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ABSTRACT The human microbiome contains many organisms that could potentially
be used as indicators of human fecal pollution. Here we report the development of
two novel human-associated genetic marker assays that target organisms within the
family Lachnospiraceae. Next-generation sequencing of the V6 region of the 16S
rRNA gene from sewage and animal stool samples identified 40 human-associated
marker candidates with a robust signal in sewage and low or no occurrence in sam-
ples from nonhuman hosts. Two were chosen for quantitative PCR (qPCR) assay de-
velopment using longer sequences (the V2 to V9 regions) generated from clone li-
braries. Validation of these assays with these markers, designated Lachno3 and
Lachno12, was performed using fecal samples (n � 55) from cat, dog, pig, cow,
deer, and gull sources, and the results were compared with those of established
host-associated assays (the Lachno2 marker and two human Bacteroides markers, the
HB and HF183/BacR287). Each of the established assays cross-reacted with samples
from at least one other animal species, including animals common in urban areas.
The Lachno3 and Lachno12 markers were primarily human associated; however, the
Lachno12 marker demonstrated low levels of cross-reactivity with samples from se-
lect cows and nonspecific amplification with samples from pigs. This limitation may
not be problematic when testing urban waters. These novel markers resolved am-
biguous results from previous investigations of stormwater-impacted waters, demon-
strating their utility. The complexity of the microbiome in humans and animals sug-
gests that no single organism is strictly specific to humans, and the use of multiple
complementary markers in combination will provide the highest resolution and
specificity for assessing fecal pollution sources.

IMPORTANCE Traditional fecal indicator bacteria do not distinguish animal from hu-
man fecal pollution, which is necessary to evaluate health risks and mitigate pollu-
tion sources. Assessing water in urban areas is challenging, since the water can be
impacted by sewage, which has a high likelihood of carrying human pathogens, as
well as pet and urban wildlife waste. We demonstrate that the Lachno3 and
Lachno12 markers are human associated and highly specific for the detection of hu-
man fecal pollution from urban sources, offering reliable identification of fecal pollu-
tion sources in urban waters.

KEYWORDS microbial source tracking, 16S rRNA gene, Lachnospiraceae, fecal
pollution, urban water, next-generation sequencing

Human fecal pollution enters urban waters through many pathways, such as
combined sewage overflows (CSOs), sanitary sewage overflows (SSOs), illicit con-

nections, or failing sanitary sewers that infiltrate systems (1–3). Pathogenic microor-
ganisms from fecal pollution, including bacteria, viruses, and protozoans, pose a risk of
waterborne disease for those exposed to the polluted surface waters (4–6). Traditional
fecal indicator bacteria (FIB), such as fecal coliforms, Escherichia coli, and enterococci,
have historically been used to assess water quality because of the high abundance of
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microbes in sewage and feces (7, 8); however, some studies have failed to establish
direct correlations between FIB levels and pathogens or human health outcomes
(9–12). This is likely due to the presence of animal fecal pollution in runoff and
non-point sources that contribute to FIB levels without introducing pathogens. Since
FIB are common in all warm-blooded animal intestines and do not distinguish human
source from animal source fecal pollution (8, 12), there is a need to develop alternative
fecal indicators to assess water quality in complex environments where multiple fecal
pollution sources contribute to water quality.

Molecular-based methods have demonstrated that fecal anaerobes are useful for
tracking fecal pollution sources because they are abundant in the human intestinal
tract and specifically associated with one type of host (8, 13, 14). The next-generation
sequencing (NGS) technology, which has the ability to yield as many as 1 � 106

sequence reads per sample, provides the opportunity to gain an in-depth inventory of
the microbial communities present in a sample, making it possible for similar or
identical sequencing reads to be mapped to hosts even if they are present at a low
abundance (13, 15, 16). Fecal anaerobes within the Bacteroidales, in particular, members
of the genera Bacteroides and Prevotella, have been well studied and successfully used
for fecal pollution identification (17–19). However, a large portion of the human
microbiome, including members of Clostridiales, which can comprise more than half of
the fecal communities, remains untapped for indicator development (20). Additional
indicators may be particularly useful in cases where Bacteroidales markers are not
abundant in human hosts within particular geographical regions due to diet, culture, or
other environmental influences (14, 21–23). In addition, previously reported assays for
human-associated Bacteroides have been demonstrated to cross-react with samples
from other sources, including cat, dog, chicken, turkey, and raccoon (24–27). Markers
from a different bacterial group could add a layer of verification to source tracking
studies that are being used to guide mitigation efforts, which are often expensive to
implement and require strong stakeholder support.

