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Abstract Urban coasts receive watershed drainage from
ecosystems that include highly developed lands with sewer
and stormwater infrastructure. In these complex ecosystems,
coastal waters are often contaminated with fecal pollution,
where multiple delivery mechanisms that often contain mul-
tiple fecal sources make it difficult to mitigate the pollution.
Here, we exploit bacterial community sequencing of the V6
and V6V4 hypervariable regions of the bacterial 16S rRNA
gene to identify bacterial distributions that signal the presence
of sewer, fecal, and human fecal pollution. The sequences
classified to three sewer infrastructure-associated bacterial
genera, Acinetobacter, Arcobacter, and Trichococcus,
and five fecal-associated bacterial families, Bacteroidaceae,
Porphyromonadaceae, Clostridiaceae, Lachnospiraceae, and
Ruminococcaceae, served as signatures of sewer and fecal
contamination, respectively. The human fecal signature was
determined with the Bayesian source estimation program
SourceTracker, which we applied to a set of 40 sewage influ-
ent samples collected in Milwaukee, WI, USA to identify
operational taxonomic units (=97 % identity) that were most
likely of human fecal origin. During periods of dry weather,
the magnitudes of all three signatures were relatively low in
Milwaukee’s urban rivers and harbor and nearly zero in Lake
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Michigan. However, the relative contribution of the sewer and
fecal signature frequently increased to >2 % of the measured
surface water communities following sewer overflows. Also
during combined sewer overflows, the ratio of the human
fecal pollution signature to the fecal pollution signature in
surface waters was generally close to that of sewage, but this
ratio decreased dramatically during dry weather and rain
events, suggesting that nonhuman fecal pollution was the
dominant source during these weather-driven scenarios. The
gPCR detection of two human fecal indicators, human
Bacteroides and Lachno2, confirmed the urban fecal footprint
in this ecosystem extends to at least 8§ km offshore.

Introduction

Human activity exerts a significant impact on coastal ecosys-
tems. Since 1970, the number of people in the USA living in
coastal watershed counties has increased by 50.9 million, so
that now approximately 52 % of the population resides in
close proximity to coastal waters [1]. The ecosystem services
provided by coasts, which include the aesthetic, health, social,
and economic benefits of recreational areas, are among the
most visible and easily disrupted by anthropogenic pollutants.
Untreated sewage poses one of the greatest of these pollution
concerns. Each year, more than four trillion liters of untreated
sewage enter US waterways [2], and this number does not
reflect the contribution from numerous but less conspicuous
routes produced by urban environments (e.g., stormwater
drainage, city runoff, leaking sewer pipes). Supporting this
notion, other studies have concluded that increases in the
density and land coverage of urbanized areas led to increased
fecal pollution in waterways [3—5].

Untreated sewage presents several challenges to coastal
ecosystem health including high nutrient loads [6, 7], chemicals
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and pharmaceuticals [8, 9], personal care products [9, 10], and
fecal waste [2, 11]. Among these pollutants, fecal waste pre-
sents the most acute risk to human health. Fecal waste generally
harbors enteric pathogens in addition to agents that cause skin,
eye, ear, and respiratory illnesses [12—15]. The type of patho-
gens present depends upon the host source of the waste [16]. In
urban environments, both combined and separated sanitary
sewer overflows [2] and the release of stormwater contaminat-
ed with sanitary sewage [17, 18] serve as common delivery
routes of fecal waste to waterways.

Conventionally, the cultivation of enterococci or
Escherichia coli cells from environmental samples has been
used to indicate the presence of fecal contamination [19]. In
ecosystems containing numerous modes of fecal contamina-
tion, these culture-based methods cannot discriminate among
sources. Without source identification, it is often difficult to
assess the ambient human health risks or make decisions about
the necessity or direction of efforts to mitigate the pollution.
More recently, alternative fecal indicator assays using molecu-
lar methods have targeted organisms thought to be abundant in
fecal waste, but specific to a particular host animal (e.g.,
Bacteroidales, Bifidobacterium, Methanobrevibacterium,
Lachnospiraceae; see [16] and citations therein). These
methods have proven useful, but are limited to providing
information about an a priori targeted source [16, 20-23].

Recently, we [22, 24] and others [25, 26] have suggested
that profiling the microbial community composition with next
generation sequencing might have the capacity to identify
complex mixtures of fecal pollution sources in contaminated
waters. The microbial community sequence distribution in
feces or composite fecal samples, as is found in sewage, could
act as a unique signature that identifies a particular fecal
source. In theory, profiling multiple markers as a signature
instead of a single marker could provide the needed specificity
to identify multiple fecal sources in complex environmental
samples.

