jiquiriçá River
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FIGURE 3: CFU distribution along the Jiquircia River.
CFU, colony forming units. No sample was sent for culture for site S1.
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FIGURE 4: River microbial communities (Family level)
100%
Bacterial
families
of fecal
origin

90%

80%

70%

60%

50%

40%
S3

S4

S5

S6

Prevotellaceae
Ruminococcaceae
Lachnospiraceae
Enterobacteriaceae
Moraxellaceae
Aeromonadaceae
Microbacteriaceae
Sporichthyaceae
Cryomorphaceae
Flavobacteriaceae
Cytophagaceae
Sphingobacteriales order
Puniceicoccaceae
Pseudomonadaceae
Xanthomonadaceae
Chromatiaceae
Helicobacteraceae
Myxococcales order
Rhodospirillaceae
Rhodocyclaceae
Methylophilaceae
Burkholderiaceae
Comamonadaceae

S7

70

FIGURE 4: River microbial communities (Family level). River samples were collected from five points along the Jiquiriçá River in
Jenipapo, Brazil on August 18, 2012. Microbial community populations of five river samples. The V6 hypervariable regions of the
16S rRNA gene from community genomic DNA were amplified and sequenced using Hi-Seq Illumina Sequencing. Taxonomy was
assigned to sequences using GAST and taxonomic counts were normalized to the maximum number of sequences. Only the most
abundant genera (>1% of at least one sample) are presented. Families discussed in the text are outlined.
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FIGURE 5: Map of Jenipapo with the area of houses divided in a 200 m2 grid

Figure 5. Map of Jenipapo with the area of houses divided in a 200 m2 grid. Schistosomiasis
prevalence for each 200 m2 block was estimated . Infection prevalence increased downstream.
72

FIGURE 5: Map of Jenipapo with the area of houses divided in a 200 m2 grid.
Schistosomiasis prevalence for each 200 m2 block was estimated. Infection prevalence increased downstream.
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TABLE 1: Primers used in this study
Bacterial target

Target Host

Primer

Sequence

Reference

BacteroidesPrevotella group

Non specific

GenBac3F

GGGGTTCTGAGAGGAAGGT

(29)

BacsppR

CCGTCATCCTTCACGCTACT

(29)

Bacspp346p

[6FAM]-CAATATTCCTCACTGCTGCCTCCCGTA[MGBNFQ]

(30)

HF183F

ATCATGAGTTCACATGTCCG

(31)

BacHum241R

CGTTACCCCGCCTACTATCTAATG

(31)

BacHum193p

[6-FAM]-TCCGGTAGACGATGGGGATGCGTT-[MGBNFQ]

(32)

Lachno2F

TTCGCAAGAATGAAACTCAAAG

(33)

Lachno2R

AAGGAAAGATCCGGTTAAGGATC

Lachno2p

[6FAM]-ACCAAGTCTTGACATCCG-[MGBNFQ]

uidA1663F

GCGACCTCGCAAGGCATA

uidA1790R

GATTCATTGTTTGCCTCCCTGCTGCG

uid1729p

[6FAM]-TGCAGCAGAAAAGCCGCCGACTTCGG[MGBNFQ]

BacR_f

GCGTATCCAACCTTCCCG

BacR_r

CATCCCCATCCGTTACCG

BacR_p

[6FAM]-CTTCCGAAAGGGAGATT-[MGBNFQ]

Bacteroides HF8
cluster

Lachnospiraceae
Lacno2 cluster

E. coli

Bacteroidetes

Human
specific

Human
specific

Non specific

Ruminant
specific

(34)

(35)
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TABLE 2: Population characteristics
Characteristics
Population
Houses
Residents/house
Sex
Male (%)
Mean Age (SD)
% Age < 15
Tap water %
Yes
Flush toilet %
Yes
Sewage destination by house (%)
Septic tank
River
S. mansoni infection
Prevalence (%)
Mean intensity epg (S.D.)

