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In this study, host-associated molecular markers and bacterial 16S rRNA gene community analysis using high-throughput se-
quencing were used to identify the sources of fecal pollution in environmental waters in Brisbane, Australia. A total of 92 fecal
and composite wastewater samples were collected from different host groups (cat, cattle, dog, horse, human, and kangaroo), and
18 water samples were collected from six sites (BR1 to BR6) along the Brisbane River in Queensland, Australia. Bacterial com-
munities in the fecal, wastewater, and river water samples were sequenced. Water samples were also tested for the presence of
bird-associated (GFD), cattle-associated (CowM3), horse-associated, and human-associated (HF183) molecular markers, to pro-
vide multiple lines of evidence regarding the possible presence of fecal pollution associated with specific hosts. Among the 18
water samples tested, 83%, 33%, 17%, and 17% were real-time PCR positive for the GFD, HF183, CowM3, and horse markers,
respectively. Among the potential sources of fecal pollution in water samples from the river, DNA sequencing tended to show
relatively small contributions from wastewater treatment plants (up to 13% of sequence reads). Contributions from other ani-
mal sources were rarely detected and were very small (<3% of sequence reads). Source contributions determined via sequence
analysis versus detection of molecular markers showed variable agreement. A lack of relationships among fecal indicator bacte-
ria, host-associated molecular markers, and 16S rRNA gene community analysis data was also observed. Nonetheless, we show
that bacterial community and host-associated molecular marker analyses can be combined to identify potential sources of fecal
pollution in an urban river. This study is a proof of concept, and based on the results, we recommend using bacterial community
analysis (where possible) along with PCR detection or quantification of host-associated molecular markers to provide informa-
tion on the sources of fecal pollution in waterways.

Fecal indicator bacteria (FIB), such as Escherichia coli and En-  the past 15 years, numerous molecular markers have been devel-
terococcus spp., have long been used as indirect measures of  oped to identify, and in some cases to quantify, the magnitude of
public health risks associated with environmental waters (1, 2).  fecal pollution in environmental waters from specific hosts (9).
However, the use of FIB to identify the health risks associated with  The validation of these markers is based on several performance
enteric viruses and protozoa has been questioned because of their  characteristics, such as host specificity, host sensitivity, evenness
poor cooccurrence or correlation (3-5). Some strains of FIB have  in the feces, persistence in environments, and relevance to health
been reported to have the ability to adapt in the environmentand  risks (9, 11). None of the markers possesses all of the desirable
to persist in sediment and vegetation (6, 7). The major limitation performance characteristics, however, and it has been recom-
of FIB is that they cannot be assigned to a specific original source | ,ended that a “toolbox” approach should be used for accurate
due to their cosmopolitan nature (being frequently' found in dif-  ;3entification of polluting sources (15-17).

ferent warm-blooded and some cold-blooded animals) (8, 9). In recent years, bacterial community analyses using next-gen-

When enfnronmental waters are pplluted w1t.h FIB from multiple .. sequencing have emerged as promising library-dependent
sources, it becomes extremely difficult to implement a robust

management plan without identifying the potential sources of this
pollution.

Over the past 2 decades, library-dependent and library-inde-
pendent microbial source tracking (MST) methods have been de-
veloped to differentiate between sources of fecal pollution in en-
vironmental waters. The MST methods developed earlier were
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FIG 1 Map of the Brisbane River, showing sampling sites.

MST tools. These methods have allowed better characterization of
bacterial communities from environmental waters (18—20). Unno
and colleagues reported the development of a new library-depen-
dent method using pyrosequencing-derived shared operational
taxonomic units (OTUs) to identify the sources of fecal pollution
in waterways in South Korea (21). Their results indicated that the
majority of bacteria in the feces of humans and domesticated an-
imals belonged to the phyla Bacteroidetes and Firmicutes, whereas
the predominant bacteria in the feces of geese and in freshwater sam-
ples belonged to Proteobacteria. Using this method, the authors
were able to determine that human and swine feces were the
sources of fecal pollution in the river. Cao and colleagues
evaluated terminal restriction fragment length polymorphism
(TRFLP), phylogenetic microarray, and next-generation sequenc-
ing (Illumina) data for 64 blind samples, from single or dual
sources, that were generated from 12 host groups. They deter-
mined that all three methods were able to identify correctly the
dominant sources of host groups for 95% of the blind samples
(22).

The aim of the current study was to assess toolbox approaches
using host-associated molecular markers and bacterial 16S rRNA
gene community analyses to identify the sources of fecal pollution
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in environmental waters in Brisbane, Australia. Fecal samples
were collected from six host groups and surface water from the
Brisbane River. Bacterial communities were sequenced using the
Mlumina MiSeq platform. In addition, the water samples were
tested for the presence of bird-, cattle-, horse-, and human-asso-
ciated molecular markers to provide multiple lines of evidence
regarding the presence of fecal pollution from specific sources.