The Great Lakes, as a region that contains more than 500
public beaches, serves as a source of drinking water to more
than 40 million people, and supports more than $1 billion in
recreational and commercial fishing ventures [27], is partic-
ularly sensitive to fecal pollution impacts. Our laboratory
previously demonstrated that molecular markers have great-
er sensitivity for detecting fecal pollution than conventional
culture-based methods [28] in this ecosystem and identified
chronic human fecal contamination in the urban waterways
leading to Lake Michigan [22]. However, we do not know
which fecal sources contribute to the ongoing fecal pollution
issues in these coastal waterways or whether these sources
differ during different weather-driven watershed scenarios.
In this study, we explore using microbial community se-
quencing methods to identify signatures of sewage and fecal
pollution. We then track these signatures in the coastal
waters of Lake Michigan near Milwaukee, WI, USA, during
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a variety of weather scenarios and examine the extent of the
fecal bacterial footprint imposed by this urban area.

Materials and Methods
Sample Collection and DNA Extraction

We collected 40 wastewater treatment plant influent samples
from one of two facilities, South Shore (250 million gallons
per day [MGD] maximum flow) or Jones Island (300 million
MGD maximum flow) in Milwaukee, WI, USA. Samples
were collected during 2005, 2007-2009, and 2011 and repre-
sented all seasons (see Supplementary Table 1 for details).
Samples were collected and filtered, and the DNA extracted as
described in [24].

We collected 114 surface water samples on various dates
from 2006 to 2011 from 20 stations in Milwaukee’s rivers,
harbor, and Lake Michigan (primary stations illustrated in
Fig. 1; see Supplementary Table 1 for sample details). For
each sample, we collected surface water into a 2- or 4-1 bottle.
All samples were stored on ice, returned to the laboratory
within 4 h, and filtered as described previously [22]. Supple-
mentary Table 1 reports sample dates and weather conditions
during collection. Additionally, we collected water samples
from four Milwaukee county stormwater outfalls and filtered
200 ml from each onto a 0.22-pum pore size mixed cellulose
esters filter (47 mm diameter; Millipore, Billerica, MA, USA).
Filters were folded and placed in 2-ml screw cap tubes and
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Fig. 1 Map of Milwaukee, WI, USA waterways and nearshore Lake
Michigan. Points indicate common sampling locations used in this
study
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then stored at —80 °C until further processing. All filters were
stored for less than 3 years prior to DNA extraction.

A uniform procedure was used to extract DNA from
all water samples. We removed the frozen sample from
the freezer and immediately crushed the filter with a
sterile spatula. We then added the frozen filter pieces to
a tube containing a bead-beating matrix and buffer
according to the standard protocol for the Fast DNA spin
kit for soil (MP Biomedicals, Solon, OH, USA). DNA
extraction commenced according to the manufacturers’
instructions. All samples for pyrosequencing underwent
an additional DNA purification step using the MO BIO
PowerClean DNA cleanup kit (MO BIO Laboratories
Inc., Carlsbad, CA, USA).

All samples from the coastal waterways were classified
by the location of collection and environmental conditions
present during sampling. River samples were collected from
the Milwaukee, Menomonee, and Kinnickinnic rivers. Har-
bor samples include the following sample sites: Junction,
Pierheads, Off JI, Main Gap, North Gap, and South Gap
(Fig. 1). Lake samples include Atwater, Linwood, Bradford,
¥ Linwood, McKinley % Green Can, Green Can, 0.5 Mile,
2 Mile, 3.5 Mile, and 5 Mile. No rain/dry weather samples
and rain samples were those collected after a 48-h rainfall
total of <1.2 cm and >2.5 prior to collection. Combined
sewer overflow (CSO) samples were those samples collected
during or directly following combined or sanitary sewer
overflows in the Milwaukee county wastewater treatment
system.

454 Pyrosequencing of Bacterial 16S rRNA Genes

In total, the bacterial communities from 97 water samples,
including rivers, harbor, Lake Michigan, stormwater, and sew-
age influent, were characterized with pyrosequencing. Of these
samples, 76 were sequenced by amplifying the V6 hypervar-
iable region of the 16S rRNA gene from bacteria using a
mixture of five fused primers at the 5’ end of the region (£.
coli positions 967-985) and four primers at the 3’ end (E. coli
positions 1046—1064) according to the procedures previously
described by McLellan and coauthors [24]. Amplicons were
prepared and sequenced using a Roche genome sequencer GS-
FLX and then trimmed, quality-controlled, and aligned as
described previously ([24]; see Supplementary Table 1 for
sample details). Operational taxonomic units (OTUs) were
created for the V6 dataset using >97 % identity groupings
according to the single linkage preclustering methods de-
scribed by [29]. Pyrosequencing profiles from a subset of these
samples have been reported previously [24, 30].