459
128
3.6
221 (48.1)
30.5 (21.6)
28
459 (100)
453 (98.7)
68 (53.2)
60 (46.8)
209 (45.5)
57 (4.1)
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TABLE 3: Percent of sequences matching HF8 and Lachno2 clusters by fecal source
Average

Human

Cow

Pig

Dog

Horse

Bacteroides % of total

0.29

0.058

3.4

0.097

3.3

HF8 % of total

0.11

0.001

0.013

0.011

0.001

Lachnospiraceae % of total

17.74

0.070

12.5

0.14

7.5

Blautia % of total

1.2

1.00

0.011

1.3

0.35

Lachno2 % of total

0.082

0.001

0.001

0.002

0.009

a

The 16S rRNA gene was sequences from total DNA extracted from stool or filtered fecal sediment (Human). There were ~1 million

sequences per sample generated and matched to species or family. All fecal samples were collected from the village of Jenipapo, 10
humans 2 cows, 3 pigs, 3 dogs and 2 horses.
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CHAPTER 4: Prevotella and Blautia distinguish human and animal fecal pollution
in Brazil surface waters
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Summary
Poor sewage handling and limited agricultural manure management practices contribute
to fecal pollution in rural Brazilian waterways. Few microbial source tracking studies
have tested host-specific indicators in underdeveloped regions such as this. Sequencing of
sewage, human feces, and animal feces with Illumina HiSeq revealed Prevotella as the
most abundant genus, with genera belonging to the families Lachnospiraceae and
Ruminococcaceae comprising a large proportion of the microbiome as well. Bacteroides,
the most commonly utilized human-specific genus in the US, was present only in low
abundance. We used oligotyping to identify human-related Blautia and Prevotella
sequences. Thirty-three Blautia oligotypes were differentially distributed in humans
compared to animals, as were 13 Prevotella oligotypes; these sequences represent
possible alternative indicators to Bacteroides. Application of these sequences to source
tracking was tested in comparison to traditional fecal indicators along an increasing
population gradient in a rural river. Prevotella and Blautia both increased considerably at
sites downstream, but traditional FIB populations followed a steady or even decreasing
trend. Human-specific and preferred oligotypes also increased downstream. While both
genera were able to distinguish human and animal fecal pollution in Brazil surface
waters, Blautia appears to contain more discriminatory and globally applicable markers
for tracking sources of fecal pollution.
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Introduction and Background
Fecal pollution in surface water sources constitutes a significant public health threat
worldwide. Waterborne illnesses, related to the inadequate provision of water and
sanitation services, are responsible for four billion cases of diarrhea and 1.8 million
deaths each year, mostly impacting children five years of age and younger living in the
rural communities of developing countries. The lack of sanitation and drinking water
infrastructures within these rural communities creates a self-perpetuating cycle of
waterborne diseases (33, 38). In Brazil these include a broad array of diarrheal illnesses
from Escherichia coli, Campylobacter, Giardia, Cryptosporidium, rotavirus (15) and
norovirus (37) to schistosomiasis, a systemic parasitic disease with a morbidity/mortality
rate estimated at over 250,000 per year (39). While there has been significant progress in
controlling schistosomiasis through repeated mass administration of drugs, it is still the
second leading cause of death from parasitic infections in Brazil (4).

Data from legally-mandated fecal contamination surveillance in Brazil have shown that
regions with the highest prevalence of diseases overlap with areas of low sanitation (1,
National System of Sanitation Information; www.SNIS.gov.br, accession date 5-20-13).
Although this relationship has been demonstrated (1), identifying human sources in
waterways with fecal pollution is less certain. Poor sewage handling and limited
agricultural manure management practices contribute to fecal pollution in Brazilian
waterways (6). Exposure to human feces is generally a greater health risk than exposure
to animal feces (29); therefore, identifying the source contamination is important for risk
assessment (35, 13, 27, 30). Traditional fecal indicator bacteria (FIB), such as E. coli and
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enterococci, are found in the feces of humans and animals alike, which limit their
potential to accurately assess human health risk. Host specific alternative indicators may
therefore be particularly useful in areas where there is ubiquitous fecal pollution in
surface waters (24, 26).