MATERIALS AND METHODS

Water sampling. In December 2013, water samples were collected from
six sites (designated BR1 to BR6) along the Brisbane River in Queensland,
Australia (Fig. 1). Each site was sampled in triplicate at one event, givinga
total of 18 samples. Sampling site descriptions and GPS coordinates are
provided in Table S1 in the supplemental material. Site BR1 is located on
the upper reaches of the Brisbane River. This site receives overflow of
water from the Wivenhoe Reservoir. Site BR2 is located in a periurban
nonsewered catchment. Site BR3 is at a major tributary of the Brisbane
River and is tidally influenced. The catchment where site BR3 is located
has residential and industrial developments and is serviced by a wastewa-
ter treatment plant (WWTP). Site BR4 is located in a highly urban area
and also is tidally influenced. This site receives urban runoff through a
stormwater drain. Sites BR5 and BR6 are located on the lower reaches of
the river, in highly urbanized areas. A 10-liter water sample was collected
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from each site, in sterile carboy containers, 30 cm below the water surface.
The water samples were transported on ice to the laboratory and were
processed within 6 to 8 h.

Enumeration of fecal indicator bacteria. The membrane filtration
method was used for isolation and enumeration of fecal indicator bacteria
(FIB). Serial dilutions of water samples were made in sterile MilliQ water
and were filtered through nitrocellulose membranes (pore size, 0.45 pm;
diameter, 47 mm; Millipore, Tokyo, Japan). Dilutions were placed on
modified membrane-thermotolerant Escherichia coli (mTEC) agar (Difco,
Detroit, MI) and membrane-Enterococcus indoxyl-p-glucoside (mEI)
agar (Difco) for the isolation of E. coli and Enterococcus spp., respectively.
Modified mTEC agar plates were incubated at 35°C for 2 h to recover
stressed cells, followed by incubation at 44°C for 22 h (23), while mEI agar
plates were incubated at 41°C for 48 h (24).

Biomass collection from water samples. A 2-liter subsample of the
10-liter sample from each site was filtered through a nitrocellulose mem-
brane (pore size, 0.45 pm; diameter, 47 mm; Millipore). In cases of mem-
brane clogging due to turbidity, multiple membranes were used. The
membrane (or membranes) was immediately transferred to a 15-ml ster-
ile tube containing phosphate-buffered saline (Sigma-Aldrich, St. Louis,
MO). The sample tube was shaken with a vortex mixer for 5 min to detach
the microbial biomass from the membrane, followed by centrifugation at
4,500 X g for 15 min at 4°C to yield a pellet (25).

Host group sampling. Fecal and wastewater samples were collected
from six host groups. Individual cat fecal samples (n = 14) were collected
from the veterinary hospital located at the University of Queensland, Gat-
ton Campus, on two separate occasions. Composite cattle wastewater
samples (mixtures of urine and feces; n = 12) were collected from two
abattoirs located on the outskirts of Brisbane on three separate occasions.
Individual dog fecal samples (1 = 14) were collected from a dog park and
a veterinary hospital on two separate occasions. Individual horse fecal
samples (n = 14) were collected from a horse racecourse on one occasion.
Individual kangaroo fecal samples (n = 14) were collected from the Lone
Pine Koala Sanctuary. Composite human wastewater samples (n = 24)
were collected from the primary influent of four WWTPs, serving 50,000
to 500,000 people in Brisbane and the Sunshine Coast region, on six sep-
arate occasions. All fecal samples were collected from the fresh defecation
of each animal (cat, dog, horse, and kangaroo). All samples were trans-
ported on ice to the laboratory, stored at 4°C, and processed within 6 h.

Biomass collection from cattle and human wastewater samples. The
composite cattle and human wastewater samples were concentrated using
an Amicon Ultra-15 centrifugal filter device (molecular weight cutoff
value, 30,000; Millipore). In brief, 10 ml of a wastewater sample was added
to the Amicon device and centrifuged at 4,000 X g for 10 min. Approxi-
mately 180 to 200 .l of concentrated sample was collected from the filter
device sample reservoir by using a pipette (26). The concentrated sample
was stored at —20°C for a maximum of 24 h prior to DNA extraction.

DNA extraction. DNA was extracted from the pellet obtained from
each water sample by using a Mo Bio PowerSoil DNA isolation kit (Mo
Bio Laboratories, Carlsbad, CA). A DNeasy blood and tissue kit (Qiagen,
Valencia, CA) was used to extract DNA from the concentrated cattle and
human wastewater samples. A QIAamp stool DNA kit (Qiagen) was used
to extract DNA directly from 100 to 220 mg of fresh individual animal
fecal samples. The extracted DNA samples were quantified using a Nano-
Drop spectrophotometer (ND-1000; NanoDrop Technology, Wilming-
ton, DE).