For the remaining 21 samples, we constructed amplicon
libraries for the V6 through V4 hypervariable domains
(amplification in reverse DNA strand orientation). To set
up the amplification procedure, amplification fusion primers

contained either the A or B 454 Titanium amplicon adapter
for GS-FLX sequencing (Roche Diagnostics; Indianapolis,
IN, USA) followed by a 5-nt multiplex identifier (MID) and
ending with a 16S-specific sequence. The 16S sequences
used were 518 F, 5"CCAGCAGCYGCGGTAAN and
1064R, S"CGACRRCCATGCANCACCT. The PCR mix-
ture contained 1X Platinum HiFi Taq polymerase buffer,
1.6 units Platinum HiFi polymerase (Life Technologies,
Carlsbad, CA, USA), 3.7 mM MgSO,, 200 uM dNTPs
(PurePeak polymerization mix, ThermoFisher, E. Provi-
dence, RI, USA), and 50 nM combined primers. Five to
25 ng of sample DNA was added to the PCR master mix to a
final volume of 100 ul, and this was divided into three
replicate 33-ul reactions. We included a no-template negative
control for each MID. PCR conditions included an initial
denaturation at 94 °C for 3 min; 30 cycles of 94 °C for 30 s,
60 °C for 45 s, and 72 °C for 1 min; and a final extension at
72 °C for 2 min using an Applied Biosystems 2720 or 9700
cycler (Life Technologies). We cleaned the reaction and re-
moved products under 300 bp using Ampure beads at 0.75x
volume (Beckman Coulter, Brea, CA, USA). The final prod-
ucts were resuspended in 100 pul of 10 mM Tris-EDTA. The
emulsion PCR, enrichment, and sequencing were done
according to current Roche Titanium amplicon sequencing
protocols (Lib-A emPCR reagents, XLR sequencing reagents,
two region PicoTitre plate). Image processing and signal call-
ing were done using the Roche amplicon-processing pipeline
(version 2.53) with recursive phase correction algorithm to
maximize the number of long reads.

Following sequencing, we quality-filtered the V6V4
reads by removing reads without exact matches to the
1064R sequence and the MID, reads containing ambiguous
bases, and reads that lacked the conserved sequence 5'-
TGGGCGTAAAG-3' (position 565 F in E. coli) allowing
two mismatches, or that had a quality score <30. Sequence
reads were trimmed at the same evolutionarily homologous
position proximal to the 565 F conserved sequence.
UChime [31] using both a de novo and reference data-
base (ChimerSlayer GOLD) eliminated chimeras. The
Global Alignment for Sequence Taxonomy (GAST,
[32]) assigned taxonomy. Unlike the V6 datasets, we
used only taxonomic assignments produced by GAST to
group data from the V6V4 datasets, so no OTUs were
constructed for these data. All data, V6 and V6V4, were
uploaded to the Visualization and Analysis of Microbial
Population Structures website (http://vamps.mbl.edu). See
Supplementary Table 1 for sample details.

Fecal Indicator Enumeration
Standard U.S. Environmental Protection Agency methods

were used to enumerate enterococci (MEI medium) and E.
coli (modified mTEC medium) in surface water samples
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[33, 34]. The volume of water filtered for each sample
varied depending upon the expected level of contamination,
but was generally 100 ml for Lake Michigan samples and
10—-100 ml for the harbor and river samples.

Quantitative PCR Analyses

An ABI StepOne real-time PCR system with TagMan hydro-
lysis probe chemistry was used to run qPCR assays for human
Bacteroides [35] with the HF183 forward primer and condi-
tions as described in [22] and the Lachno2 human marker [22].
Both assays detect bacteria primarily associated with human
fecal waste. The human Bacteroides reaction targets bacterial
taxa in the genus Bacteroides, while Lachno?2 targets bacterial
taxa in the genus Blautia. The qPCR setup and cycling condi-
tions followed that of [22]. We report all gPCR data as copies
per volume of sample water. These calculated values took into
account the original water volume sampled, the resulting vol-
ume present following the DNA extraction, the volume of
extracted DNA entering the qPCR reaction, and the relation-
ship of the qPCR standard curve to the fluorescence product of
the qPCR amplification in each well.

Identifying Sewer and Fecal Signatures

In this study, we define a “signature” for bacterial communities.
The signature has two components: the relative magnitude of
all sequence reads associated with the signature group and the
distribution or profile of these sequence reads within the sig-
nature group. We report the signature magnitude as a relative
ratio, calculated as the sum of the total sequence reads assigned
to the signature divided by the total bacterial reads obtained in
the sample. We report the signature profile as a distribution of
sequence reads (presence or relative abundance) among
sequence-based groups, created using taxonomic classification
or sequence identity. Three bacterial genera, Acinetobacter,
Arcobacter, and Trichococcus, represented a “sewer signature.”
All sequence reads assigned to one of these groups contributed
to the sewer signature observed. Likewise, five bacterial fam-
ilies, Bacteroidaceae, Porphyromonadaceae, Clostridiaceae,
Lachnospiraceae, and Ruminococcaceae, represented a “fecal
signature.” These families were chosen because of their com-
mon presence in fecal samples from many host animals [16,
36]. In addition to taxonomic classification, we also analyzed
the fecal signature with a more refined resolution by using
OTUs (>97 % identity), where all OTUs classified within the
aforementioned taxonomic groups comprised the signature.
We used SourceTracker [37], a program that employs a
Bayesian approach, to calculate the probability that an OTU
present in one community (the sink) is from another commu-
nity (the source) to identify OTUs as being of human fecal
origin (a human fecal signature). Human fecal sample V6 16S
rRNA gene community data were collected from [38] and [39]
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and were processed in the same manner as all community
sequencing datasets presented in this study. To set up
SourceTracker [37], we considered the human fecal samples
from [38] and [39] to be the source communities and in
separate runs the sewage samples and then the harbor samples
to be the sink communities (see Supplementary Table 1 for
sink samples). We considered all OTUs that were identified
with >10 % probability of being from the human fecal com-
munity as being part of the human fecal signature. A low
probability of occurrence was selected because of the high
variation in the human fecal sample communities [40, 41],
which is one of the drivers for the Bayesian probability pre-
dictions. OTUs considered of human fecal origin in either the
sewage or harbor communities or both communities contrib-
uted to the final human fecal signature community. In total, we
identified 99 OTUs of human fecal origin. Of these 99 OTUs,
65 mapped to the five fecal signature bacterial families. To
remain consistent with our fecal signature, these 65 OTUs
comprised the human fecal signature examined in this study.

