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ABSTRACT: Pathogen detection and the identification of fecal
contamination sources are challenging in environmental waters. Factors
including pathogen diversity and ubiquity of fecal indicator bacteria
hamper risk assessment and remediation of contamination sources. A
custom microarray targeting pathogens (viruses, bacteria, protozoa),
microbial source tracking (MST) markers, and antibiotic resistance genes
was tested against DNA obtained from whole genome amplification
(WGA) of RNA and DNA from sewage and animal (avian, cattle, poultry,
and swine) feces. Perfect and mismatch probes established the specificity
of the microarray in sewage, and fluorescence decrease of positive probes
over a 1:10 dilution series demonstrated semiquantitative measurement.
Pathogens, including norovirus, Campylobacter fetus, Helicobacter pylori,
Salmonella enterica, and Giardia lamblia were detected in sewage, as well as MST markers and resistance genes to
aminoglycosides, beta-lactams, and tetracycline. Sensitivity (percentage true positives) of MST results in sewage and animal waste
samples (21−33%) was lower than specificity (83−90%, percentage of true negatives). Next generation DNA sequencing
revealed two dominant bacterial families that were common to all sample types: Ruminococcaceae and Lachnospiraceae. Five
dominant phyla and 15 dominant families comprised 97% and 74%, respectively, of sequences from all fecal sources. Phyla and
families not represented on the microarray are possible candidates for inclusion in subsequent array designs.

■ INTRODUCTION

Approximately 166 000 river and stream miles in the U.S. are
impaired due to the presence of waterborne pathogens.1 These
microorganisms, which originate from fecal contamination, can
result in disease outbreaks, particularly in recreational water
near lake and marine shores.2 Impairment, or chronic
contamination of waters by fecal contamination, is typically
evaluated using analyses of fecal indicator bacteria (FIB).
However, the presence of FIB does not necessarily indicate that
pathogens are present in the environmental system, as the
morphology, physiology, and ecology (including distribution
among host species and fate outside of the host) of microbial
pathogens is widely variable. Therefore, the expectation that
one indicator (e.g., Escherichia coli or enterococci) can predict
the risk from all pathogens is likely to be problematic.
Fecal contamination of environmental systems can originate

from a variety of sources, including agriculture3 and runoff from
urban surfaces4 or direct release of untreated sewage to
waterbodies. Additionally, nonpoint sources such as wild
animals (deer, raccoon), wild avian (ducks, geese), and
domesticated animals (cats, dogs, cattle) can contribute fecal

contamination to water bodies.5 To remediate fecal contami-
nation in environmental systems, it would be valuable to be
able to identify the source(s) of fecal material contributing
pathogens to waterbodies, in addition to quantifying pathogens
in these systems to assess risk to human health. The FIB have
been shown to be poor indicators of sources of fecal
contamination in water bodies due to their broad distribution
in the gastrointestinal tracts of most warm-blooded animals,6

and their ability to survive outside the host environment.
Various microbial source tracking (MST) methods have been
proposed for identification of different fecal pollution sources in
environmental systems,7 and offer more rapid turnaround times
and specificity of the tests to particular pathogens or host
associated fecal microbes. However, these MST methods suffer
from low throughput as a limited number of targets can be
assayed at one time.
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Microarrays, wherein thousands to hundreds of thousands of
targets can be assayed at one time, overcome the limitations of
current culture and qPCR based assays and are of increasing
interest in the research and regulatory realms.8−10 While
microarrays have been developed previously for MST11,12 and
detection of pathogens in sewage13,14 or other media,15−17

there are numerous drawbacks to use of these microarrays.
First, previously developed arrays use PCR based amplification,
wherein only a handful of genes are targeted for amplification.
While multiplex PCR (e.g., targeting up to 10 different
organisms18) has been done previously, there are still
unmanageable costs and complexity associated with combining
gene specific PCR with microarrays. Second, the previous
arrays have only targeted specific groups of organisms such as
pathogens (E. coli,13 Cryptosporidium19), indicator organisms
(Enterococcus spp.,11 Bacteroidales12) or viruses in clinical
applications.17 For example, a recently reported array focuses
on detection of key virulence genes of pathogens (i.e, the
PathoChip),20 and Ishii and colleagues21 reported the use of
microfluidic PCR to detect pathogens in food and water. Other
community based microarrays targeting the 16S rRNA gene of
bacteria (e.g., the Phylochip) have been used for microbial
source tracking.22−24 Drawbacks to these community based
microarrays include decreased sensitivity (38−80%) for
detecting fecal sources in environmental samples compared to
specific MST gene targets tested via qPCR23 and an inability to
simultaneously target Bacteria, Eukaryotes and viruses with the
microarray.
The purpose of this study was to design and validate an MST

microarray for detecting fecal contamination and pathogens in
environmental samples, while simultaneously indicating the
source of fecal contamination. Specifically, the MST microarray
was designed to detect pathogens (bacteria, protozoa, and
viruses), FIB, and MST markers. Further studies were
conducted to evaluate the correlation between the microarray
fluorescence and more established methods, namely qPCR and
culture based methods. Finally, next generation sequencing was
conducted to determine the relative coverage of the fecal
microbiome represented by the microarray-based probes.