Previous studies which used the NGS technology to create an inventory of potential
new indicators found that about 97% of human fecal community oligotypes were
present in sewage samples, with the most abundant ones being matched in these two
sources (28), thus demonstrating that the microbial community composition found in
sewage comprehensively represents the microbial community composition found in
human feces. Members of the family Lachnospiraceae within the order Clostridiales are
promising candidates as host-associated genetic markers because of their abundance
and high degree of diversity in sewage (29). It has been shown that the host specificity
of the family Lachnospiraceae surpasses that of the Ruminococcaceae and Clostridiaceae,
two other bacterial families abundant in human feces, when evaluating human-
associated markers (30). In particular, members of the genus Blautia within the family
Lachnospiraceae demonstrate clear patterns of specificity or preference among sewage
and human and animal hosts (13, 22, 31). The human-associated Lachnospiraceae
genetic marker Lachno2 (2) was identified on the basis of its presence in sewage but
not cows, although the Lachno2 V6 region marker sequence was subsequently found
to be present in cats and dogs (13). Despite the noted cross-reactivity, in sewage-
contaminated water, the results of the Lachno2 assay and the human Bacteroides (HB)
assay, which is modified from the BacHum-UCD marker assay (32) by replacing the
forward primer with the HF183 marker (33), are strongly correlated and provide
improved confidence for sewage detection (3, 33).

In this study, we examined the population structure of the family Lachnospiraceae in
sewage and animal hosts using nearly full-length sequences of the 16S rRNA gene and
identified new human-associated Lachnospiraceae genetic markers (i.e., markers pre-
ferred for the human host and found only sporadically in other animals). Two novel
genetic markers from the family Lachnospiraceae were chosen for quantitative PCR
(qPCR) assay development. Assays with these markers, designated Lachno3 and
Lachno12, were then validated for their host specificity with stool samples (n � 55)
from six animal host species from multiple locations. The results were compared with
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those of the established human-associated assays with the markers Lachno2, HB, and
HF183/BacR287 (2, 26, 33). To demonstrate the applicability of the Lachno3 and
Lachno12 genetic markers to improve discrimination of human and animal fecal
pollution in an urban area, we further tested environmental samples derived from
non-point source pollution with these new assays, as well as the previously described
assays with the Lachno2, HB, HF183/BacR287, and DogBact markers (34).

RESULTS
Population structure of Lachnospiraceae in human and animal hosts. We ex-

amined 718 sequences in libraries of Clostridium coccoides sequences from sewage,
cat, dog, and pig, as well as previously published Lachnospiraceae sequences from
a nearly full-length library comprised of sequences from cows (35). In total, there
were 200 operational taxonomic units (OTUs) defined by 97% similarity, of which 70
OTUs contained more than one sequence. A phylogenetic tree was constructed
using representative OTU sequences annotated with host information (Fig. 1),
which demonstrated that phylogenetically related Lachnospiraceae OTUs did not
correspond to the host source. Two OTUs (OTUs 185 and 198) were classified as the
family Defluviitaleaceae, which was included in the family Lachnospiraceae in an
earlier version of the reference taxonomy, and select members were able to be
amplified with the C. coccoides-specific primer. Overall, 31 out of the 70 OTUs with
multiple sequences contained sequences from both animals and sewage, suggest-
ing that assessment with the 97% sequence similarity criterion does not resolve
these organisms into host groups. A heat map of this distribution is shown in Fig.
S1 in the supplemental material.

Comparison of host sources using V6 marker regions. We examined the host
distribution patterns of the Lachnospiraceae using the exact sequences of the V6 region
of the 16S rRNA gene as markers for organisms uniquely found in a host source. The
NGS data set was more extensive than the clone libraries, with 198 samples, 10 host
types, and 100,242 unique V6 region sequences (excluding singletons) being recovered.
Using exact sequences rather than OTUs, host-associated patterns emerged, with the
numbers of highly abundant sequences specifically associated with one host and rarely
present in other hosts being determined (Data Set S3).

We used permutation tests with the R package indicspecies with the V6 NGS data
set to identify candidates for human-associated markers. In total, 88 indicators with
both a sensitivity and a specificity of greater than 90% and P values of 0.001 were
selected; 7 out of the 88 indicators were identified with 100% specificity and sensitivity
(Fig. S2). The final list of Lachnospiraceae V6 marker candidates in the data set that met
our criteria contained 40 candidates, including 10 strictly human-associated candidates
(i.e., candidates exclusively found in sewage) and 30 that were human preferred (i.e.,
candidates that presented at a low relative abundance in one or two other hosts)
(Fig. S3).

Comparison of V4V5 and V6 16S rRNA gene regions as markers for human-
associated indicators. We analyzed a subset of samples that were sequenced for both
the V4V5 and V6 regions to determine the region that is more useful for the identifi-
cation of markers for organisms found in sewage (i.e., human fecal pollution sources).
Fifty-two animal samples and 16 sewage samples were utilized for the permutation
tests with indicspecies. The results demonstrated that the V6 region had more human
markers with a specificity and a sensitivity of over 90% (n � 193) than the V4V5 region
(n � 22), and the V6 region showed 49 indicators with a 100% specificity and sensitivity,
while the V4V5 region showed none (Fig. 2). In this analysis, a larger number of specific
indicators was identified for the V6 region because fewer sequences from animals were
included in the data set. Overall, these results suggest that the V6 region is more ideal
as a marker region for niche-associated organisms and potentially an ideal target region
for Lachnospiraceae assays to discriminate sources of fecal pollution.