Statistical Analyses and Data Visualization

We used nonmetric multidimensional scaling (NMDS) to
visualize the differences and similarities in the fecal signature
(presence—absence only) among samples. NMDS calculations
employed the R statistics suite of programs [42] using the
metaMDS function in the vegan package [43]. We calculated
Bray—Curtis similarities for the fecal signature among samples
using the vegdist function in the vegan package [43] as input
for the NMDS. Analysis of similarity (ANOSIM) tested the
differences between a priori assigned groups (water samples
collected during a CSO vs. samples collected during a dry
weather period). The nonparametric ANOSIM technique al-
lows statistical comparisons for multivariate datasets. All
ANOSIMs were run with 1,000 permutations in R in the vegan
package with the anosim function [43].

Heatmaps created in the gplots package with the heatmap.2
function [44] described the fecal signature of several location—
environment sample groups. The heatmap represents the rel-
ative abundance of each OTU within the fecal signature as a
color schematic calculated as the total sequences attributed to
that OTU divided by the total sequences in the sample.

A human fecal signal, calculated as the sum of the total
copies per volume of the amplified products from the human
Bacteroides and Lachno2 qPCR assays, was mapped onto
the corresponding sample collection station in Milwaukee’s
urban waterways and nearshore Lake Michigan. These data
were then interpolated between sample points and smoothed
for visualization using the smooth.ppp function in the R
Spatstat package [45]. The statistical calculations for the
Pearson’s correlation coefficient and Student’s 7 test (assum-
ing equal variance between groups) were calculated in a
standard manner using Microsoft® Excel.
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Results
Defining Bacterial Communities as a Signature

Sequencing bacterial communities provides both the distri-
bution of taxa and/or sequence types for groups of interest
(the signature profile) and the relative abundance of these
groups (the signature magnitude), which taken together (the
signature) can be used to identify pollution sources. We
defined three source signatures in this study: (1) a sewer
signature, (2) a fecal signature, and (3) a human fecal
signature. To define a sewer signature, we obtained sewage
influent samples on more than 20 occasions spanning 5 years
from two wastewater treatment facilities that service Mil-
waukee, WI, USA and used 454 pyrosequencing to charac-
terize the bacterial community in each sample. The total
number of sequences obtained per sample ranged from
16,931 to 41,531. Among these 40 samples, three bacterial
genera, Acinetobacter, Arcobacter, and Trichococcus, con-
sistently made up a large proportion of the community (20—
50 %; Fig. 2a). Although these genera were very abundant
in the sewage samples, they were not prevalent in human
fecal samples (Fig. 2b); therefore, they were chosen to
represent a sewer signature. Sequences classified to the three
genera were recovered only 33 times out of the >1.2 million
sequences (0.0036 %) present in the human fecal dataset.

‘We chose the taxa/sequences assigned to five bacterial fam-
ilies, Bacteroidaceae, Porphyromonadaceae, Clostridiaceae,
Lachnospiraceae, and Ruminococcaceae, to represent a fecal
signature. These five families are prevalent in the feces of many
animals [16, 19, 25, 36]. Accordingly, these five taxa made up
on average 85.3 % of the bacterial sequences present in the
human fecal samples (Fig. 2a). The sequences from these five
families also consistently occurred in sewage influent, typically
representing 10-20 % of the total sequences in a sample
(Fig. 2a). Together, the sewer and fecal signatures comprised
29-57 % of all sequences present in the sewage influent
samples.

The human fecal signature (defined in the “Materials and
Methods™) was generally present at <10 % of the total bacte-
rial sequences in sewage influent, but on average represented
55 % of the fecal signature (Fig. 2). Among the human fecal
samples, the human fecal signature generally represented 40—
60 % of all bacterial sequences recovered (Fig. 2).