■ MATERIALS AND METHODS
Fecal Sample Collection and Handling. Swine feces,

cattle feces, and soiled poultry litter were collected at the West
Virginia University Animal Sciences Farm, while duck and
goose feces were collected at the Monongahela River (Star
City, WV). Wild avian DNA was obtained from composite
samples of gull feces collected on Delaware beaches. The wild
avian DNA was combined with the duck and goose nucleic
acids after extraction. Raw municipal sewage was collected from
the Star City Wastewater Treatment Plant (Star City, WV)
immediately after bar screening in the headworks building. To
evaluate the potential for food safety monitoring, spinach was
contaminated by dipping a leaf into raw sewage, then
microorganisms were removed from the surface of the leaf,
concentrated and nucleic acids were extracted. Additional
details regarding sample collection, homogenization and
compositing are provided in the Supporting Information.
Culture Based Enumeration. E. coli and Enterococcus

faecalis, Salmonella enterica, and Staphylococcus aureus were
quantified using EPA or Standard Methods25−28 from 1 g of
cattle feces, swine feces, or poultry litter and 100 mL of raw
sewage. A 1 g aliquot of solid fecal or litter samples were mixed
with 100 mL of sterile 1× PBS and stirred for 3 h at room

temperature. Samples were allowed to settle for 5 min and the
concentration of microorganisms in the supernatant was
quantified. Confirmation of the pathogens S. enterica and S.
aureus were determined via qPCR detection of the invA and sec
genes, respectively (Table S1, Supporting Information).

Co-Extraction of Nucleic Acids. Nucleic acids were
extracted from approximately 0.5 g fecal or litter sample, or
600 mL of raw sewage, using a previously published DNA and
RNA coextraction method.29 The complementary DNA
(cDNA) was synthesized by the Maxima First Strand cDNA
Synthesis Kit (Thermo Scientific, Waltham, MA) following the
manufacture’s protocol.

qPCR Based Enumeration. Primers and probes used in
this study, qPCR reaction efficiency and R2 values are presented
in Table S1 (Supporting Information). The 2× Master Mix and
TaqMan probes were purchased from Life Technology
(Woburn, MA), and all qPCR experiments were performed
using the Applied Biosystem 7300 Real-Time PCR system
(Foster city, CA). TaqMan-based qPCR detection of E. faecalis,
E. coli, S. enterica, S. aureus, and Bacteroidales (GenBac) was
carried out as previously reported.30 The thermocycler
conditions for SYBR green based detection of Bacteroides,
human polyomavirus and human norovirus was 50 °C, 2 min;
95 °C, 10 min; 45 cycles of 95 °C for 30 s, then 60 °C (or 57
°C for norovirus) for 1 min; followed by dissociation curve.
Each qPCR run included a positive control (plasmid containing
the template DNA) and a negative control (PCR grade water).
Triplicate analyses were done for each sample. Details
regarding the plasmid construction are provided in the
supplemental data.

Microarray Design. Microorganisms and gene targeted on
the microarray were included only if they could aid in
answering the following three questions. Are common
waterborne pathogens present in the sample? Are pathogens
that originate from fecal contamination present in the sample?
Which fecal source contributed these pathogens? As such the
following types of microorganisms and genes were included in
the microarray design: (1) common waterborne pathogens
including Bacteria, Eukaryotes and viruses, (2) previously
published MST marker genes and organisms, (3) antibiotic
resistance genes, (4) fecal indicator bacteria, and (5) universal
bacterial probes. All probes on the custom microarray (Custom
CGH, 8 X15K platform, Agilent, Santa Clara, CA) were 60
mers and had a targeted melt temperature of 65−82 °C. Probes
were selected for the array according to the following
preference: (1) previously published and validated microarray
probes, (2) previously published qPCR probes that could be
lengthened to 60 mers without cross hybridizing with known
environmental microbes, and (3) probes designed during this
study, targeting microorganisms and genes of interest listed
above. CommOligo2.031 was used to design probes for this
study, targeting GC contents from 40 to 65% within the target
melting temperatures. Each custom designed probe sequence
was validated for specificity against the NCBI Blastn database.
The targeted organisms, genes, probe sequences and references
are listed in Supporting Information Table S2. The distribution
of target genes or microorganisms for the probes on the
microarray included 40% rRNA (5S, 16S, 18S), 16% virus (17
different viruses), 14% mitochondrial DNA (28 different
organisms), 11% pathogen virulence genes (77 different
genes), and 6% antibiotic resistant genes (beta-lactams,
tetracycline resistance, aminoglycoside resistance). The remain-
ing genes (13%) were of unknown function. Three positive
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control probes and either three (on microarray (1) or six (on
microarray (2) negative control probes were included in the
design.
The perfect match (PM) and mismatch (MM) method

previously proposed32 was used to minimize the potential for
false positive detections. A total of 27 MM probes were
designed for each PM probe by replacing 1, 2, or 3 nucleotides
at the following three probe regions along the 60 mer probes:
the 14, 15, 16 positions; the 29, 30, 31 positions; and/or the 44,
45, 46 positions. For generation of the MM probes, nucleotides
targeted for substitution containing cytosine or guanine in the
PM probe were replaced with an adenine nucleotide, while
probe nucleotides containing an adenine or thymine in the PM
probe were replaced with a guanine. In total 15,699 probes
were added to the microarray design including: 13,860 PM
probes (each replicated 5 times), MM probes (each replicated
1−3 times), positive control or negative control probes (each
replicated five times); 1262 normalization probes (Agilent
designed); and 577 Agilent control probes.
Sample Whole Genome Amplification, Digestion,