Continuity of the V4V5 region in closely related organisms with specific V6
markers. We chose two candidates to be explored further and with which to develop
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qPCR assays. The clone libraries allowed us to identify the upstream V4V5 region
sequences that matched the V4V5 regions in the organisms represented by the
Lachno3 and Lachno12 markers. We were then able to use our NGS data set of the
much more deeply sequenced V4V5 region to examine if these matching V4V5 regions
were unique to sewage samples or if they were also found in animals. Among the
clones that contained the Lachno3 marker (n � 79), 18 were matched with the V4V5
NGS data set with eight unique sequence types (Fig. 3). All of the V4V5 types showed
dominance in sewage, but several V4V5 types were also found at a lower abundance
in animals, suggesting that the V4V5 marker region of the organisms represented by
Lachno3 is not as specific as the V6 region. For the Lachno12-related V6 marker
sequence, only one V4V5 type (i.e., V4V5_15) which was exclusive to sewage was found.
However, it is possible that there are other Lachno12-related V4V5 types that cross over
with animals since the depth of the sewage clone library limits the identification of
more Lachno12-related V4V5 types.

FIG 1 Phylogenetic tree comprised of 200 representative OTU sequences from Lachnospiraceae clone libraries. The color range represents OTU host types (i.e.,
human only, animal only, or human/animal). The number of sequences found in each OTU is in parentheses. The family Defluviitaleaceae clade is in blue. The
E. coli outgroup’s clade is shown in gray with dashed lines. Bootstrap values larger than 0.7 are indicated by lavender-colored circles, and the values are directly
proportional to the circle sizes.
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Development of qPCR assays for Lachno3 and Lachno12. We designed two
human-associated Lachnospiraceae assays based on marker candidates Lachno3 and
Lachno12 by using our library of C. coccoides sequences from sewage and animals to
find regions of specificity. The Lachno3 and Lachno12 clones with V4V5 region se-
quences that did not cross over into animals were considered targets, and the animal
clone library sequences were used for exclusion of nontargets. The forward and reverse
Lachno3 and Lachno12 primer sequences had at least 1 mismatch with the animal
sequences, and the probes had several mismatches. We purposefully choose one
marker (i.e., Lachno3) that was strictly specific, based on the results obtained with our
NGS data set of sequences from animals, and one marker that was more abundant in
sewage but that had low levels in other hosts (i.e., Lachno12) as a means to benchmark

FIG 2 Comparison of results of analysis with the indicspecies program for Lachnospiraceae marker candidates with
90% specificity and sensitivity for the V4V5 and V6 regions.

FIG 3 Abundances of Lachno3-associated V4V5 sequence types in sewage and five animal hosts. The abundance shown
in each cell is normalized to the median sequence count for all samples and is converted to a percentage according to each
V4V5 type’s total abundance. The values increase from white to blue.
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the performance of these assays when these organisms may occur at very low levels in
nontarget animal sources. The primer and probe positions are shown in Fig. S4.

Lachno3 and Lachno12 assay validation. The relative abundance levels of Lachno3
and Lachno12 in sequenced sewage samples (n � 28) indicated that the Lachno3
marker was generally present at levels about 3.0-fold � 1.3-fold the levels of the
Lachno12 marker. The qPCR results of the Lachno3 and Lachno12 assays with untreated
Milwaukee, WI, sewage influent samples (n � 8) indicated that we could expect the
Lachno3 marker copy number (CN) (1.24 � 105 � 7.74 � 104) to be generally 2-fold the
Lachno12 marker CN (6.61 � 104 � 4.47 � 104).

Both assays were tested with animal fecal samples (Fig. 4). The Lachno3 assay
demonstrated a very low level of amplification with samples from two cats with a 1-ng
�l�1 fecal sample dilution; however, the Lachno3 sequence was not found in the NGS
data set of sequences from these animals, suggesting that there may have been
nonspecific amplification in these samples. All other samples were negative. Lachno12
cross-reacted with samples from four cows (25% of cows) (Fig. 4A; Table S2), with the
average copy number being 2.16 � 102, which is equivalent to a 1:300 dilution of
sewage DNA. Lachno12 also showed positive qPCR results with samples from three pigs
(33.3% of pigs) with an average CN of 12; however, the V6 sequencing results for these
pig samples were negative for the Lachno12 marker, indicating nonspecific amplifica-
tions. In addition, a low occurrence of Lachno12 (a 1:280 relative abundance compared
to that in sewage) was observed in the sample from one dog in the NGS data set,
while this marker was not detected by qPCR of that dog sample or any other samples
tested. This demonstrates that sequencing approaches may be more sensitive than
amplification methods because of what can practically be amplified in a sample.
Lachno12 was considered human preferred with cross-reaction with samples from
cows, while Lachno3 was considered human specific in our results.