Multiple studies have identified and tested various host specific indicators by detecting
genetic markers (a specific sequence within the DNA of fecal bacteria), but few have
explored the applicability of these markers to underdeveloped regions. Geographic
variability and host specificity can factor into the efficacy of markers in discrimination of
host sources (3, 17, 28). Recent human microbiome studies demonstrate a difference in
the microbial community across geography, age and time (5, 22, 41). Differences in
cultures and diets may also cause variation in the human gut microbiota, which manifest
in the relative abundances of Bacteroides versus Prevotella (5, 40). Considering these
findings, more research is needed to evaluate if the “human-specific” genetic markers
developed in the US are relevant in other regions of the world.

With deep sequencing technologies becoming more commonplace, it is now possible to
identify multiple microorganisms that provide a fecal signature within a sample (25).
more reliably than a single marker (9, 25, 34). Given the complexity and depth of
massively parallel, high-throughput sequencing datasets, the use of sensitive methods that
can distinguish closely related but distinct organisms is critical for accurate identification
of markers associated with certain hosts. Oligotyping is a recently described method that
facilitates high-resolution partitioning of the 16S rRNA gene amplicon data into
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“oligotypes” using Shannon entropy (12). By recovering subtle nucleotide variation
among reads oligotyping can distinguish organisms with more than 99% identity over the
sequenced region (11, 12). Previous studies identified oligotypes within the genus Blautia
that distinguish human and animal sources with remarkable accuracy (23; A.M. Eren et
al., unpublished).

In this study, we used Illumina HiSeq for ultra-deep sequencing of the bacterial
communities associated with sewage, human feces, and animal feces. We applied an
extremely stringent quality filtering on our sequencing reads to eliminate the vast
majority of sequencing errors (10) to avoid false positives in our findings. Host-related
Blautia and Prevotella oligotypes were determined and evaluated for environmental
applicability by looking at the microbial community composition of river water data
collected from the Jiquiriçá River in Jenipapo, Brazil and the Lucaia River in Salvador,
Brazil. Previous work with these samples (Ponce Terashima et al., unpublished) used
qPCR assays for quantification of human-associated Bacteroides (HF183;(20)) and
Blautia (Lachno2 assay; (24)) combined with spatial analysis to correlate human fecal
contamination in the Jiquiriçá River with risk of Schistosomiasis mansoni infection. An
increasing gradient of human fecal contamination from upstream to downstream sites was
correlated to a higher risk of Schistosomiasis and cumulative sewage discharge into river.
We expand upon this study by describing the oligotype signature profile in human
samples from Brazil and the imprint of this signature on contaminated surface water.
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Results and Discussion
Microbial community structure of human fecal and sewage samples in Brazil
Brazilian human fecal samples and sewage shared common fecal taxa in similar
proportions (Figure1), but sewage also contained taxa that have been previously
associated with pipe infrastructure and surface water samples (22, 28, 36). Prevotella,
within the family Prevotellaceae, was the most abundant genus, comprising >36% of the
average Brazilian human fecal sample and >10% of the Brazilian sewage sample. Genera
belonging to the families Lachnospiraceae (e.g., Blautia, Roseburia) and Ruminococceae
(e.g., Ruminococcus, Oscillibacter, Faecalibacterium) also made up a large proportion of
the sewage (20%) and human fecal (40%) samples when combined. The latter two
families have been identified as dominant families in US human fecal and sewage
samples (22, 31). Notably abundant in US human fecal samples, but less prevalent in
Brazil human fecal samples, are the Bacteroides, which make up ~11% of US human
fecal samples and ~2% of US sewage (7, 22, 31), but comprised <1% of the Brazil
human and sewage samples.