Labeling, Hybridization and Scanning. Samples assayed
on microarray 1 included: cattle and swine feces, poultry litter,
raw sewage, wild avian feces, and a spiked positive control.
Samples assayed on microarray 2 included: cattle and swine
feces, poultry litter, raw sewage and diluted raw sewage (1:5,
1:10, and 1:50 dilution) and spinach dipped in raw sewage. The
positive control sample consisted of PCR grade water
containing 80 000 gene copies ×5 μL−1 each of plasmids or
genomic DNA from (1) plasmids of Bacteroides sp. HF-183,
polyomavirus, and norovirus (constructed for this study using
regions targeted by primers in Supporting Information Table
S1), (2) plasmids of Brevibacterium sp. LA35 (NCBI
FJ462358), E. faecalis30 and general Bacteroidales (GenBac)33

and (3) cultures of S. aureus (ATCC 25923), S. enterica (ATCC
14028), and E. coli (ATCC 9637).
The general sample handing protocol as shown in Figure 1

was as follows: (1) total DNA or cDNA is amplified separately
by whole genome amplification (WGA) then combined, (2)
restriction enzyme digestion reduces the length of the nucleic
acids to <3000 bp for optimum hybridization to the array, (3)
positive controls at known concentrations are added to the
digested nucleic acids, (4) nucleic acids are labeled with Cy3,
(5) samples are hybridized to the array, then unbound nucleic
acids are washed from the array, and (6) the array is scanned
and the data normalized for analysis. Specifically, one microliter
of DNA or cDNA at 100 ng × μL−1 from the samples were
amplified by WGA separately using the Illustra Genomiphi V2
DNA Amplification Kit (GE Healthcare, Pittsburgh, PA) and
then 5 μL of both WGA DNA and cDNA were combined for
further processing.
A combination of four restriction enzymes, PvuII, RsrII,

SgrAI, and Nb.BbvcI (New England Biolabs, Ipswich, MA) were
selected to achieve a nucleic acid fragment length less than
3000 bp that were shown not to digest within the 60 mer PM
probe sequences based on in silico analysis. All the samples
were digested with 1U × μL−1 each of PvuII, RsrII, SgrAI, and
Nb.BbvcI, combined with 3 μL of 10× buffer, 13 μL water and
10 μL of WGA sample. The samples were digested at 37 °C for
4 h and the reaction was terminated by heating to 80 °C for 20
min. Resulting DNA fragments were analyzed by a 2100
Bioanalyzer (Agilent, Santa Clara, CA) to determine the length
of the nucleic acids.

Two positive controls, namely PCR products containing a
220 bp fragment of rainbow trout 5.8S rRNA gene and a 74 bp
fragment of Dehalococcoides mccartyii 16S rRNA,34 were added
to all samples at a final concentration of 11 ng × μL−1 and 5.5
ng × μL−1, respectively. Details regarding the plasmid
construction for these positive controls are provided in the
Supporting Information. Enzyme-digested DNA fragments
were labeled with Cy3 according to the manufacture’s protocol
(SureTaq DNA labeling kit, Agilent, Santa Clara, CA). The
labeled samples and the microarrays were analyzed by the Duke
University Microarray Facility using an Agilent C Scanner.

Microarray Data Normalization and Analysis. All
fluorescence signals were log transformed and background
subtracted according to Agilent data normalization protocols.35

Then the average of the negative control and nonsense probe
fluorescence for each microarray was subtracted from PM and
MM probe log fluorescence values. Target genes were called a
detect on the microarray only if (1) all five PM probes had log
fluorescence greater than the average log fluorescence of the
negative control probes, and (2) the average log fluorescence of
the five PM probes were greater than 1.3 times the average log
fluorescence of MM probes for that gene target.36 The 1.3 log
fluorescence difference between the PM and MM probes was
suggested previously for the Phylochip.37

Next Generation Sequencing. Samples of the raw sewage,
swine feces, poultry litter, and cattle feces collected for
microarray 2 were sent to the University of Minnesota
Genomics Center (Minneapolis) for next generation sequenc-
ing. The V5−V6 hypervariable regions of the 16S rRNA38 were
amplified using the BSF784/R1064 primer set. Amplicons were

Figure 1. Microarray sample handling and analysis procedure (solid
lines). Dashed lines indicate periodic quality control and method
validation testing.
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gel purified and pooled in equal amounts for sequencing at a
read length of 2 × 150 nt on a HiSeq2500. Raw data was
received as fastq files and is deposited in the National Center
for Biotechnology Information Sequence Read Archive (SRA)
under accession number SRP054964.
Sequences were processed using mothur ver 1.29.2.39 Details

of sequence processing are provided in the Supporting
Information. Briefly, sequences were paired-end aligned using
fastq-join,40 trimmed for quality, and binned into operational
taxonomic units (OTUs) at 97% using the furthest-neighbor
algorithm. Taxonomic assignments were made against the
Ribosomal Database Project database ver. nine.41 For
comparison among samples, sequence read numbers were
normalized to 234 281 reads per sample by random
subsampling.
Statistical Methods. Nonmetric multidimensional scaling