Tracking a Sewer and Fecal Signature in Coastal Waters

We tracked the relative magnitude of the sewer and fecal
signatures in transects from Milwaukee’s urban waterways to
coastal Lake Michigan during three separate environmental
scenarios: a CSO, a sewage blending event, and following at
least 4 days of very little precipitation. During the CSO, we
observed a strong sewer and fecal signature in nearshore

waters, but they diminished as distance from the shore in-
creased (Fig. 3a). We also observed this trend during a sewage
blending event, but the magnitude of the signature was lower
than in the CSO (Fig. 3b). In contrast, the magnitude of both the
sewer and fecal signatures was low (<0.5 % of total sequences)
during the dry weather transect (Fig. 3c). Likewise, in a series
of samples collected across multiple dry weather and CSO
events, the magnitude of the sewer and fecal signatures was
regularly >1 % of the community during CSOs but never
>0.4 % during dry weather periods (Table 1). Despite the
magnitude of the sewer signature being much larger than the
fecal signature in sewage influent (Fig. 2a), the fecal signature
was often greater than the sewer signature in the surface water
samples. Except during CSOs, the fecal and sewer signatures
appeared rarely in the Lake Michigan samples but occurred
consistently in the harbor and river samples (Table 1).

Profiling Fecal Taxa at the Sequence Level

We created profiles for the five fecal-associated families using
OTUs comprised of sequences with >97 % identity. The
distribution of these OTUs (i.e., the fecal signature profile)
was similar in samples grouped by location/environmental
condition (Fig. 4). Specifically, samples collected from
Milwaukee’s sewage influent had a consistent signature
that was unique from all surface water samples (Fig. 4).
The Lake Michigan and harbor samples collected during
dry periods differed significantly from samples collected in
Milwaukee’s urban waterways or in Lake Michigan during
CSOs (ANOSIM R=0.70, p<0.005). Further, nearly all
samples collected during CSOs had a similar signature and
were more similar to the sewage samples than the dry weather
samples, suggesting a relatively consistent influence from
sewage (Fig. 4). The fecal signature in the stormwater samples
also was distinct from the surface water and sewage samples
(Fig. 4).

The human fecal signature was one of the primary drivers of
the clustering observed in Fig. 4 (Table 1). Samples collected
during CSOs contained a significantly larger percentage of the
human fecal signature than those samples collected during non-
CSO periods (Table 1; ¢ test, p value<0.001), and at times, the
human signature reached proportions near that of sewage in-
fluent. In the majority of receiving water samples, the relative
abundance of the human fecal signature as a proportion of the
fecal signature was less than that found in the average sewage
sample (Table 1). The total number of fecal OTUs also widely
varied among samples. In some samples, primarily lake sam-
ples during non-CSO conditions, less than 25 OTUs made up
the fecal signature, whereas more than 100 OTUs typically
comprised this signature in the harbor and river samples no
matter the environmental conditions (Table 1).

In total, 1,008 OTUs associated with the fecal signature
taxa were identified in the surface water samples and 2,736
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Fig. 2 Bar plots of the relative abundance of sequences recovered and
assigned to the sewer-associated bacterial genera (sewer signature):
Acinetobacter, Arcobacter, and Trichococcus (leff); the fecal-associated
bacterial families (fecal signature): Bacteroidaceae, Porphyromonadaceae,
Clostridiaceae, Lachnospiraceae, and Ruminococcaceae (center); and the
bacteria of the human fecal signature (n=65 OTUs, >97 % identity) from: a

were identified among all sewage samples (see Fig. 5 for a
representation). In particular, the Lachnospiraceae and
Ruminococcaceae families contained the largest number of
OTUs associated with the fecal signature taxa, which
amounted to 2,717 of the 3,554 total OTUs observed
(Fig. 5). The distribution of OTUs also suggested potential
origins for the fecal signature in each sample group. During
CSOs, a large proportion of the fecal signature OTUs recov-
ered in the surface water samples were also represented in the
sewage influent samples (Fig. 5). Specifically, shared OTUs
between the surface water and sewage samples made up 56.4,
26.6, and 30.2 % of the fecal signature in the river CSO,
harbor CSO, and lake CSO samples, respectively. In contrast,
the relative abundance of the fecal signature OTUs shared
between sewage and surface water samples was greatly re-
duced in the non-CSO samples, comprising only 7.2, 8.9, and
1.9 % of the fecal signature in the harbor rain, harbor no rain,
and lake no rain samples. The stormwater samples shared a
moderate percentage (24.3 %) of their fecal signature
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Human Fecal Samples

Human Fecal Samples

40 sewage influent samples collected from influent at the South Shore and
Jones Island Milwaukee wastewater treatment plants. Note: for the human
fecal signature the V6V4 sequenced samples (38—40) are not included and
b human fecal samples collected by [38] representing samples 1-15 and by
[39], representing samples 16—48. The /eft axis corresponds the left plot and
the right axis corresponds to the center and right plots

(calculated as shared OTU relative abundance) with the sew-
age samples but a higher percentage with the surface water
samples during CSOs (river 44.8 %, harbor 47.1 %, lake
31.3 %) and rain events (harbor, 63.3 %).