Samples from the same animals used to validate the specificity of the Lachno3 and
Lachno12 assays were used to test established assays for human Bacteroides as defined
by the presence of the HF183 sequence, which is the forward primer of the HB assay.
The HB assay was positive for samples from one dog pooled sample (20% of dog
samples tested) and one individual deer as well as one pooled deer sample (27% of
deer samples tested); the HF183/BacR287 assay was positive for the same deer samples
but not for any dog samples. The Lachno2 assay was run at an annealing temperature
of 61°C rather than the previously reported 60°C and showed a cross-reaction with
samples from cats (82% of cat samples tested), dogs (80% of dog samples tested), and
pigs (100% of pig samples tested) at the highest concentration of fecal material tested.
Some samples from cats and pigs were also positive when lower concentrations of fecal
material were used. The Lachno2 qPCR results also showed low levels of amplification
for samples from three deer (27% of deer samples tested) and seven cows (70% of cows
samples tested), while the Lachno2-related V6 sequence was found by sequencing in
only one of the samples from cows (i.e., sample PU73), supporting the conclusion that
most Lachno2 signals in cow samples were from nonspecific qPCR amplifications; the
three positive samples from deer were not sequenced, but all had decreased CN when
the temperature was increased from 60°C to 61°C (data not shown), indicating that they
could also be nonspecific amplifications. The gull samples were negative by all five
assays.

Application of Lachno3 and Lachno12 assays for urban water samples. We
tested several environmental water samples that demonstrated inconsistent results
with the HB and Lachno2 assays (i.e., a high CN in one human marker assay but a low
CN in another or results that were not of the same magnitude). The HB assay detects
HF183-positive organisms that have also been found in dogs and deer, and the
Lachno2 assay is sensitive for detecting sewage but sporadically cross-reacts with
samples from dogs, cats, and other nonurban animals. Samples were tested by the
Lachno3 and Lachno12 assays and a combination of other available assays (Table 1).
Samples in which organisms were not detected (or that had results below the detection
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FIG 4 qPCR validation of the results for animal fecal samples obtained with the Lachno3, Lachno12, Lachno2, HB, and
HF183/BacR287 assays. The y axis indicates the copy numbers, and the x axis shows the assay names. The results obtained
with 1 ng �l�1 (A), 0.1 ng �l�1 (B), and 0.01 ng �l�1 (C) animal fecal DNA are shown. The results for different animals are
shown in different colors, with those for pools being represented as two adjacent data points. The result for each positive
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the sizes of the circles being directly proportional to the CN for each animal. The error bars represent the mean CN (shown
as a rhombus) with the standard error.
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limit) by the DogBact assay could potentially be excluded as being from a dog source.
Samples with positive Lachno3 CN were considered contaminated with human fecal
pollution. Because the Lachno12 marker is less specific and sensitive than the Lachno3
marker, the ratios of these markers that were not typical of those found in sewage or
the presence of only Lachno12 was considered a suspicion of nonhuman sources. In
addition, because the BacHum-UCD assay cross-reacted with samples from raccoons
(27), dogs (32), and deer, urban water samples that were positive only by the HB assay
were interpreted as containing contamination from raccoon when the DogBact assay
was negative (e.g., sample FT15268). Deer are not expected to be in this highly
urbanized area. The possibility of contamination from a limited number of humans that
had atypical microbiome compositions could not be ruled out as an explanation for the
inconstancies in human-associated indicator results.

DISCUSSION
Organisms with a specific host niche offer an opportunity to discover new

indicators of fecal pollution. The gut microbiome of humans and animals is largely
shaped by diet and host physiology (20, 36), and organisms specifically adapted to fill
a niche within a specific host are promising candidates for developing new indicators
of fecal pollution sources. The gut microbiomes of humans and animals have a limited
number of bacterial families and genera but have extensive species and strain diversity
that could indicate diversification among heterogeneous hosts (37). Our work to
examine the population structure within the family Lachnospiraceae found that clus-
tering of OTUs at 97% similarity is not sufficient to distinguish patterns of host
specificity (Fig. 1) (30). This suggests that genetic traits that determine a host associa-
tion do not map to the overall phylogeny within a group.