(NMDS) of the microarray data was used to visually
discriminate between closely related fecal samples based on
evolutionary distance. Genes detected on the microarray were
assigned a value of “1”, and nondetects a “0” for all 423 PM
probes (excluding controls), and a matrix of 13 samples was
generated. The two-dimensional NMDS plots were generated
using PROC MDS of a Bray−Curtis distance matrix (Gower
method) on the binomial data set using SAS (ver. 9.4, SAS
Institute, Inc., Cary, NC). A total of 20 replicate plots were
generated and the plots with the least stress were selected. A
stress measure of less than 0.1 corresponds to ideal ordination
with little likelihood of misinterpretation.42

Using only the probes with known host specificity (e.g., MST
markers or host specific pathogens) the sensitivity and
specificity of the microarray was determined as follows. The
positive predictive value or the percentage of reported probe
detections that are true positives (TP), was estimated as TP/
(TP+FP), where FP is false positives. Conversely, the negative
predictive value or the percentage of probes that were not
detected on an array that are true negatives (TN) was
calculated at TN/(FN+TN), where FN is false negatives.
Percentage true positive (sensitivity) was calculated as the
number of correctly identified positive probes detected on the
microarray in a sample divided by the number of probes
associated with a particular host on the microarray, TP/(TP
+FN). The percentage of false positives was calculated as the

number of false positive probes detected on a microarray (e.g.,
cattle marker detected in swine feces) divided by the total
number of probes on the microarray, FP/(TP+TN+FP+FN).
Specificity was calculated as the percentage of true negatives
TN/(FP+TN).43,44

Plots were generated in Sigma Plot (Systat Software, Inc.,
Chicago, IL). Correlations were calculated using SigmaStat and
were considered significant at the P < 0.05 level. Similarity
percentages (SIMPER) were calculated with PAST.45 Diversity
indices including number of OTUs, Shannon index and
abundance based coverage estimators (ACE) for the NGS
data were performed using mother ver 1.29.2.39

■ RESULTS

Microarray Sample Processing and Method Valida-
tion. Whole genome amplification increased the nucleic acid
concentration in samples an average of 1.7 ± 1.0 log gene
copies × L−1 or g−1 for all microbial targets in the samples
tested (Table 1). After restriction enzyme digestion of WGA
products from raw sewage, the average length of the digested
products was 2,406 bp (Figure S1, Supporting Information).
None of the PM probes contained complementary restriction
enzyme digestion sites, however, 13 of the MM probes did.
Location of the restriction enzyme digestion site on the MM
probes was positively correlated (Pearson Product Moment, r =
0.38, P = 0.007) with log fluorescence detected on the
microarrays from raw sewage, swine feces, cattle feces, and
poultry litter (Figure S2, Supporting Information). The longer
the WGA product after restriction enzyme digestion (i.e., cut
site at 40 bp rather than 11 bp when reading 5′-3′), the larger
the relative fluorescence of the digested WGA product.
Eight of nine genes or organisms in the spiked positive

control sample were detected in 22 individual probes, for an
89% detection rate. Thirty-two false positive probes were
detected on microarray 1. The average false positives
fluorescence was 1.08 ± 0.54 log fluorescence units (FU)
while the true positive detections were 1.17 ± 0.62 log FU or
8% higher on average. For microarray 2 these false positive
probes were removed or redesigned (Table S2, Supporting
Information).
The relative FU of PM probes on the microarray may be

correlated with (1) the number of adenosine nucleotides on the

Table 1. Increase in DNA Concentrations during Whole Genome Amplification (WGA) from Fecal and Wastewater Samples

concentration, log gene copies × L−1 or g−1

fecal source sample enterococcus 23S rRNA E. coli uidA Bacteroidales 16S rRNA Salmonella sp. invA
average (standard

deviation)

wastewater influent pre-WGA 2.8 0.9 6.5 1.8 2.7 (0.8)
post-WGA 5.6 3.7 10.0 3.3
log increase 2.9 2.8 3.5 1.5

beef and dairy cattle manure pre-WGA 2.0 2.9 9.0 3.0 1.9 (0.2)
post-WGA 4.1 4.8 11.0 4.6
log increase 2.0 1.9 2.1 1.6

swine manure pre-WGA 1.3 1.8 7.5 2.8 0.7 (1.2)
post-WGA 1.1 2.3 9.9 2.8
log increase −0.1 0.6 2.4 0.1