A comparison between the sewer, fecal, and human fecal
signatures in the surface water samples and the enterococci and
E. coli colony counts revealed two relevant trends. The entero-
cocci counts showed a moderate but significant correlation to
the magnitude of both the sewer and fecal signatures across all
samples (Table 1; Pearson’s R=0.70 and 0.58; p<0.05). This
trend was also similar for the E. coli counts (Table 1; Pearson’s
R=0.59 and 0.64; p<0.05). Neither the enterococci nor the E.
coli counts exhibited a significant relationship (»=>0.05) to the
magnitude of the human fecal signature. In fact, the correlative
relationship between the two measures was slightly negative in
both cases (enterococci Pearson’s R=—0.11, E. coli Pearson’s
R=—0.08); however, this relationship may be influenced by
the wide variety of samples included in the study (Table 1).
For example, stormwater had several of the highest
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Fig. 3 Bar plots of the relative abundance of sequences recovered and
assigned to the sewer-associated bacterial genera (sewer signature),
Acinetobacter, Arcobacter, and Trichococcus, and the fecal-associated
bacterial families (fecal signature), Bacteroidaceae, Porphyromonadaceae,
Clostridiaceae, Lachnospiraceae, and Ruminococcaceae from a a sam-
pling transect collected during a combined sewer overflow on June 9, 2008,
b a sampling transect collected during a wastewater treatment sewage

concentrations of E. coli and enterococci, but contained a
comparatively low human fecal signature, whereas residual
CSOs in the harbor at times had relatively low levels of E. coli
and enterococci but a large human component (Table 1).

The Human Fecal Footprint from an Urban Area

We detected the fecal signature following a CSO 8 km from
shore in Lake Michigan (Fig. 3). However, community se-
quencing provides a relative abundance of the signature, but
not a concentration. In order to more accurately identify and
quantify the fecal signature in nearshore Lake Michigan, we
used gPCR assays for two human fecal indicators on samples
collected from the coastal zone surrounding Milwaukee, WL
During dry weather flows, the concentration of these human
indicators was very low (0.0-2.5E4 copies/l; Fig. 6) and
primarily contained to the harbor area. However, during rain
events and especially during a large CSO, the human indica-
tors were abundant several kilometers from the shore (>1.5E5
copies/l; Fig. 6). At this distance from the shore, fecal pollu-
tion was not detected using traditional culture methods for
enterococci and E. coli (Table 1).

Discussion
Fecal pollution of coastal waters remains a serious environ-

mental and public health threat [46, 47]. Despite improving
water quality following the Clean Water Act mandated

blending event on June 23, 2010, and ¢ a sampling transect collected
following a 4-day period without rain. Samples for each plot include
surface water collected at: / Junction, 2 Main Gap, 3 2 Mile, 4 3.5 Mile
[in river plume], 5 3.5 Mile [out of river plume], 6 5 Mile, 7 Kinnickinnic
River, 8 Menomonee River, 9 Milwaukee River, /0 McKinley, // Brad-
ford, and /2 Linwood. See Fig. 1 for sample map and Supplementary
Table 1 for more detailed sample descriptions

elimination of many sewage discharge sources, the regular
identification in coastal waters of sewage-borne human
pathogens suggests that sewage contamination remains a
problem [11, 47, 48]. However, the complexity of coastal
watersheds, which often drain upstream rural and agricul-
tural lands and downstream urban regions, makes it difficult
to identify and estimate the relative contributions of various
fecal pollution sources in these ecosystems.