Real-time PCR assays. The previously published primer sequences
and amplification conditions for real-time PCR assays that were used in
this study are shown in Table S2 in the supplemental material. Each DNA
sample was amplified using a previously published universal bacterial
real-time PCR assay to confirm the presence of DNA (27). The universal
bacterial real-time PCR amplification was performed in 20-ul reaction
mixtures using SsoFast EvaGreen supermix (Bio-Rad Laboratories, Rich-
mond, CA). The universal bacterial real-time PCR assay mixtures con-
tained 10 wl of supermix, 300 nM each primer, and 2 pl of template DNA.
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Sketa22 real-time PCR assays were undertaken to assess the potential
presence of PCR inhibitors in the DNA samples extracted from fecal/
wastewater and water samples, according to previously published meth-
ods (28, 29). Sketa22 real-time PCR assays were performed in 25-p.l reac-
tion mixtures using iQ supermix (Bio-Rad Laboratories). The real-time
PCR assay mixtures contained 12.5 pl of supermix, 300 nM each primer,
400 nM probe, 2 pl of template DNA, and 10 pg (2 pl) of Oncorhynchus
keta DNA.

The HF183 (30, 31), GFD (32), and horse (33) real-time PCR assays
were performed in 20-pl reaction mixtures using SsoFast EvaGreen su-
permix (Bio-Rad Laboratories). The real-time PCR mixtures contained
10 pl of supermix, 300 nM each primer (for HF183), 100 nM each primer
(for GFD), or 300 nM each primer (for horse), and 2 pl of template DNA.
To separate the specific product from nonspecific products, including
primer dimers, melting curve analysis was performed for each real-time
PCR run. During melting curve analysis, the temperature was increased
from 65°C to 95°C in 0.5°C increments. The CowM3 (34) real-time PCR
mixtures contained 12.5 pl of iQ supermix (Bio-Rad Laboratories), 400
nM each primer, 80 nM probe, and 5 pl of template DNA. All real-time
PCR assays were performed in triplicate. For each real-time PCR assay,
triplicate positive and negative (sterile water) controls were included.

PCR and Illumina MiSeq sequencing. The V5 and V6 regions of the
16S rRNA gene were amplified using the primer set described previously
(35) (see Table S2 in the supplemental material). Amplicons from each
sample were pooled in equal amounts. All samples were sequenced
(paired-end sequenced at a length of 300 nucleotides [nt] in each direc-
tion) by the University of Minnesota Genomics Center (Minneapolis,
MN), using version 3 chemistry on the MiSeq platform.

Sequence data analysis. Sequence processing was performed using
mothur software (version 1.33.3) (36). Sequences were trimmed to 150 nt
and paired-end joined using fastq-join (37). Quality trimming was per-
formed to remove sequences with average quality scores of <35 over a
window of 50 nt, homopolymers of >8 nt, ambiguous bases, or mis-
matches to primer sequences. High-quality sequences were aligned
against the SILVA database (version 115) (38). Sequences were further
quality trimmed by using a 2% precluster error (39, 40) and chimera
removal using UCHIME (41). Assignment of OTUs was performed at
97% identity using the furthest-neighbor algorithm. Taxonomic assign-
ments were made against the Ribosomal Database Project database (ver-
sion 9) (42). Samples were grouped by environmental water or animal
host groups. For comparisons, groups were normalized to include 11
samples per group, each randomly subsampled to 25,000 sequence reads
(275,000 sequence reads per group). Rarefaction curves based on the
numbers of OTUs for water samples and host groups are shown in Fig. S1
to S7 in the supplemental material. For determination of the percentages
of sequence reads and OTUs (97% sequence similarity) unique to each
group, no normalization was performed.

The Bayesian classifier software SourceTracker was used to assign
sources of fecal pollution in water samples (43). SourceTracker calculated
the probability that an OTU present in the bacterial community of envi-
ronmental water samples (the sink) came from host groups (the source).
In this study, all samples with rarefication to 100, 1,000, and 10,000 se-
quence reads, using default settings at o values of 0.001, were used in
SourceTracker when possible. If fewer sequences were available for a sam-
ple, then all sequences for the sample were used. In contrast to the method
used by Shanks and colleagues (44), all source groups were included in
SourceTracker runs at the different rarefaction depths, and Source-
Tracker assignments of source contributions are reported. Details regard-
ing the mathematical modeling for source-specific OTU assignments are
reported elsewhere (43).

Statistical analyses. Alpha diversity indices, including sample cover-
age, number of OTUs observed, Shannon diversity index (45), and abun-
dance-based coverage estimate (ACE) (46), were calculated using mothur.
These diversity indices were chosen to provide both parametric and non-
parametric estimates of diversity. For comparison of community struc-
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TABLE 1 Shannon diversity indices, observed richness values, and
abundance-based coverage estimates of richness for sample groups

Mean = SD?