poultry litter pre-WGA 3.3 3.2 2.9 2.8 1.4 (0.7)
post-WGA 5.5 4.2 4.5 3.5
log increase 2.3 1.0 1.6 0.7
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oligonucleotides hybridized, (2) concentration of PM oligonu-
cleotides added to the array, or (3) the average length of the
oligonucleotides hybridized to the array probes (e.g., if >60
mer). To test the first hypothesis we evaluated the number of
adenosine nucleotides in the PM probes compared to the
relative FU on a microarray. In all cases, the PM probe
sequence relative FU was not correlated with the number of
adenosine nucleotides (Pearson’s product moment, P > 0.05)
(Figure S3, Supporting Information) expected from the probe
sequence. The average relative fluorescence of the negative
control probes on microarray 1 and 2 was 3.1 ± 0.1 and 2.2 ±
0.7 log FU, respectively. In 9 of 13 samples (69%) the
fluorescence of the negative controls was not correlated
(Pearson’s Product Moment, P > 0.05) with the number of
adenosine nucleotides in the probe sequence, which would be
hybridized with Cy3 labeled uracil in the sample. Only in the
diluted raw sewage samples and the produce dipped in raw
sewage was the relative FU of the negative controls positively
correlated (P < 0.05) with the number of adenosine
nucleotides.
Fecal Sample Testing Results via Microarray. The

microorganisms or targeted genes detected in each sample are

presented in Table S3 (Supporting Information). There were a
total of 70 and 132 probes detected in the raw sewage on
microarray 1 and 2, respectively. Similarly, 73 and 111 probes
were detected in the cattle feces, 68 and 110 probes detected in
the swine feces, 104 and 130 probes detected in the poultry
litter on microarray 1 and 2, respectively. Ninety-one probes
were detected from the mixed avian fecal sample, and 100
probes were detected in the spinach sample dipped in raw
sewage on microarray 1.
Eight different viruses and 25 different pathogens were

detected in the sewage, feces, and poultry litter samples (Table
2). In most cases, several different virulence or housekeeping
genes were detected. For example, six of the 26 different E. coli
virulence genes on the microarray were detected in various
samples (Supporting Information Table S3), including the f lic
gene of E. coli 0157:H7 and O55:H7, argY gene of E. coli K12,
sfaD gene of E. coli CFTO73, itpb gene of ETEC E. coli and the
uidA gene of E. coli. In some cases, microorganisms were not
detected on microarray 1 (e.g., E. coli), but after redesign of the
probes and inclusion of additional probes these microbes were
detected on microarray 2. Similarly, multiple virus genes were
detected for many targets. The cattle and sheep associated

Table 2. Summary of Viruses and Pathogens Detected via the Microarray in Various Fecal Samples Percentage of Samples
Tested Containing the Pathogen or Virus (Number of Samples Tested)

pathogen or virus detected raw and diluted sewage cattle feces swine feces poultry litter wild avian feces

Viruses
adenovirus 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)
bacteriophages 80 (5) 50 (2) 50 (2) 100 (2) 100 (1)
bocavirus 80 (5) 100 (2) 50 (2) 100 (2) 100 (1)
influenza C 20 (5) 0 (2) 0 (2) 0 (2) 0 (1)
norovirus 40 (5) 50 (2) 50 (2) 100 (2) 0 (1)
polyomavirus 40 (5) 0 (2) 0 (2) 0 (2) 0 (1)
pepper mild mottle virus 0 (4) 0 (1) 0 (1) 100 (1) NA*
torque teno virus 0 (4) 0 (1) 100 (1) 0 (1) NA
Pathogens (Bacterial or Eukaryotic)
Campylobacter fetus 100 (4) 100 (1) 100 (1) 100 (1) NA

C. jejuni 0 (5) 0 (2) 0 (2) 100 (2) 100 (1)
C. lari 0 (5) 50 (2) 0 (2) 0 (2) 0 (1)

Clostridium botulinum 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)
C. clostridiiforme 50 (4) 100 (1) 100 (1) 100 (1) NA
C. dif f icile 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)
C. perf ringens 100 (5) 100 (2) 50 (2) 50 (2) 100 (1)
C. tetani 100 (5) 100 (2) 100 (2) 50 (2) 100 (1)

Escherichia coli 80 (5) 50 (2) 50 (2) 100 (2) 100 (1)
Giardia lamblia 60 (5) 100 (2) 50 (2) 50 (2) 100 (1)
Helicobacter pylori 100 (4) 100 (1) 100 (1) 100 (1) NA
Listeria monocytogenes 20 (5) 0 (2) 0 (2) 50 (2) 0 (1)
Leptospirillum ferriphilum 0 (4) 0 (1) 100 (1) 100 (1) NA
Mycobacterium tuberculosis 100 (4) 100 (1) 100 (1) 100 (1) NA
Naegleria gruberi 50 (4) 0 (1) 100 (1) 100 (1) NA
Salmonella enterica 60 (5) 50 (2) 50 (2) 100 (2) 100 (1)

S. enterica typhimurium 50 (4) 0 (1) 0 (1) 100 (1) NA
Schistosoma incognitum 0 (5) 50 (2) 50 (2) 0 (2) 0 (1)
Shigella f lexneri 50 (4) 100 (1) 100 (1) 100 (1) NA
Staphylococcus aureus 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)
β-Staphylococcus hemolyticus 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)
Vibrio cholerae 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)

V. parahemolyticus 60 (5) 100 (2) 50 (2) 100 (2) 100 (1)
Yersinia enterocolitica 100 (5) 100 (2) 100 (2) 100 (2) 100 (1)

Y. ruckeri 40 (5) 0 (2) 0 (2) 50 (2) 100 (1)
*NA = not applicable since the probe was not included on microarray for the sample tested.
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capsid protein gene of norovirus was detected in cattle feces,
swine feces, and poultry litter, while the human associated RNA
dependent, RNA polymerase gene of norovirus was detected in
raw human sewage and poultry litter. Nineteen antibiotic
resistance genes for aminoglycosides, tetracycline, and beta-
lactams, were detected in raw sewage, cattle and swine feces,
and poultry litter (Table 3).