Populations consuming carbohydrate-rich diets in Africa and South America have higher
proportions of Prevotella their gut microbiomes, whereas Bacteroides tend to dominate
the guts of individuals from Europe and North America who typically consume a higher
protein diet (5, 40, 41). Our research further supports this geographical distinction, as the
Brazilian human fecal and sewage samples had a higher abundance of Prevotella versus
Bacteroides. In contrast to differences in the proportional abundance of Bacteroidetes
genera between the US and Brazil, the genus Blautia had a consistent signal in both
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populations. Blautia makes up 1.5% of US and 1.3% of Brazilian human fecal samples
and 0.3% of US sewage and 2.9% of Brazilian sewage (31, 22, 24).

Microbial source tracking assays widely used throughout the US target Bacteroides found
in animals (2, 3, 8, 20) and humans (3, 24). Blautia is another taxonomic group that
shows host specificity that can be tracked by the sequence variation in 16S rRNA gene
(23; A.M. Eren et al., unpublished). We recently described an assay for a Blautia spp.
found in humans but nearly absent in cow and chicken samples (23, 24). These assays
demonstrated their applicability in a previous study tracking human fecal inputs to
surface waters in Brazil (Ponce Terashima et al., unpublished). Genetic markers based on
Lachnospiraceae, and more specifically, Blautia, may prove more universally applicable
than Bacteroides, given the higher proportion of this taxonomic group within the
Brazilian fecal and sewage samples. The human-specific HF183 Bacteroides assay is a
useful marker in certain regions (i.e., the United States and Europe); but Prevotella may
serve as a better target in regions such as rural Brazil, where the standard diet favors its
dominance in the gut microbiome. Future studies could examine Prevotella population
structure in humans across a broad geographic area to develop a human Prevotella
targeted assay, either alone or in conjunction with a Blautia assay.

Comparison of Brazil human and animal fecal microbial communities
All animal contained 14 common fecal families, but in different relative proportions;
genera within these fecal families varied among samples as well (Table 1). A
comparison of the 14 most abundant fecal-associated families in Brazilian humans,
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animals, and sewage showed that Ruminococcaceae had the highest relative abundance,
making up >12% of each sample, followed by Prevotellaceae and Lachnospiraceae.
These families comprised >80% of the human sequence reads and >60% of the sewage
and pig samples, but were less abundant in the cow, horse, and dog fecal samples.
Enterobacteriaceae, a large family of facultative anaerobes that contain pathogenic
members, made up >11% of the dog, horse and cow fecal samples, >5% of the sewage
samples, but <2% of the human and pig fecal samples. Bacteroidaceae, the family
containing the genus Bacteroides, comprised ~3% of the dog, horse and cow samples, but
was considerably lower in the human and pig fecal samples. This particular suite of
organisms, notably the top four fecal families, could be useful for tracking animal fecal
contamination in the surface waters of Brazil. US studies have identified animal specific
animal genetic markers (14, 16). These assays target the V2 to V4 regions, whereas our
study targeted the V6 region. Therefore, additional full length sequencing and or deep
sequencing of additional regions is needed to make direct comparisons.

Distribution of Blautia and Prevotella oligotype profiles among Brazil sewage,
human and animal fecal microbial communities
We identified over 60 Blautia oligotypes in the ten human fecal samples, representing a
total of 134,595 sequence reads (Figure 2). Thirty-three oligotypes (33,677 sequence
reads; 25%) were human-specific (found in all human samples and only human samples;
6), human-associated (found only in some human samples; 26), or human-preferred
(found at significantly higher abundance in humans than other sources; 3) when
compared to the animals in our study (pigs, dogs, horses, and cows). A total of 31 of the
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33 human oligotypes were also present in the sewage sample from Embasa. The top three
human-specific oligotypes comprised 13% of the human and 3% of the sewage specific
reads from the genus Blautia. Assays based on these human-specific Blautia oligotypes
could be used in conjunction with the Lachno2 assay to enhance specificity of human
source identification.