Shannon

diversity
Sample group index Sobs ACE index
Brisbane River water  5.00 = 0.24 A 1,725 = 172 AC 4,024 += 1,035 A
Human wastewater 4,70 = 0.40 A 1,443 = 324 A 3,102 £ 710 E
Cat feces 3.15%£0.38B 215*26B 318 = 55 BCF
Cattle wastewater 2.07 £2.00B 374 *£729B 557 = 861 BCF
Dog feces 2.13*0.75B 145*26B 222 * 69 BCF
Horse feces 5.80 = 0.73A 1,972 + 341 C 2,881 £ 776 E
Kangaroo feces 515+ 093 A 1,348 = 168 A 1,816 = 170 D

“ Values followed by the same capital letter were not significantly different at an o of
0.05 via Tukey’s post hoc test.

tures, Bray-Curtis dissimilarity (47) was calculated. Differences in phylo-
genetic composition and abundance-weighted phylogenetic composition
among sample groups were evaluated using unweighted and weighted
UniFrac metrics (48), respectively, in mothur. Similarly, differences in
beta diversity were evaluated using analysis of similarity (ANOSIM) (49),
and the significance of group clustering was evaluated in mothur using
analysis of molecular variance (AMOVA) (50). Spearman rank correla-
tion and binary logistic regression analyses were performed to determine
the correlations between microbial water quality parameters, using SPSS
statistical software (version 19.2; IBM, Armonk, NY). All statistics were
evaluated with « values of 0.05.

Sequence data accession number. Raw sequence data from MiSeq
sequencing were received as fastq files and were submitted to the National
Center for Biotechnology Information Sequence Read Archive under ac-
cession number PRINA257794.

RESULTS

Bacterial community diversity and composition. The coverage
of the sample groups (275,000 sequence reads per group, with 11
independent samples subsampled to 25,000 sequence reads)
ranged from 97 to 100%, with an average of 96% * 1.2% among
all samples. Cat and dog fecal samples and cattle wastewater sam-

100% +
90%
80%
70%
60%
50%
40%

Sequence Reads

30% -
20% -
10%

0%

Sample Group

ples had significantly lower Shannon diversity index values, ob-
served richness (S,,,) values, and estimated richness values based
on the ACE index than did human wastewater samples, horse and
kangaroo fecal samples, and Brisbane River water samples (P <
0.05) (Table 1). The Brisbane River water samples had the highest
richness values based on the ACE index. Notably, cattle wastewa-
ter samples showed considerably greater variability in both rich-
ness and diversity than did the other samples tested (Table 1).
Conversely, bacterial communities in fecal samples from pets (cats
and dogs) and kangaroos showed comparatively little variation in
richness, based on both observed richness and ACE index values,
but these groups also had the lowest richness values, compared to
human wastewater samples, horse fecal samples, and Brisbane
River water samples.

Among fecal samples, communities were predominantly com-
posed of Clostridiales, Bacteroidales, and Enterobacteriales (Fig. 2).
The WWTP samples showed low relative abundances of Entero-
bacteriales but higher relative abundances of Pseudomonadales.
Orders that were abundant in fecal samples accounted for only
~50% of sequence reads for the Brisbane River water samples,
which included predominantly Rhodospirillales (15% of reads),
Burkholderiales (10%), an unclassified order of Cyanobacteria
(8%), Actinomycetales (8%), Flavobacteriales (7%), and Altero-
monadales (6%). All other orders accounted for fewer than 5% of
reads in the Brisbane River samples. Distributions of the 15 most
abundant orders among 11 individual samples from the Brisbane
River and host groups are shown in Fig. S8 to S14 in the supple-
mental material.

Variations in host-associated communities. In order to assess
maximum variations in community compositions, the percentages
of sequence reads and OTUs that were associated with each host
group were calculated using all samples, without normalization or
subsampling (Table 2). Host-associated communities were defined
as communities that were unique to a particular host group. The
horse and kangaroo host groups were composed of 59% and 40%
host-associated communities, respectively, and represented the ma-
jority of species richness in these samples. Human and cattle waste-

Less abundant orders
Sphingobacteriales
Fusobacteriales
Erysipelotrichales

® Aeromonadales

m Rhodospirillales
Actinomycetales

Cyanobacteria Family_II

u Bacillales

m Burkholderiales

u Selenomonadales

m Flavobacteriales

u Enterobacteriales

® Pseudomonadales

® Bacteroidales

u Clostridiales

FIG 2 Distribution of the 15 most abundant orders among samples (11 samples per group, with sequence numbers normalized). A total of 148 orders were

identified among all samples.
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TABLE 2 Distributions of host-associated communities and operational taxonomic units among fecal sources, without normalization or

subsampling
No. of samples  No. of sequence  Host-associated Host-associated

Sample group in group reads” communities” (%) OTUs" (%) Predominant unique orders” (%)