Ideally, indicator assays for the presence of fecal pollu-
tion would be sensitive (able to detect low concentrations)
and source-specific [16]. The majority of fecal indicator
methods created for source identification rely upon a single
taxonomically narrow group of target organisms or genetic
markers ([16] and references therein). However, single tar-
get assays are complicated by cross reactivity with other
sources, geographic relevance, and differential distribution
of the target in host populations [19, 49, 50]. It is unlikely
that any single indicator will be able to meet all of the
criteria desired for tracking fecal pollution. In this study,
we used microbial community sequencing as a new ap-
proach for fecal source tracking. Sequencing a large portion
of the bacterial community by targeting the universal 16S
rRNA gene allowed us to identify signatures, i.e., subset
distributions of sequences within the community profile,
which indicated the presence of sewer, fecal, and human
fecal bacteria and suggested that nonhuman fecal-associated
bacteria were also present. With the appropriate source
bacterial signatures identified, a profiling approach would
be capable of identifying multiple fecal sources in a single
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2 =l sample and, therefore, would provide an advantage over
% S o o S § traditional single indicator approaches when the pollution
L;f g § IS § <Z: sources are not known or many sources are mixed into a
- - single environment.
3y Initial studies involving sequence profiling of bacterial
§ %‘Q o o 8 communities from various environments provide encourag-
fg Eé § § § 2 ~ ing results that argue for the feasibility of the signature
MU= |6 =5 — 2Z approach. Coastal ocean [51, 52] and Great Lake [53, 54]
= waters exhibit vastly different community compositions
§ 3 than that of sewage [24], or human and animal fecal waste
E E% "3(: [38, 39, 41, 55, 56]. To date, the fecal community surveys
EZ 2 " from animals suggest that each species harbors a unique
; éﬂ_éo g agna fecal microbial community [25, 36]. If this trend holds, then
- 0 sequence signatures from multiple fecal sources may be
o B identified from environmental samples.
§ E L‘é The consistency of the sewage influent community [24,
fj §0'°§ o 30] and in particular the taxa chosen for our signature
2 5 é + approach (Fig. 2a) suggests that the relatively small number
Z2O e — o~ 8 of taxa included adequately represented the source environ-
. - ment. If large variations in the source community composi-
§ é : tion had been observed, then a signature encompassing
ol a o n o : more taxa may have been warranted. Using our sewer and
S e e ena fecal signature approach, we tracked these taxa in the coastal
& waters of Lake Michigan. The magnitude of the signatures
=5 in three transects from the urban waterways to Lake Mich-
tg E ;q:, kS igan suggests that this method is sufficiently sensitive to
©EE - a detect sewer and fecal pollution. The correlation to CSOs
23% |8 528 N and low magnitudes in lake samples furthest from the urban
B - % g pollution sources suggests the signatures accurately detected
§ % < i g pollution presence in this coastal environment. During a dry
c%o’ g oo o o 2 E)D weather period, the sewer signature recovered from the sur-
=@ o a £ 3 face waters consisted almost entirely of sequences assigned to
;-; E the genus Acinetobacter. This genus might represent a more
2 % x ® 5 § sensitive portion of the signature because it is the most abun-
> S 23 S S «‘i P ) dant component in sewage. Alternatively, it could be that
L EL g9 2 2 Acinetobacter survives longer in the environment than the
3 § § :;’ :;’ <Z: :qc; B § other components of the signature or that it is a residual
S __é 2 g sustaining member of the lake community. Further research
E g § E é: will be needed to determine whether a subset of Acinetobacter
22 e o Eﬂ taxa represent the trailing edge of the sewer signature or
g2 % f ) g persist as members of the coastal lake community.
E E << < << | &2 _§ 2 Since the signature approach was sensitive enough to detect
= sz zEge fecal pollution in this ecosystem, we examined the fecal signa-
R=-N) 2 o p Y d £n
g g g g 8 % 2 é ture with a higher resolution (the distribution of OTUs) as a
2 E 2 2 2 8 § & 5 g way to identify sources contributing to the fecal pollution in
E R g g g g % 3 23 % Milwaukee’s waterways. We estimated the human fecal signa-
s e nnnaal E 3% ture to be ~55 % of the total fecal signature in sewage, but this
2 - = = — g" Ed § :; is likely an underestimate. SourceTracker estimates the proba-
E ':g “g “g “’% 2 § § Té“ '§ bility an OTU identified in a sink community was from a
1%: oo o g chi “:ﬂ _z % source community based in part on the distribution among
| s 55§ % é“;n 2 % g «;% source samples [37]. Large variations in and/or a small sample
2| E EEEE¢ -§‘ g 23 size for the source community would tend to decrease the
el 3 Gaaadlor o likelihood an OTU would be attributed to that source. In this
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Fig. 4 Nonmetric multidimensional scaling plot of the OTU
(>97 % identity) profile (presence or absence) from the fecal
signature bacterial families Bacteroidaceae, Porphyromonadaceae,
Clostridiaceae, Lachnospiraceae, and Ruminococcaceae present in
either surface water or stormwater samples. See Table 1 for the list of
samples included and descriptions of conditions during sample collection

study, only 48 human fecal samples contributed to the human
fecal source community, and it is known that fairly large
variations occur among human fecal samples [40, 41]. Im-
proved identification of a human fecal signature could be

Ruminococcaceae
n=730

" 2

Fig. 5 Heatmap illustrating the relative abundance of OTUs contributing
to the fecal signature in each sample group. Samples contributing to the
groupings are listed in Table 1, with the exception of the sewage group.
The sewage influent sample information is listed in Supplementary Table 1.
The number of samples contributing to each group is as follows: sewage
(37), stormwater (4), river CSO (3), harbor CSO (11), harbor rain (6),

{I
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Lachnospiraceae
n=949

achieved with a larger dataset of human fecal microbial
communities.

CSOs offer an opportunity to study a known pollution event,
and as expected, during CSO events, sewage was a primary
contaminating source in the coastal waterways. Less anticipat-
ed was that the fecal signature in the urban waterways during
rain events had a fecal signature that was relatively similar to
that of CSOs and sewage (Figs. 3 and 4), with differences
primarily occurring among lower abundance OTUs. This pat-
tern indicated to us that sewage was a source during rain events,
but at a lower magnitude than during CSOs, thereby causing
the limit of detection to be reached for the less significant
components of the signature. Stormwater outfall runoff harbor-
ing nonhuman fecal waste mixed with sewage could produce
these observed patterns. In a previous study, we found that
Milwaukee’s stormwater is commonly infiltrated with sewage
[17], and here, we again observe a human fecal contribution to
the fecal signature coming from stormwater outfalls. Although
a human fecal component was apparent, the major fecal com-
ponent in the stormwater samples was from OTUs that had
never been detected in sewage. This nonsewage and therefore
presumably nonhuman fecal signature was consistently present
during rain and CSO events. Since we did not have the fecal
signatures for nonhuman animal fecal sources, we cannot iden-
tify the other polluting sources being delivered to the coastal
waters by stormwater, but it is apparent that stormwater is a
primary route for both significant human and nonhuman fecal
contamination in this coastal system.