Although Prevotella was noted as the dominant organism in the Brazilian human fecal
samples, the most dominant Prevotella oligotype in humans was also dominant in animals
(Figure 3). Only 13 of the 108 Prevotella oligotypes identified in the ten human fecal
were human-associated, while three were host-preferred. Sewage also contained eight of
the 13 human-associated and all three human-preferred oligotypes. The top three humanpreferred Prevotella oligotypes comprised 0.2% of the human and 0.2 % of sewage
samples.

The relative abundance of human-associated and preferred Prevotella oligotypes was
lower compared to Blautia oligotypes, and Prevotella had no strictly host-specific
oligotypes. Thus, although Prevotella is the most abundant genus in terms of total
sequence reads, the majority of the sequence reads are not specific to the mammals
surveyed. A higher abundance of human-specific/preferred/associated Blautia oligotypes
suggests that this genus may be a more discriminatory fecal source marker. It should be
noted that our sequence reads are very short and that higher diversity may occur in other
regions of the Prevotella 16S rRNA gene (14, 18). The combination of these two fecal
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indicators could be very useful for simultaneously tracking total fecal loads as well as the
relative contribution from humans.

Tracking human fecal contamination in surface water with oligotype versus FIB
sequence abundance
The relative abundance of sequence reads identified as Prevotella, Blautia, E. coli and
Enterococcus varied at sites along the Jiquiriçá River (Figure 4). Prevotella spp. and
Blautia spp. both increased considerably at site 5 and steadily increased at subsequent
sites downstream (sites 6 and 7), where the integrated impacts of sewage input are shown
to be the greatest (Ponce Terashima et al., unpublished). In contrast to the increasing
trend of our fecal signature organisms, traditional FIB populations followed a steady or
even decreasing trend. E. coli steadily decreased from sites 3 to 5, with only a slight
increase at sites 6 and 7; and Enterococcus spp. steadily decreased with each downstream
site. The human Blautia and Prevotella oligotypes showed great facility in tracking the
human fecal contamination along the Jiquiriçá River. Human-specific/preferred Blautia
and Prevotella oligotypes were absent in sites 3 and 4, but appeared at sites 5-7 (Figure
4), consistent with the qPCR-based findings of the HF183 and Lachno2 markers (Ponce
Terashima et al., unpublished).

We also examined the presence of human-specific Blautia and Prevotella oligotypes in
the Lucaia River, a historic river in Salvador, Brazil, near the Embasa treatment facility,
that now generally appears to be a sewer ditch. This sample had a similar oligotype
composition to the Embasa sewage and Jiquiriçá River sites 5-7, demonstrating the
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prevalence and traceability of Blautia and Prevotella oligotypes in both rural and urban
environmental samples. Our cluster analyses illustrated that the human, Embasa sewage,
downstream river and Lucaia River samples are similar in oligotype composition, while
the animal (three dogs, three pigs, two cows, and one horse) and upstream river samples
(sites 3 and 4) are similar (Blautia oligotypes; Figure 5). The Prevotella oligotypes also
defined distinctions between the human, sewage (Embasa and the Lucaia River) and
downstream river sites and the animal samples and upstream sites; however, the
similarities were less pronounced than those of the Blautia oligotypes (Figure 6). These
findings further confirm the distinction of human/sewage Blautia oligotypes from
animals and demonstrate our ability to track human fecal contamination in the
environment.

Conclusions
We identified Prevotella as the dominant genus in Brazilian human fecal samples and
second most abundant in Brazilian sewage. The genus Blautia was also consistently
present in human/sewage samples. While both genera have demonstrated their
applicability in distinguishing human and animal fecal pollution in Brazil surface waters,
Blautia appears to contain more discriminatory and globally applicable markers for
human sources. Blautia and Prevotella oligotypes may be a useful combination for
identifying source of fecal pollution: Prevotella might function as a “general” indicator to
assess total fecal pollution, while the host-specific/preferred sequences identified in
Blautia and Prevotella would assess the amount of human influence. This is particularly
important in rural regions of the world, where sewage handling and animal waste are both
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likely to impact waterways (33). Overall, the notable differences between Brazilian and
US human fecal and sewage microbial communities reiterate the need to develop
alternative indicators with global applicability for tracking of human fecal pollution in
surface waters.