Correlations of Microarray Results with qPCR and
Culture Based Methods. The microarray log FU for probes

targeting Enterococcus spp. and Bacteroidales in sewage were
linearly correlated with the microbial abundance estimated by
qPCR, and to culture based densities of Enterococcus spp.
(Figure 2). Microarray fluorescence for the uidA gene of E. coli
followed the trend with microbial abundance estimated by
qPCR, but was not significantly correlated. There was a
statistically significant decline (linear regression, P = 0.023) in
the microarray log fluorescence (Figure 3) detected in the

dilution series of sewage samples (e.g., no dilution, 1:5, 1:10,
and 1:50 dilution). Culture based counts of E. faecalis in the
1:50 dilution were 196 MPN (100 mL)−1, which is below the
discharge limits for fecal coliforms from the sewage treatment
plant sampled.

Comparison of Microarray and NGS Results. All fecal
samples characterized by next-generation sequencing had
sequence coverage estimations of ≥99.9%. The number of
operational taxonomic units (OTUs) observed in the sewage,
poultry litter, and cattle and swine feces were 404, 497, 1063,
and 1102, respectively. Classified OTUs belonged to 27 phyla,
which were dominated by members of the Firmicutes,

Table 3. Summary of the Number of Samples in Which
Antibiotic Resistance Genes Were Detected via the
Microarray in Various Fecal Samples

raw and
diluted
sewage

cattle
feces

swine
feces

poultry
litter

antibiotic---resistance gene (n = 4)a (n = 1) (n = 1) (n = 1)

Aminoglycosides---aac(3)-III 2 0 1 1
Aminoglycosides---aacC1 1 0 0 0
Aminoglycosides---aadE 3 1 1 0
Beta-lactams---bla CMY-2 2 0 0 1
Beta-lactams---bla FOX-2 1 1 1 0
Beta-lactams---bla IMP-2 4 1 1 1
Beta-lactams---in wastewater 4 1 1 1
Beta-lactams---in wastewater 4 1 0 0
Tetracycline---tetA-Aeromonas 2 0 0 0
Tetracycline---tetA-E. coli 2 0 0 0
Tetracycline---tetA-Shigella 2 0 0 0
Tetracycline---tetA 4 1 1 1
Tetracycline---tetB-Salmonella 0 0 0 1
Tetracycline---tetB 2 0 1 1
Tetracycline---tetC 2 0 0 0
Tetracycline---tetM 0 0 1 1
Tetracycline---tetO 1 1 1 1
Tetracycline---tetQ 2 1 1 0
Tetracycline---tetW 4 0 0 0
an indicates the number of samples tested for a particular class of
ARG.

Figure 2. Correlation between microarray relative log fluorescence units (n = 6 perfect match probes) and microbial abundance determined via
qPCR and culture methods. Average and standard deviation of microarray log fluorescence for multiple probes on the microarray targeting
Enterococcus spp., E. coli, and Bacteroidales versus the qPCR log gene copies per L or g based on E. coli uidA gene, Bacteriodales (Genbac) 16S rRNA,
and Enterococcus 23S rRNA.

Figure 3. Mean ± SD of relative fluorescence of perfect match (■)
and mismatch (□) probes in a dilution series of raw wastewater (0, 5,
10, and 50 to 1 dilution) and number of probes detected (●) on each
microarray.
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Proteobacteria, Bacteroidetes, Tenericutes, and Actinobacteria. The
result is consistent with findings from a recent PhyloChip
study,24 although Tenericutes was also found in this study which
was not identified previously. These phyla accounted for 97 ±
2% of sequences among fecal types, and four are represented by
probes on the microarray. Similarly, the 15 most highly
represented families accounted for 74 ± 12% of the sequences
among sample types, although only eight of these families are
represented by probes on the microarray (Figure 4). Diversity
was highest in the swine feces and lowest in the poultry litter
based on Shannon indices of 4.14 (raw sewage), 3.34 (poultry
litter), 4.53 (cattle feces), and 5.10 (swine feces). The
abundance based coverage estimators, (i.e., a nonparametric
estimator of the number of OTUs in the original sample) were
1190.2 (raw sewage), 1254.4 (poultry litter), 1962.0 (cattle
feces), and 1921.5 (swine feces).
Potential for MST with the Microarray. The sensitivity

and specificity of the microarray for microbial source tracking is
shown in Table 4, along with the positive and negative
predictive values. The sensitivity of the microarray was fairly
low, ranging from 21 to 33% for all sample types. In contrast,
the microarray MST markers were found to be quite specific
with calculated specificities ranging from 85 to 90%. Addition-
ally, the false positive percentage of the microarray was low,
ranging from 6.5 to 11.5%. The number of MST probes
detected associated with various target organisms46−52