Human wastewater 24 1,367,124 10 62 Clostridiales (24), Bacteroidales (11), Selenomonadales (8),
Verrucomicrobiales (8), Burkholderiales (6)

Cat feces 14 1,150,863 0.9 23 Clostridiales (47), Coriobacteriales (23), Erysipelotrichales
(19), Desulfovibrionales (6)

Cattle wastewater 12 1,342,864 8 49 Clostridiales (38), Bacteroidales (37)

Dog feces 14 921,392 0.4 19 Anaeroplasmatales (46), Coriobacteriales (14),
Fusobacteriales (10), Clostridiales (10), Bacteroidales
(6), Erysipelotrichales (5)

Horse feces 14 770,531 59 75 Clostridiales (33), Bacteroidales (32), Verrucomicrobiales
subdivision 5 (8)

Kangaroo feces 14 934,609 40 62 Clostridiales (38), Bacteroidales (36), Verrucomicrobiales

(7), Selenomonadales (7)

“ Total number of high-quality sequences for the group.

b Percentage of communities associated with the host group.

¢ Percentage of host-associated OTUs among the OTUs present in the group.
@ Orders accounting for >5% of host-associated sequence reads.

water communities showed approximately 10% and 8% host associ-
ation, respectively, accounting for about 50% of the species richness,
while cat and dog communities were highly cosmopolitan. Of partic-
ular note, the predominant host-associated OTUs (those unique to a
host group) among human wastewater, cat fecal, cattle wastewater,
horse fecal, and kangaroo fecal samples belonged to Clostridiales (24
to 47%). Bacteroidales were also predominant in cattle wastewater,
horse fecal, and kangaroo fecal samples (32 to 37%). In contrast,
cat fecal samples were dominated by Coriobacteriales (23%) and
Erysipelotrichales (19%), whereas dog fecal samples were domi-
nated by Anaeroplasmatales (46%).

Weighted UniFrac distances were significantly differentamongall
host groups (P = 0.004), indicating differences in abundance-

weighted phylogenetic community structures. However, un-
weighted UniFrac distances differed significantly only among
Brisbane River water, kangaroo fecal, and human wastewater sam-
ples (P = 0.027). Unweighted phylogenetic structures did not dif-
fer significantly among most host groups and Brisbane River sam-
ples (P = 0.063). Ordination of samples via principal-coordinate
analysis (PCoA) indicated that samples tended to group by source
(Fig. 3). Apparent overlap of Brisbane River water, horse fecal, and
kangaroo fecal samples when all samples were plotted was further
resolved (Fig. 4). Brisbane River water samples, however, as well
as horse and kangaroo fecal samples, were still highly similar.
Nevertheless, clustering of samples by source was supported by
AMOVA (P < 0.001).
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FIG 3 Principal-coordinate analysis (PCoA) of all source-specific samples and water samples (11 samples subsampled to 25,000 sequences). A total of 99 axes

were required to explain total variance.
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FIG 4 Principal-coordinate analysis (PCoA) of samples clustered in the center of Fig. 3. A total of 55 axes were required to explain total variance.

Microbial water quality parameters and sources of fecal pol-
lution in the Brisbane River. Among the 18 water samples analyzed
from the six sites, all samples yielded culturable E. coli and Entero-
coccus spp. The concentrations of E. coli and Enterococcus spp. in
water samples ranged from 12 to 480 CFU per 100 ml of water and
from 3 to 600 CFU per 100 ml of water, respectively (Table 3). The
concentrations of E. coli and Enterococcus spp. were much greater
in water samples from sites BR3 and BR4 than from the other sites.
In contrast, the percentages of Enterobacteriales were relatively low
among communities characterized using 16S rRNA gene sequenc-
ing, with this order accounting for 0.004 to 0.032% of sequence
reads. The percentages of Enterobacteriales were not correlated
with the concentrations of either E. coli or Enterococcus spp.
(Spearman r values of 0.492 and 0.445, with P values of 0.124 and
0.169, respectively). Among the host-associated molecular mark-
ers tested, the bird-associated GFD marker was more prevalent
than the others. Among the 18 samples tested, 15 (83%), 6 (33%),

TABLE 3 Sampling sites, numbers (ranges) of fecal indicator bacteria,
and real-time PCR positive/negative results for host-associated
molecular markers

No. of FIB (CFU/100

ml) Detection of molecular markers”

Sampling Enterococcus

site? E. coli spp. CowM3 HF183 GFD Horse
BRI 12-18  3-6 ——— - == 4+t -
BR2 51-80  19-25 4+ ——= —— = - ==
BR3 242-340 510-600 -—— +++ +++ —-—-
BR4 395-480 522-580 - +++ +++ —-—-
BR5 121-160  174-208 - - +++ ++ -
BR6 70-103 150-182 - —== +++ —-—-

@ Triplicate samples from each site were tested.
b negative for the marker; +, positive for the marker. The result for each of the
triplicate samples tested is shown.
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3 (17%), and 3 (17%) were PCR positive for the GFD, HF183,
CowM3, and horse markers, respectively (Table 3). The host spec-
ificity and host sensitivity values for the GFD, HF183, CowM3,
and horse markers are shown in Table S3 in the supplemental
material.