FIGURE 1: Microbial community populations of sewage and human fecal samples collected in Brazil
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FIGURE 1: Microbial community populations of sewage and human fecal samples collected in Brazil. A 50 mL sewage sample was
from Embasa (Empresa Baiana de Águas e Saneamento - The Bahian Water and Sanitation Company), a water treatment facility in
Salvador, Brazil, on August 13, 2012. DNA extraction was carried out as described previously by our laboratory (22, 24). The human
fecal samples (n=10) were collected as part of a 2009 schistosomiasis survey (4). The V6 hypervariable regions of the 16S rRNA gene
from community genomic DNA were amplified and sequenced using Illumina HiSeq as described previously (10). Taxonomy was
assigned to sequences using GAST (19), and taxonomic counts were normalized to the maximum number of sequences. Nearly 15
million bacterial sequence reads were generated (~1 million reads per sample). Sequence data is deposited in the National Center for
Biotechnology Information (NCBI) Short Read Archive. Taxonomic counts were normalized to maximum number of sequences and
abundance parameters were set from 1 to 100%. The relative abundance of the top 20 genera occurring in sewage (n=1) and humans
(average of n=10) are presented.
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FIGURE 2: Distribution of Blautia oligotypes for samples from Brazil sewage, human and animal fecal microbial communities.
Oligotyping analysis was performed on 175,985 reads that are identified as Blautia from 27 samples with the oligotyping pipeline
version 0.96 (available from http://oligotyping.org) using 15 components following the initial entropy analysis. Entropy values that
oligotype components were selected from (i.e. base locations of interest in the alignment) include: 1, 2, 14, 15, 16, 23, 24, 25, 31, 35,
36, 38, 40, 53, 56. To reduce the noise, each oligotype was required to have a most abundant unique sequence with a minimum
abundance of 100. Oligotypes that did not meet this criterion were removed from the analysis. The final number of quality controlled
oligotypes was 81, and they represented 169,295 reads (equivalent to 96.20% of all reads analyzed).
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FIGURE 3: Distribution of Prevotella oligotypes for samples from Brazil sewage, human and animal fecal microbial communities.
Oligotyping analysis was performed on 4,676,785 reads that were identified as Prevotella from 27 samples with the oligotyping
pipeline version 0.96 (available from http://oligotyping.org) using 19 components following the initial entropy analysis. Entropy
values that oligotype components were selected from (i.e. base locations of interest in the alignment) include: 10, 13, 15, 17, 19, 20,
21, 23, 24, 25, 27, 34, 35, 37, 38, 40, 50, 54 and 55. To reduce the noise, each oligotype was required to have a most abundant unique
sequence with a minimum abundance of 400. Oligotypes that did not meet this criterion were removed from the analysis. The final
number of quality controlled oligotypes was 188, and they represented 4,641,000 reads (equivalent to 99.23% of all reads analyzed).
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FIGURE 4: Human-specific/preferred Blautia and Prevotella oligotypes and HiSeq Illumina sequence reads identified as Prevotella
spp., Blautia spp., and fecal indicator bacteria (E. coli and Enterococcus spp.) at five sites along the Jiquiriçá River in Jenipapo,
Brazil. The water samples were collected on August 18, 2012 as part of a microbial source tracking and schistosomiasis survey (Ponce
Terashima et al., unpublished). As with the sewage and fecal samples, sequence reads were generated using HiSeq Illumina
sequencing, targeting the V6 hypervariable region of the 16S rRNA gene. Taxonomy was assigned to sequences using GAST, and
taxonomic counts were normalized to the maximum number of sequences. Abundance parameters were set from 0 to 100%; sequence
reads are reported on a log-scale. Prevotella spp. included P. buccae, P. copri, P. species_NA; Blautia spp., were B. schinkii and B.
species_NA; and Enterococcus spp. included Enterococcus casseliflavus, E. faecalis, E. faecium, E. ratti, as well as Enterococcus
species_NA. Sequences classified as E. coli and unclassifiable Enterobacteriaceae (non-distinguishable between Escherichia and
Shigella) were added to E. coli counts. The top three human-specific Blautia and human-preferred Prevotella oligotypes are reported
as sequence read counts.
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FIGURE 5: Hierarchical cluster analysis of Blautia oligotypes
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FIGURE 5: Hierarchical cluster analysis of 27 samples (ten human, ten animals, one sewage (Embasa), and six river samples) with
respect to Blautia oligotypes they possess. Distances between samples were determined using Canberra distance metric. The fiver
river oligotypes cluster more closely with animals upstream and with humans downstream after passing through the village.
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FIGURE 6: Hierarchical cluster analysis of Prevotella oligotypes
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FIGURE 6: Hierarchical cluster analysis of 27 samples (ten human, ten animals, one sewage (Embasa), and six river samples) with
respect to Prevotella oligotypes they possess. Distances between samples were determined using Canberra distance metric.
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TABLE 1: Average taxonomic composition of fecal-associated bacteria human fecal and sewage samples
Family Emabsa Sewage %
Ruminococcaceae
18
Prevotellaceae
19
Lachnospiraceae
27
Enterobacteriaceae
5.4
Porphyromonadaceae
4.8
Veillonellaceae
7.9
Rikenellaceae
1.5
Clostridiaceae
1.3
Erysipelotrichaceae
4.4
Bacteroidaceae
4.9
Lactobacillaceae
0.70
Bifidobacteriaceae
4.9
Fusobacteriaceae
0.30
Enterococcaceae
0.10