compared to the total number of MST probes by host are
also indicated in Table 4. Commonly detected genes among all
samples included animals feces associated bacteriophages of
Bacteroides f ragilis,53 and the 16S rRNA genes of Bacteroides
thetaiotaomicron, Bacteroides vulgatus, Bacteroides distasonis,
Bif idobacterium adolescentis, Rhodococcus coprophilus,12 all
enteric bacteria, all Gram-negative and Gram-positive bacteria,
and Bacteria.
The percent similarity (SIMPER) between replicate sample

types on the microarray were estimated to be 78.1, 75.7, 73.9,
and 73.4 for the raw sewage, cattle feces, swine feces and
poultry litter samples, respectively. In total, the number of
probes detected on replicate samples taken months apart that
were similar (and differed) were 98 similar (34 differed) for raw
sewage; 76 similar (35 differed) for the cattle feces; 126 similar
(46 differed) in the poultry litter; and 74 similar (36 differed)
in the swine fecal sample. Further, NMDS analysis was used to
assess clustering of like samples between microarrays using
both a subset of the probes (just 16S rRNA corresponding to
the same families detected via NGS) and all the probes on the
microarrays (Figure 5). Replicate samples clustered together
regardless of whether all probes on the microarray (n = 422,
Figure 5B) were used for clustering or the rRNA genes alone
were used (n = 116, Figure 5D), suggesting a similarity between
like samples analyzed months apart and reproducibility of the
method. Only the cattle and swine feces were found to cluster

Figure 4. Relative abundance of families based on NGS of fecal, litter and wastewater samples. Families indicated with an asterisk are represented on
the microarray.

Table 4. Predictive Accuracy of Microarray for the Microbial Source Tracking Markers (Average ± Standard Deviation)

sample type (number
of samples)

percentage true-
positive, sensitivity

positive
predictive value

percentage
false-positive specificity

negative
predictive value

host associated
probes detected

host associated
probes on array

raw wastewater (5) 21.1 ± 6.7 47.7 ± 7.7 9.0 ± 1.6 85.1 ± 2.5 62.1 ± 2.0 16 ± 5a 76
cattle feces (2) 26.7 ± 11.5 35.4 ± 2.9 10.5 ± 2.9 86.5 ± 3.6 80.7 ± 2.5 12 ± 5b 43
swine feces (2) 21.4 ± 6.1 26.8 ± 2.5 10.7 ± 3.9 87.0 ± 4.6 83.5 ± 1.1 8 ± 2c 35
poultry litter (2) 33.3 ± 2.1 49.5 ± 4.0 11.5 ± 1.0 82.8 ± 1.3 71.1 ± 0.7 22 ± 1d 66
avian feces (1) 30.3 62.5 6.5 90.0 70.1 20e 66

aHuman or animal feces associated markers including: hexon gene of human adenovirus and RdRp gene of human associated norovirus44; bCattle,
animal or ruminant feces associated markers including: capsid protein gene of cattle associated norovirus,44 ruminant associated nihf gene of
Methanobrevibacter ruminantium,45 and 16S rRNA gene of the order Bacteroidales (i.e., Rum-2- Bac associated)46; cSwine or animal feces associated
markers including: two hexon genes of swine associated adenoviruses44; dPoultry litter, avian feces or animal feces associated markers including: 16S
rRNA genes of Catellicoccus marimammalium,47,48 Brevibacterium sp. LA35,49 and Helicobacter spp.47 and mitochondrial DNA associated with
chickens, gulls, ostriches and pigeons50; ePoultry litter, avian feces or animal feces associated markers including: 16S rRNA genes of Catellicoccus
marimammalium,47,48 Brevibacterium sp. LA35,49 and Helicobacter spp.47 and mitochondrial DNA associated with cormorants, duck, geese, and
quail50.
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together based on NGS of the fecal samples (Figure 5C),
suggesting very dissimilar microbial communities in the human
and poultry litter samples as compared to the cattle and swine
feces.

■ DISCUSSION
Microarrays have emerged as viable platforms for pathogen
detection in clinical settings,20,52 in food47,49 and in environ-
mental applications.11,14,54,55 Microarrays represent a more
effective method for detection of pathogens in samples as
compared to multiplex qPCR or culture based methods. This
microarray design draws on the extensive work conducted over
the past 100 years7 to develop culture based and molecular
methods for detection of waterborne pathogens, fecal indicator
bacteria and MST marker genes. Currently microarrays can be
designed to rapidly query an environmental sample for only
those pathogens most likely to cause risk to human health while
simultaneously identifying potential sources of the fecal
contamination. This offers a significant advantage over NGS
or other rRNA based microarrays, which is currently more
useful for exploring the diversity of organisms in fecal or water
samples56,57 rather than identifying human health risk and
microbiological water quality.
While NGS methods are achieving longer reads with each

generation of equipment and show great promise for detection
of pathogens in the future,58 microarrays currently offer a
significant advantage over the phylogenetic resolution currently
possible with relatively short NGS reads (e.g, 150 to 200 bp).59

For example our microarray provided significant coverage of
the major phyla found in the fecal and sewage samples.