The potential sources of fecal pollution in water samples from
the Brisbane River, analyzed using DNA sequencing, were deter-
mined using SourceTracker (Table 4). Brisbane River water sam-
ples tended to show relatively small contributions from WWTPs
(up to 13% at rarefaction to 100 reads and =4% at =1,000 reads).
Contributions from other animal sources were rarely detected and
were very small (=3% of sequence reads). Notably, rarefaction
depth had a significant effect on host group assignments for Bris-
bane River samples. Among river samples, contributions attrib-
uted to horses and WWTPs were significantly greater at 100 se-
quence reads than at either 1,000 or 10,000 reads (P values of 0.001
and 0.006 to 0.007, respectively).

Correlations between microbial water quality parameters.
Among all water samples collected, the concentrations of E. coli
were significantly and positively correlated with those of Entero-
coccus spp. by Spearman rank correlation (r = 0.910, P < 0.001).
Binary logistic modeling relating the concentrations of E. coli and
Enterococcus spp. to real-time PCR detection of host-associated
molecular markers for all samples was performed. The regression
models for the CowM3 and horse markers were not significant
(X* = 5.20, P = 0.074). The model for the HF183 marker was
significant (x> = 11.03, P = 0.001) and explained 40.4% of the
variations in detection (Nagelkerke R?). Similarly, the model for
the GFD marker was significant (x*> = 25.30, P < 0.001) and
explained 67.9% of the variance; the analysis revealed that samples
with elevated concentrations of E. coli (P = 0.008), but not Entero-
coccus spp. (P = 0.108), were 82 times more likely to test positive
for this marker.

Due to differences in detection and extents of source assign-
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TABLE 4 Percentages of source assignments determined using
SourceTracker with rarefaction to 100, 1,000, and 10,000 sequence reads

Rarefaction
. size (no. of % of samples assigned to indicated source”
Sampling sequence
site reads) Cat Cattle Dog Horse Kangaroo WWTPs
BR1 100 —_ — 0-1 0-1 0-1 2-12
1,000 — — — — — 0—4
10,000 — — — — — 0-3
BR2 100 0-1 0-1 0-1 0-1 — 1-6
1,000 —_ — — — — 1-1
10,000 —_ — — — — 1-1
BR3 100 —_ — — — — 1-13
1,000 — — — — — 0-2
10,000 — — — — — 0-2
BR4? 100°¢ 0-1 0-1 0-2 0-1 — 1-2
1,000¢ —_ — — — — 0-1
BR5 100 0-1 — — 0-1 — 0-2
1,000 — — — - — 0-1
10,000 — — — — — 0-1
BR6 100 —_ — — 0-1 0-1 2-7
1,000 — — — — — 2-3
10,000 —_ — — — — 1-2

@ —, could not be assigned to a source.
¥ No replicate had 10,000 sequence reads for analysis.
¢ One replicate was excluded from analysis due to a paucity of sequence reads.

ments, correlations and binary logistic models were calculated for
Brisbane River samples at each rarefaction depth using only
SourceTracker data for samples with sufficient sequence reads for
rarefaction. Correlation analysis revealed a significant negative
correlation (r = —0.496, P = 0.043) between E. coli concentra-
tions and percentages of sequence reads assigned to sewage for
Brisbane River samples. Spearman correlations were not signifi-
cant. Binary logistic models did not significantly explain the vari-
ations in detection of the CowM3 (x* < 10.83, P = 0.146), HF183
(x* = 11.52, P = 0.103), GFD (x* < 10.83, P = 0.146), or horse
(x* = 10.83, P = 0.146) marker.

DISCUSSION

Microbial community analysis can be used to obtain information
about different bacterial florae that are unique to animal feces and
environments such as soils and water (51, 52). The recent ad-
vancement and reduced costs of high-throughput sequencing
have accelerated the analysis of microbial communities of animal
feces and environmental water samples (53). However, only a few
studies have investigated the potential application of next-gener-
ation sequencing for MST (21, 22, 54-57). In this study, we devel-
oped a library of bacterial sequences from six host groups as a
proof of concept. The sequences in the library were then com-
pared to the sequences obtained from an urban river in order to
assess the utility of bacterial community analysis for MST field
studies. The V5-to-V6 region of the 16S rRNA gene was selected as
the target, because this region was shown previously to provide
richness estimates comparable to those from full-length 16S rRNA
gene analysis. Furthermore, Illumina gene sequencing offers sig-
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nificantly more reads with improved quality than other next-gen-
eration sequencing platforms (58, 59).