0

Lake CSO

o
o
=)
Porphyromonadaceae — E
Clostridiaceae Bacteroidaceae g >
n=98 n=265 n=144 g
=g
m
Sewage & 3
o
- 5
N B
Stormwater . 3
=3
—_ )
o &
‘ ‘ ‘ ‘ ‘ ‘ Harbor CSO
‘ H m ‘ Harbor Rain
‘H Harbor No Rain

harbor no rain (3), lake CSO (5), and lake no CSO (5). “Rain” samples are
those that were collected following >2.5 cm of rain over a 48-h period
prior to collection. For illustrative purposes, only the OTUs among the top
50 % most abundant in sewage for each fecal family and all OTUs not
present in sewage are shown. The number of OTUs for each bacterial
family illustrated in this figure is shown next to the family name

Lake No CSO
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1.5E4

5.0E3

Fig. 6 Interpolated mapping of the total human Bacteroides+Lachno2
(human fecal signal) copies per liter of sample collected during four
weather scenarios (from left to right: dry weather, heavy rain, heavy
rain/blending event, heavy rain/combined and sanitary sewer overflow.

In a previous study, we noted that human fecal pollution
was chronic in Milwaukee’s urban waterways [22]. Our
fecal signature approach also identified chronic fecal pollu-
tion, including human and nonhuman fecal pollution in the
harbor and both human and nonhuman fecal pollution out to
8 km from shore. Although the community sequencing
approach facilitates fecal source identification, its reliance
on relative abundance measures means it is not well suited
for quantifying the fecal signatures observed. Using gPCR
assays for human Bacteroides and Lachno2, both human
fecal indicators, we provided complementary evidence of
the human fecal signature during rain events and CSOs and
quantified a human fecal signal in Lake Michigan’s coastal
waterways. The qPCR assays confirmed that human fecal
pollution does impact an area a significant distance from the
Lake Michigan shoreline.

Given the complexity of the data produced by communi-
ty sequencing and the complexity of identifying mixed fecal
pollution signals, this study provides only a glimpse at the
potential of a microbial signatures approach. The primary
strength of a signature-based approach and the facet
distinguishing it from most currently applied approaches is
that it is capable of deciphering the presence of multiple
pollution sources in a single sample without the need for a
priori decisions about what sources to target. Generally
speaking, this facet of the signature approach has practical
implications for resource managers, who often have limited
funds to mitigate fecal pollution issues. If multiple fecal
pollution sources could be identified from a single or a
few samples, then the resource manager would have with
limited effort or cost the capability to identify the largest
and/or most problematic pollution sources in her/his system
and direct funding toward those issues. Although offering

1.0E5
Copies/L water

1.0E6 2.5E7

Sample points on each map indicate the samples used for interpolating
data in the map. The dry weather map is an average concentration of
the markers from four separate transects while the remaining three
maps indicate a single sampling event

significant potential, signature-based approaches are not the
ideal method for all pollution tracking scenarios. Current
signature-based approaches are not quantitative, so when
pollution sources are known or quantification is needed,
single target quantification may be more appropriate.

The signature approach also has unique drawbacks. Partic-
ularly, source identification using communities is only as good
as the sequence databases that describe the source communi-
ties. Much larger microbial community databases that include
fecal samples from diverse source animals and urban infra-
structure are needed. Procedures governing consistent DNA
extraction and amplification procedures to minimize molecu-
lar biases must be created and implemented. Further refine-
ment of fecal signatures is also necessary and could be
provided with methods like SourceTracker [37] that identify
discriminatory signatures out of complex data matrices.

Conclusions

Despite marked improvements, fecal pollution still represents
a major impairment to coastal waterways and a threat to
human health. Pollution mitigation often depends upon being
able to identify the major contributing sources; however,
along urban coasts, the pollution sources and delivery routes
are numerous, thereby rendering traditional fecal indicator
assays insufficient for source identification. Source identifica-
tion facilitated by our use of a microbial community sequenc-
ing approach to identify source signatures suggested that
significant proportions of the coastal surface water bacterial
community were made up of bacteria associated with fecal
waste and urban infrastructure. The signature approach also
revealed that human fecal contamination was entering via the
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stormwater outfall system and that nonhuman fecal sources
were the largest contributors of fecal pollution during dry
weather and non-CSO producing rain events. Our approach
used signatures that could be used to target both the fecal and
sewer (nonfecal) component of sewage. The sewer signature
is present at consistently high levels in sewage influent, but
has garnered little attention as a potential indicator. Although
there is still much to be deciphered and refined, microbial
community sequencing appears to be a promising method for
identification of fecal sources in complex ecosystems and
could be used in other avenues of microbial community
research such as identifying sample contamination [37], envi-
ronment mixing, or microbial immigration.
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