Furthermore, while NGS sequencing generally targets a single
gene, we targeted different genes with the microarray (e.g,
pathogen virulence genes, 16S rRNA, mtDNA), many of which
are explicitly associated with virulence or particular pathogens.
We were therefore able to detect the presence of multiple
pathogens as well as the potential source of those fecal
pathogens. Finally, the MST microarray is capable of targeting
multiple viruses that do not have common gene targets such as
16S rRNA genes of the domain Bacteria which is the target of
the commercially available Phylochip.
Previously it has been suggested that drawbacks to the use of

microarrays for routine monitoring for pathogens include the
lack of quantitative data regarding pathogen concentrations and
the inability to offer low detection levels available by qPCR.54

The results presented here and by others60 show the validity of
using WGA for uniformly amplifying nucleic acids of relatively
scarce pathogens from environmental samples to levels
detectable via the microarray. Further, a reproducible decrease
in relative fluorescence of probes in serially diluted samples was
observed here, suggesting that microarrays may be useful for
semiquantitative analysis of gene concentrations in samples. In
our studies we found a correlation between the length of the
product hybridized to the array and relative fluorescence, which
further supports our method for using 6, 7, and 8 bp restriction
enzymes that did not digest within the 60 mer probes.
Commonly recommended methods such as digestion with 4 or
5 bp restriction enzymes or heating to 95 °C, as recommended
by the vendor,61 could result in significantly shorter nucleic
acids and greater potential for false negative results. Others
have shown that the use of internal probes to adjust chip-to-
chip fluorescence allows for correction of raw fluorescence
intensities, and gives a linear correlation between spot
intensities and target concentrations.62

The detection of free-living, nonpathogenic organisms such
as cyanobacteria, Naegleria gruberi and Nitrosococcus halophilus
in sewage and animal feces was unexpected. The amoebo-
flagellate, Naegleria gruberi, is widely present in freshwater and
soil. Nitrosococcus halophilus is an ammonia-oxidizing bacterium
found exclusively in saline environments. Vibrio cholerae and V.
parahemolyticus are opportunistic human pathogens that are
autochthonous in estuarine and marine environments. Potential
reasons for false positive detection of these organisms in fecal
samples include (1) errors in sampling methods (collection of
soil during cattle feces sampling), (2) errors in the probe
design, (3) insufficient hybridization and washing stringency,
and (4) incomplete knowledge of the microbial ecology of
these and closely related pathogens. To resolve issues with false
positive and negatives, additional probes targeting these
organisms will be added to future designs of the array. Further
confirmation of the organisms in samples can be conducted by
PCR, qPCR and culture based methods.
One limitation to the use of the MST microarray is the

current knowledge of microbial ecology and scientific under-
standing of the specificity of microorganisms or genes to a
particular host. The estimated sensitivity of the microarray is
relatively low compared to previously published studies for
qPCR and library dependent methods6 although the results
presented herein are comparable to those presented for the
Phylochip.22,23 However, the sensitivity calculation for the
microarray are estimated differently than qPCR based methods.
Specifically, sensitivity for the microarray is estimated as the
number of correctly detected positive probes on the array
divided by the number of probes on the array for that particular

Figure 5. A. Overview of separation of fecal sources by NMDS of
microarray (B and D) and NGS (C) data. Venn diagram shows gene
categories represented on the microarrays and NGS. Microarray 1 and
2 results are in white and gray symbols, respectively, whereas NGS
results are in black symbols. P = poultry litter; Pr = spinach
contaminated with sewage; C = cattle; S = swine; H = human sewage;
A = avian; D5, D10, and D50 = human sewage diluted 5:1, 10:1, and
50:1.
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host. Therefore, we find that on average 1 out of every 3 or 4
MST probes on the array associated with a particular host is
correctly detected. It is likely that optimization of sample
concentration methods prior to nucleic acid extraction can
improve the sensitivity of the analysis.
Ideally, microbiological water quality assays would be able to

not only detect pathogen presence in an environmental sample,
but also determine the origin of the fecal pollution for guiding
remediation efforts. As treated sewage is increasingly used to
augment declining freshwater reserves, methods identifying
pathogens and potential sources of fecal contamination will be
highly valued. The MST microarray presented herein over-
comes many of the drawbacks associated with culture and
qPCR based methods currently used for water borne
microbiological quality monitoring, and unlike NGS, is
specialized to detect relatively scarce targets like pathogens
and MST markers. Future work will evaluate the utility of the
microarray for detecting pathogens in surface water samples
and in reclaimed wastewater. Additionally the NGS results will
be used to determine potential phyla not currently represented
on the microarray that are potential candidates for inclusion as
new probes in next microarray versions. For example, NGS
showed that all four fecal samples contained sequences
corresponding to the genus Acholeplasma in the phylum
Tenericutes, but no corresponding probes in this phylum were
used on the microarray.
Overall the results of this study show that

• Common waterborne pathogens (bacterial, eukaryotic
and viral) can be detected via microarrays in fecal
samples, raw sewage, poultry litter and contaminated
produce,

• Microarray fluorescence may be correlated with qPCR
and culture based enumeration of FIB,

• Microarray data reproducibly separated fecal material
from different sources into different clusters.

• The current MST microarray contains probes accounting
for four of the five most dominant phyla and eight of the
15 most dominant families found in fecal samples as
determined via NGS.
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