While overall phylogenetic patterns were not detected, we found that finer-scale
methods could track host-associated organisms within the family Lachnospiraceae. Our
previous work within the genus Blautia showed that use of a 60-bp region within the
16S rRNA gene as a marker region was sufficient to reveal ecologically relevant
distribution patterns among hosts (31). Here, we expanded this work to include all
Lachnospiraceae and demonstrate that this family is rich in potential indicators, with 88
V6 region sequences being identified by the biomarker identification program indic-
species (38). Analysis of the V4V5 regions in clone libraries demonstrated that organ-

TABLE 1 Applications of Lachno3 and Lachno12 assays for testing environmental samples that had inconsistent results by the HB and
Lachno2 assays

Sample
name Sample type Site

Sampling date
(mo/day/yr)

CN/100 ml
Interpretation of
presumptive
sourcesaHB Lachno2 Lachno3 Lachno12 DogBact

FT12431 Stormwater Honey Creek 05 7/24/12 672 318 151 162 0 Human
FT17171 River water Kinnickinnic River 7/22/14 375 6,450 821 1,610 0 Human
FT18040 Stormwater Wilson Park Creek outfall 18 10/14/14 BLDb 9,620 1,890 185 0 Human
FT19920 River water Menomonee River 7/9/15 0 675 265 161 0 Human
FT21217 River water Kinnickinnic River grab 5/3/16 801 27,300 6,510 4,450 0 Human
FT21380 Stormwater Kinnickinnic River grab 6/7/16 7,500 548,000 173,000 40,500 0 Human
FT14569 Beach South Shore Old Beach 001 7/9/13 BLD 1,760 394 391 276 Human/dog
FT14570 Beach South Shore Old Beach 002 7/9/13 166 3,460 1,000 1,430 1,060 Human/dog
FT14571 Beach South Shore Old Beach 003 7/9/13 0 18,100 985 765 27,900 Human/dog
FT15280 Stormwater Kinnickinnic River outfall, new 11/6/13 225 33,700 249 196 8,710 Human/dog
FT17167 River water Kinnickinnic River 7/22/14 1,381 34,000 6,730 8,900 944 Human/dog
FT17708 Stormwater Wilson Park Creek outfall 07 8/25/14 BLD 9,020 1,630 466 839 Human/dog
FT17713 Stormwater Wilson Park Creek outfall 15 8/25/14 0 6,150 107 193 408 Human/dog
FT20193 Beach South Shore Old Beach 001 8/10/15 0 1,320 132 0 320 Human/dog
FT20574 River water Kinnickinnic River autosampler 9/8/15 39,700 188,000 75,400 37,300 15,800 Human/dog
FT21332 Stormwater Kinnickinnic River manhole 5/10/16 0 1,350 0 170 19,200 Dog
FT12198 Stormwater Wilson Park Creek outfall 25 6/21/12 566 0 0 132 0 Raccoon
FT15268 Stormwater Kinnickinnic River outfall 47 10/31/13 3,540 0 0 0 0 Raccoon
FT20724 Stormwater Russell Avenue manhole 10/28/15 8,560 0 45 256 0 Raccoon
aCow, pig, and deer feces are not expected in these urban water samples.
bBLD, below the limit of detection.
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isms tracked by use of a particular V6 sequence can be further discriminated into
subpopulations by their V4V5 sequences (i.e., one sequence type according to the
sequence of the V6 region could have multiple associated V4V5 sequence types), with
some of the V4V5 sequences from organisms positive for the Lachno3 marker being
found in other animals. The analysis performed with indicspecies (38) identified far
fewer markers in the V4V5 region than in the V6 region, demonstrating that V6 was
more discriminatory of host patterns. Analysis of two regions at the same sequence
depth verified that sequencing depth could not account for these results. Overall, while
the V4V5 region is longer, it offered less resolution for tracking populations associated
with particular hosts. These results are consistent with the V6 region showing the
highest variability (40). Our findings support the hypothesis that marker gene distri-
bution patterns may reflect differences in the genome that account for a presence in
different host niches, but we reiterate that analysis of only a portion of the 16S rRNA
gene cannot be used to indicate the exact organism that it comes from and mapping
of the genetic markers to longer sequence reads could improve the tracking of specific
organisms that are uniquely adapted to a host.

Dietary, geographic, and environmental factors may affect the presence of
fecal genetic markers. We found that the most abundant Lachnospiraceae V6 region
sequence in sewage in our NGS data set (designated Lachno1) was not found in dairy
cows in this study, but we have recovered this marker in the steer population in
previous studies (2). Lachno1 was also found in the cow clone library, which consisted
of organisms from beef cattle feces. This could be attributed to the different diets of
these cow populations, as it has been reported that beef cattle fecal microbial com-
munities are very likely shaped by feeding operations (41). In addition, beef cattle and
dairy cows have been found to have different patterns of abundance of major and
minor gut bacterial groups (35). Our qPCR results demonstrated that three out of the
four cows positive for Lachno12 were from the same farm in Racine, WI, and all six of
the negative cows came from different farms but in the same city of Brodhead, WI.
Considering the possibility of different diets in cattle populations, there may be
trade-offs in sensitivity and specificity when choosing markers, and it might be neces-
sary to develop markers that are directed toward certain types of animal operations or
feeding regimens.