The Shannon diversity indices for cat fecal samples in this
study were greater than those in a previous study, but those for
dog fecal samples were similar (60). Among the host groups, hu-
man wastewater samples had significantly greater observed rich-
ness, Shannon diversity indices, and ACE richness than did cat
and dog fecal samples. Cattle wastewater samples also showed
considerably greater variability in both diversity and richness than
did fecal samples from other host groups. This could be due to the
fact that the cattle wastewater samples were mixtures of urine and
feces and were collected from wastewater drains potentially con-
taining bacterial populations from environmental sources in ad-
dition to those of fecal origin. The higher-diversity indices for
human wastewater samples could be attributed to wastewater-
associated bacterial communities as well as human fecal bacteria
from a large population releasing wastewater into the WWTP
stream (57). The Shannon diversity index for horse fecal samples
was similar to the value reported in previous studies that investi-
gated the 16S rRNA gene in horse fecal samples using pyrose-
quencing (61-63). Diversity indices can vary greatly among stud-
ies, which can be attributed to factors such as variable numbers of
reads used in the analyses, different OT'U similarity cutoff values,
the target regions sequenced, and the methods used, in addition to
variations due to the DNA extraction kits used in the studies (64).

Direct comparisons of taxonomic orders for individual fecal
samples from cat, dog, horse, and kangaroo host groups showed
that the bacterial communities were predominantly composed of
Clostridiales and Bacteroidales. In contrast, the Enterobacteriales
order was highly prevalent in composite cattle wastewater sam-
ples. This is not in agreement with a previous study that reported
that Firmicutes was the most abundant phylum across all commu-
nities in dairy cows (65). Such a discrepancy could be due to the
fact that we collected cattle wastewater samples from wastewater
drains in abattoirs, whereas Pitta and colleagues (65) collected
ruminant contents from the stomachs of dairy cows. It is possible
that portions of microbial communities in the drains came from
other animals, such as pigs and sheep, which were also present in
the abattoirs. In addition, the possibility of regrowth of Enterobac-
teriales in the drains cannot be ruled out. Since the cattle waste-
water samples were composite samples, it is also possible that the
mixtures of feces and urine from large numbers of cattle contrib-
uted to the greater abundance of Enterobacteriales. In contrast,
Brisbane River water samples were dominated by Rhodospirillales,
Burkholderiales, Actinomycetales, and Flavobacteriales. The pres-
ence of these taxonomic orders in surface waters has been re-
ported previously (66-68).

Host-associated communities were greatest in horse fecal sam-
ples, followed by kangaroo fecal and human wastewater samples.
The percentages of host-associated OTUs among the host groups
ranged from 19 to 75%. Among the human wastewater samples,
these OTUs were classified among Clostridiales, Bacteroidales, Sel-
enomonadales, Verrucomicrobiales, and Burkholderiales. However,
OTUs belonging to Clostridiales and Bacteroidales were also iden-
tified in the other host groups. Therefore, it appears that the use of
a single order for source identification may not be suitable, al-
though unique OTUs exist among host groups. Similar observa-
tions were also reported by Unno and colleagues (21). However,
differences in DNA extraction procedures, different microbial de-
cay rates, and temporal variations in the bacterial community
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might have artificially resulted in differences in the observed com-
munity structures. Therefore, the conclusions presented here
should be interpreted cautiously and as preliminary only. Further
studies are needed in order to identify novel host-associated
markers based on species-specific sequence differences, which
may allow verification of the relative contributions of known host
groups.

Evaluation of fecal contamination at high taxonomic resolu-
tion (orders) will likely not result in robust assessments of pollu-
tion, as several host groups may possess OTUs classified in the
same taxa, as described above. Thus, for determination of fecal
pollution using sequence analysis, we employed a previously de-
veloped OTU-based Bayesian classification approach, Source-
Tracker (43), to improve the accuracy of source assignments.
However, due to differences between the host and the environ-
ment, not all host-associated species were likely to persist and be
detected in water samples.