Average Human %
25
38
20
2.0
0.50
4.4
3.6
2.3
2.7
0.30
0.10
1.4
0
0

Average Pig %
30
19
16
1.4
7.3
11
4.6
1.7
3.9
0.30
1.5
0.30
1.9
0

Average Dog %
13
10
10
36
8.4
3.2
3.2
3.5
3.5
3.8
3.8
0.90
1.8
0.10

Average Horse %
23
13
18
11
5.8
3.8
12
4.1
2.0
3.1
1.7
1.0
0.90
0.10

Average Cow %
18
12
8.3
20
10
2.7
7.0
8.1
2.1
3.4
4.2
0.60
3.7
0.10
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TABLE 1: Average taxonomic composition of fecal-associated bacteria human fecal and sewage samples (from Figure 1), compared
with ten Brazilian animal fecal samples (three pigs, three dogs, two cows and two horses) collected from Jenipapo, Brazil in August
2012. As with the previous samples, the V6 hypervariable regions of the 16S rRNA gene from community genomic DNA were
amplified and sequenced using HiSeq Illumina sequencing. Taxonomy was assigned using GAST, stored in VAMPS and family level
taxonomic counts were normalized to the maximum number of sequences. Data presented are based on the percentage of sequence
reads associated with the taxonomic classification of these fourteen previously reported families of fecal bacterial (22, 25, 32).
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TABLE 2: Abundance of top three Blautia and Prevotella human specific oligotypes
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TABLE 2: Abundance of the top three Blautia and Prevotella human specific oligotypes in ten Brazilian human fecal samples and
one Brazilian sewage sample. There were 33 human-specific, associated, or preferred Blautia oligotypes identified. Of those 33, 31
were also identified in the Embasa sewage sample. There were 13 human-associated or preferred Prevotella oligotypes identified. Of
those 13, eight were also identified in the Embasa sewage sample. The top three human specific Blautia oligotypes comprised 13% of
the human and 3% of the sewage specific reads and the top three human-associated/preferred Prevotella oligotypes comprised 0.2% of
the human and 0.2% of the sewage specific reads.
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CHAPTER 5: Concluding Comments