The most abundant markers are stable in sewage. The ranks of marker abun-
dance differed slightly across various sewage samples, but within most of our sewage
samples or sewage-contaminated water samples (n � 38), the Lachno1, Lachno2, and
Lachno3 markers were within the top four most abundant Lachnospiraceae sequences.
The stability of these markers was also found over a 3-year period at two wastewater
treatment plants in a single city (30). The initial taxonomy of the NGS data set was
based on release 102 of the SILVA database and was later updated so that it was based
on release 119 of the SILVA database, and previously annotated Lachnospiraceae were
annotated to Christensenellaceae and Defluviitaleaceae within the order Clostridiales. We
included sequences annotated as Christensenellaceae, recently described in a study of
the human fecal microbial community (42), as members of this family appear to be
preferentially found in humans. We excluded Defluviitaleaceae sequences because
organisms in this family within sewer systems appear to have a nonfecal origin (43).
However, these sequences might be good candidates for tracing sewage release into
the environment, since they were not found in any of the animals tested; they may
ultimately demonstrate the presence of sewage more specifically than any of the
human-derived markers that are found to cross over with other nontarget hosts.

Lachno3 is highly human specific. Deep sequencing has revealed that only on rare
occasions are marker sequences exclusive to a host, and even in these cases, further
sequencing may reveal that they are shared between two or more hosts. Rather, certain
community members appear to prefer one host and occur at low levels or only
sporadically in other hosts (15). For human-associated marker assays, including the
Lachno2 assay (2), the Lachno12 assay, and the previously published human Bacteroides
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assays (17, 18, 26), cross-reactivity was found, but usually for a low number of animals
(Fig. 4). The use of these assays synergistically could ultimately improve specificity.
Current fecal identification is often based on the usage of single human-associated
alternative fecal indicators; however, there are several factors that can influence the
sharing of organisms by human and animal microbiomes (e.g., similar diets or cohab-
itation), and the use of a combination of human-associated assays can exclude false-
positive detection of human sources (32).

True animal cross-reaction needs to be differentiated from nonspecific amplification
by assay primers. In the qPCR validation portion of this study, the Lachno3 qPCR results
showed very low copy numbers in two cats, but the V6 marker sequences were absent
according to the sequencing results for these cats. The Lachno2 assay validation results
also included nonspecific amplification. These signals could be caused by primers
amplifying targets that are very close to the marker V6 sequences. High levels of similar
but nontarget DNA could account for nonspecific amplification in other studies (44, 45).
Increasing the temperature could reduce nonspecific amplification but may negatively
impact assay efficiency. This was observed in the case of optimization of the temper-
ature for the Lachno3 assay, as well as validation of the Lachno2 assay; the slight
increase of the temperature eliminated false-positive results by the Lachno2 assay with
the highest level of fecal material from six deer, one cat, and one pig. This complication
further highlights the usefulness of using two unrelated assays to detect human fecal
pollution.

We also developed an assay with the Lachno12 marker, which was primarily human
associated but which was found at low levels in samples from dogs and sporadically
present in samples from certain cows. We found that despite a very low occurrence in
one dog sample according to the sequencing results, the marker was not detected by
qPCR. This finding illustrates that while sequencing may reveal a low level of an
organism, it may not be relevant in practical applications, such as detection in water
samples, where fecal material is already diluted. Further, these results helped confirm
that the low levels of amplification in cat samples by the Lachno3 assay were most
likely nonspecific, as the cat samples were sequenced to a similar depth and the
Lachno3 sequence was absent.

Assessments for the host specificity and sensitivity of markers should be ongoing,
given the high degree of diversity of the microbiomes of animals; mechanisms like
cohabitation, which gives rise to a shared gut microbiome; and diet and geographic
differences among individuals within a host type. For example, Lachno2 was originally
chosen because of its high sensitivity for the detection of organisms in sewage and its
absence in cows (2). With the inclusion of samples from dairy cows in this study, we
observed crossover reactions with this target. Additionally, we found the sporadic
presence of Lachno2 in samples from cats, dogs, and pigs, demonstrating the high
sensitivity but low specificity of this marker. Similarly, the HF183 assay was later found
to amplify signals in cat and dog samples; however, redesign of the reverse primer and
probe improved its specificity in subsequent work (26).