Application of SourceTracker indicated that all water samples
collected from the Brisbane River had human wastewater signa-
tures representing 1 to 13% of the bacterial community analyzed.
Similar results were reported in a previous study that investigated
the presence of human wastewater in water samples from harbor,
river, and storm water outfall sites in Milwaukee, Wisconsin, and
Lake Michigan (57). In Milwaukee, the environmental water sam-
ples demonstrated 0.2 to 12.2% human wastewater signatures
during dry and wet weather periods. Small numbers of samples
were occasionally classified as being polluted with feces from an-
imals. However, the contributions from animals were small. Such
low-level fecal pollution could be attributed to the fact that the
water samples were collected during dry weather conditions,
when the river flow was reduced. In addition, the SourceTracker
software estimated the probability of the presence of the OTUs in
environmental samples derived from the host groups. Large vari-
ations in the host community or small sample sizes for the host
community tend to decrease the chances of assignment of an OTU
to its source (57). At present, it is not known what constitutes a
representative library. In this study, the numbers of samples in-
cluded in the host groups ranged from 12 to 24. It is possible that
these samples did not capture the variations in the bacterial com-
munities, as required for effective source identification. It has
been reported that large variations in bacterial communities may
occur among human fecal samples (69, 70). A large library com-
posed of more fecal samples might improve the ability to identify
the sources of fecal pollution in environmental waters. Notably,
the rarefaction depth used for SourceTracker assignments influ-
enced the percentages of source contributions to the water sam-
ples; greater rarefaction depth tended to reduce the percentages of
source-associated OTUs. The influences of reference library size
and rarefaction depth on the accuracy of SourceTracker assign-
ments have not yet been carefully evaluated. However, the results
presented herein suggest that these parameters may be of critical
importance. Therefore, SourceTracker assignments were evalu-
ated in the context of established and well-validated host-associ-
ated molecular markers (9).

In this study, source contributions determined via sequence
library analysis versus host-associated molecular markers in the
same river water sample showed variable agreement. For example,
water samples from site BR2 were positive for the CowM3 marker
and were classified as being polluted with cattle feces using low-
rarefaction sequence analysis. Samples from only two sites (BR3
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and BR4) were positive for the HF183 marker, whereas all six sites
(BR1 to BR6) were classified as being polluted with human waste-
water using sequence analysis. Discrepancies between results ob-
tained using sequence analysis and HF183 detection may be due in
part to bias in the taxa amplified using different primer sets. For
example, the HF183 target occurs in the V2 hypervariable region
and may amplify species or strains of Bacteroidales not amplified
using the V5/V6 primer set. Most of the water samples from the
Brisbane River were positive for the GFD marker, but the results
could not be compared to the sequence analysis results because
our sequence library did not contain any sequences from avian hosts.
We attempted to sequence a number of bird fecal samples, but the
samples did not pass the quality control check at the sequencing cen-
ter. The results obtained using host-associated markers should be
interpreted with care, as HF183, CowM3, and GFD were detected in
fecal samples from nontarget host groups in Brisbane, Australia (3,
71) (see Table S3 in the supplemental material). Taken together, our
data clearly suggest the presence of human wastewater pollution in
the tested water samples. A recent study also reported the presence of
chronic sewage pollution in the Brisbane River, using a toolbox of
host-associated molecular markers (72).

Concentrations of E. coli and Enterococcus spp. were signifi-
cantly related to detection of the human wastewater-associated
HF183 marker but were poorly related to the CowM3 marker and
reads assigned to sewage. These results suggest that, while some of
these markers may be useful indicators of sewage pollution, they
may fail to indicate human health risks from nonhuman sources.
The lack of a relationship between FIB, host-associated molecular
markers, and community structure likely reflects the differences in
methodologies, with FIB analysis providing data on the concen-
trations of viable E. coli or Enterococcus spp., host-associated mo-
lecular marker detection providing information on the presence
or absence of host-associated fecal pollution, and community se-
quence analysis providing data on the relative abundance of pol-
lution. Discrepancies between these methods have been noted
previously (56). Host-associated molecular markers represent a
single taxonomically narrow group of target microorganisms and
thus are suitable for detection or quantification of specific sources
of fecal pollution, but they fail to provide a comprehensive assess-
ment of source contributions (73). However, comparisons of se-
quence libraries created from larger numbers of samples from
various hosts may ultimately allow for more comprehensive as-
sessment of source contributions by identifying multiple sources
of fecal pollution in a single sample. This could be advantageous
for scenarios in which the pollution sources are not known or in
which mixed sources of pollution affect waterways.

In this study, we show that bacterial community structure and
molecular marker analyses can be combined to identify potential
sources of fecal pollution in an urban river. The bacterial commu-
nity-based approach is an emerging technique that will require
further validation in order to determine optimal library size, sam-
ple type (individual samples versus composite samples), and se-
quencing depth, similar to the original library-dependent MST
methodologies developed in the late 1990s (9). Nonetheless, this
study is a proof of concept that has provided multiple lines of
evidence; based on the results obtained, we recommend using
sequence-based analysis to obtain information on the multiple
sources of fecal pollution (where possible) and then quantifying
host-associated molecular markers of interest for the effective
management of environmental water quality. One limitation of
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the community-based approach is that it takes time to develop a
library, and it is yet not known what constitutes a representative
library. At present, very little information is available on the geo-
graphical and temporal stability of the bacterial sequences in host
groups. The analysis of large data sets can be time-consuming and
remains a significant challenge, although several open-source tools,
such as mothur, QIIME, and SourceTracker, have been developed by
genomic centers and are efficient, flexible, and simple to use.
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