Overall, this research demonstrated the value of integrating molecular techniques for the
detection and identification of fecal contamination in surface water sources. Traditional
water monitoring efforts, using culture-based indicator organisms (i.e. enterococci and E.
coli) as an index of human health risk, has its shortcomings, as recent studies have
demonstrated weak correlations between FIB and bacterial pathogens (1). Although the
association between fecal contaminated water and human illness is well established, the
associations between traditional FIB and human health risk are less decisive; the survival
and environmental persistence of FIB and pathogenic bacteria are variable and noncorrelative, as are the techniques used to ascertain their presence (culture-dependent vs.
culture–independent) (1). The ubiquity of FIB in humans and animals alike presents
another challenge for pathogen detection and risk characterization (2-4). As demonstrated
through the microbial community population profiles of the gull fecal samples,
sometimes the most abundant bacteria (i.e. Catellicoccus marimammalium) are not
readily culturable and culturable FIB are in low abundance. These findings highlight the
accuracy and advantages of using culture-independent over culture-dependent detection
techniques for surface water monitoring. Culture-independent techniques are more time
efficient, cost effective, and encompassing as they are able to detect hard to culture
organisms that might be more relevant to understanding the source of fecal pollution.
Given the weak and confounding associations between culture-dependent FIB and
human-specific bacterial pathogens, it is prudent that more decisive and accurate methods
are utilized when available, such as culture-independent molecular approaches in
pathogen surveillance.
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Watersheds are complex systems and fecal pollution can be introduced from a variety of
sources: sewage overflows, agricultural runoff, urban stormwater, wildlife, etc., making
the identification and elimination of the contamination source obscure. Traditional
microbiological methods used to detect the presence of pathogens provides no
information as to the source of the fecal contamination and given the severity of some
waterborne infections, source detection is paramount to prevent the further transmission
of disease. Molecular pathogen surveillance, such as MST, has proven to be an effective
method of determining sources of fecal pollution in water sources, showing considerable
promise as a tool for public health prevention (2, 5-12). In surface water sources with
ubiquitous fecal contamination, MST indicators are particularly useful for accurate
surface water assessments, human health risk characterizations and pathogen surveillance
(2, 5, 10, 12, 13). They can be further used to direct specific sanitation interventions. As
applied in this research, MST techniques are also useful for tracking chronic parasitic
infections such as schistosomiasis, in addition to acute gastrointestinal illnesses. The
parasite causing schistosomiasis has a complex life cycle, long-term survival in the
environment and can be difficult to detect in surface water sources; bacterial indicators
that track human fecal contamination are a useful proxy for detecting and understanding
schistosomiasis transmission.

As noted in the Brazil and US microbial community population comparisons, differences
in diet, cultures, levels of sanitation, population densities, genetics, environment, age,
antibiotic exposure and/or geography contribute to differences in the geographic
applicability of MST marks (5-9). These findings highlight the need for the testing and
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validation of different MST assays in across different watersheds to evaluate if makers
developed in one region, state or country will transcend different geographical regions.
Deep sequencing technologies - such as pyrosequencing, Mi-Seq and Hi-Seq Illumina
sequencing – are becoming more commonplace, giving rise to techniques such as fecalassociated microbial signatures and oligotyping; both of which are additional tools that
are useful for detecting fecal contamination in surface water sources (14, 15). Whereas
MST assays traditionally track one host-specific organism, fecal signatures – a suite of
fecally associated organisms – may offer more sensitivity in complex environments (1618).

Waterborne illnesses continue to be a major public health problem throughout the world.
Of the illnesses and outbreaks that are detected and reported, it is believed that there are
many that go unreported and undiagnosed (19). Therefore, detection methods and MST
that employ single source specific markers, fecal-signatures or oligotyping are important
molecular techniques that can be useful for distinguishing sources of fecal contamination.
Once established, efforts can be directed at minimizing public health exposures, which
will consequently limit disease transmission and prevent further illness.
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