Future application of Lachnospiraceae assays for detection of fecal sources in
urban water. Humans and animals in urban areas contribute fecal pollution to water-
ways, including recreational beaches. It is not practical or perhaps even feasible to
develop assays for every possible source in a complex watershed comprised of urban
land use; however, the use of multiple assays and interpretation of results in a tiered
approach may provide insight into possible sources. For example, use of the Lachno2
assay with highly specific assays like the Lachno3 and HF183/BacR287 assays could help
identify when nonhuman sources are present, without running separate assays for
organisms from dogs, cats, or raccoons. Further, human-associated indicators target
organisms that are generally present and the most abundant in the human population
(28), but when fecal pollution is derived from a smaller number of individuals, for
example, as a result of a broken lateral sewage line from a home or a cross connection
between a sanitary sewer pipe and a stormwater pipe, results may be atypical. Multiple
assays may be necessary when investigating small-scale contamination, like locating
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failures in sanitary sewer systems. Future work to increase the types and numbers of
animals tested and increase the geographic coverage will provide more comprehensive
assessments of specificity. Stormwater with fecal contamination from urban wildlife in
particular lacks characterization, and it is difficult to distinguish fecal contamination
from urban wildlife from contributions from a limited number of humans. Shared
resources, such as fecal sample banks, may be useful for researchers so that they may
validate the assays used in their watershed and compare their assays with those used
in other areas. Overall, the use of a combination of human-associated fecal marker
assays with known cross-reaction potentials, as well as animal marker assays, will
improve the resolution of fecal pollution source identification. This information is
crucial for assessing the possible risk from co-occurring pathogens and for remediation
of pollution sources in urban water environments.

MATERIALS AND METHODS
Sample collection and DNA extraction. Two sets of animal fecal samples were used in this study;

the first (set 1) was used for clone library construction and included samples from 5 cats, 5 dogs, and 10
pigs. The second (set 2) was used for qPCR validation and included samples from 11 cats, 10 dogs, 9 pigs,
11 deer, 10 cows, and 4 gulls. The animals providing the samples for set 1 were different from the
individuals providing the samples for set 2. Sequencing was also performed for the majority of samples
(n � 44) but was not performed in cases in which not enough material was available. Collection locations
are detailed in Data Set S1 in the supplemental material. Animal stool samples were transported to
University of Wisconsin—Milwaukee (Milwaukee, WI, USA) on ice within 24 h of collection and stored at
�80°C upon arrival. Fecal sample preparation and DNA extraction followed the protocol for pathogen
detection described in the instructions in the QIAamp DNA stool minikit (Qiagen Inc., Valencia, CA), which
increases the yield of nonhost fecal genomic DNA. In some cases, extracted DNA was sent directly from
the originating laboratory. All DNA samples were stored at �20°C.

Fecal clone libraries. Clone libraries were generated from set 1 animal fecal samples using Clostridium
coccoides-specific primers, which amplified a portion of the 16S rRNA gene from Lachnospiraceae (primers
Ccoc-F/1492R) (2, 30, 46). These amplicons were then analyzed by Sanger sequencing (ABI Prism 3700xi
genetic analyzer; Applied Biosystems, Foster City, CA). Sequences from two previously published data sets
were also used: (i) C. coccoides clone libraries from four different sewage samples (GenBank accession
numbers JX228967 to JX230954) (30) and (ii) full-length whole-community 16S rRNA gene libraries from
cows (GenBank accession numbers FJ672948 to FJ674268 and FJ675665 to FJ685516) (35). Only
Lachnospiraceae sequences from the 16S rRNA gene libraries from cows were used; for both of the
previously published sequence data sets, libraries were subsampled to 200 sequences. The cloning and
sequencing methods used, including PCR, ligation, transformation, plasmid preparation, and sequencing
reactions, were previously described (2).

Sequence processing and analysis. Three primers (primers Ccoc-F, 331F, and 1492R) were used to
sequence the animal clone libraries. Sequences were assembled using the SeqMan Pro program
(Lasergene, v12; DNAStar, Madison, WI). Sequences of less than 900 bp were discarded, and chimeras
were subsequently removed using the Chimera Vsearch tool (47) in the mothur program (48). A total of
718 sequences, including 200 sewage, 80 cat, 85 dog, 153 pig, and 200 cow sequences, were used.
Operational taxonomic units (OTUs) were created at the 97% similarity level using the nearest-neighbor
method in mothur and were based on release 119 of the SILVA taxonomic reference database.

A phylogenetic tree of all representative OTU sequences was constructed to examine the phyloge-
netic relationships among the Lachnospiraceae sequences from different hosts. The host source was
annotated for each OTU (i.e., human only, animal only, or human/animal). The representative OTU
sequences, along with two Escherichia coli 16S rRNA gene sequences that were used as an outgroup
(GenBank accession numbers HF584706 and LT745986), were aligned using the MUSCLE program (49)
and trimmed to the same length with the MEGA7 program (50). The tree was constructed using the
maximum-likelihood method in the Kimura 2-parameter (K2) model with gamma distribution rates and
invariant sites (G�I), bootstrapped for 1,000 replicates, and visualized in the Interactive Tree of Life (iTOL;
http://itol.embl.de) (51). Representative sequences and their host annotation for each OTU are shown in
Data Set S2. A heatmap was generated using the R packages RColorBrewer and ggplot2 to display the
relative abundance of members of the Lachnospiraceae in different hosts based on the clone libraries
(Fig. S1). To better visualize the distribution of clones in different hosts, the relative abundance was
normalized to 100% for each of the 70 most abundant OTUs.

NGS data sets. Sequences were generated using the Illumina MiSeq and HiSeq platforms at the
Marine Biological Laboratory (MBL), University of Chicago. Whole-community data sets of partial 16S
rRNA gene sequences were generated from the V4V5 (primers 518F/926R) (52) and V6 (primers
967F/1064R) (53) regions and stored in the Visualization and Analysis of Microbial Populations
(VAMPs) platform (54). Sequence counts were normalized to the median abundance for all bacterial
sequences from all samples, and singleton sequences were removed. Lachnospiraceae sequences
were parsed out of whole microbial communities using taxonomy assignments in GAST software
(55). Sequences from the newly described family Christensenellaceae (42), which were previously
designated to belong to the Lachnospiraceae and which were very likely also host adapted, were
added into the data sets. In all, the data set included 20,587 unique V4V5 sequences with 741,927
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reads and 100,242 unique V6 sequences with 17,143,353 reads. The Lachnospiraceae sequences were
enumerated according to their rank abundance in the composite data set of sequences from sewage
samples. The second and third most abundant Lachnospiraceae in this data set had appeared in the
inverse order in a previous analysis and had been designated Lachno3 and Lachno2, respectively.
Likewise, the 10th most abundant member of the Lachnospiraceae in the data set had previously
been designated Lachno12. Since the exact order is somewhat dependent on the sewage samples
used in the analysis, we chose to keep the original designations for Lachno3 and Lachno2. Therefore,
Lachno3 in this study is the second most abundant Lachnospiraceae in the data set, and Lachno2 is
the third most abundant. The designations Lachno12 and Lachno10 correspond to the 10th and 12th
most abundant Lachnospiraceae, respectively. The 100 most abundant sequences for each animal
and sewage source are detailed in Data Set S3.

Design of host-specific molecular assays for humans. Initially, animal and sewage samples that
were both sequenced for V4V5 and V6 regions were compared using the R package indicspecies (38) with
999 permutation tests to identify the region that would provide the most specific and sensitive
Lachnospiraceae marker candidates. The human-associated marker candidates were first chosen by use
of the criteria that they had sensitivities and specificities of greater than 90% and that they were among
the top 95% most abundant Lachnospiraceae in sewage. Candidates were retained if they were present
at lower levels in two other animal hosts or less (i.e., cat, dog, pig, cow, deer, chicken, and raccoon). We
chose the V6 region as the most promising marker region and then compared the V6 NGS data set
sequences to the sequences in the sewage clone library using analysis with the local BLAST program (56)
to find clones that represented longer sequences and contained each V6 marker sequence for primer
design.

Two qPCR assays were developed to target Lachno3 and Lachno12 (Table 2). Primers and probes
were designed using the alignments of sequences from animals and sewage in the MegAlign
Pro program in DNAStar software. Alignments included each respective V6 marker sequence, a
Lachnospiraceae full-length 16S rRNA gene reference sequence (GenBank accession number EF036467),
and the marker’s exact matches with the sewage clone library sequences. Animal sequences that had
�97% similarity with the genetic marker by analysis with the BLAST program and representative
sequences from the top 10 OTUs of all animal sequences were also added to the alignment to design
primers that would discriminate animal sources. Primers specific for the V6 sequence region were
designed, as that region provided the largest amount of discrimination for the assays.

The Lachno3 and Lachno12 genetic markers were mapped into longer sequence reads that included
the V4V5 region to evaluate whether the related V4V5 sequences had the same specificities. We
examined the V4V5 sequence types associated with each V6 marker in sewage clone library sequences
since both regions spanned the clone sequences. These V4V5 sequence types were then compared to
the larger V4V5 region sequence NGS data set for multiple animals and sewage samples by using the
BLAST program. The NGS data sets for the V4V5 region were named numerically according to the rank
abundance of the sequences in sewage.

Quantitative PCR analyses. All qPCR experiments were performed on an Applied Biosystems
StepOne Plus real-time PCR system thermal cycling block (Applied Biosystems, Foster City, CA). To
validate the Lachno3 and Lachno12 assays, animal stool DNA extracts (set 2) were tested in the formats
of at least six individual samples and one pooled sample (made from samples from 2 individuals), except
for gull stool samples, which were run only as single samples. Each animal stool DNA was diluted to 1
ng �l�1, 0.1 ng �l�1, and 0.01 ng �l�1, with 5 �l being used in each qPCR mixture. Sewage samples were
diluted 1:100, and environmental samples were run without dilution. All standard curves were run in
triplicate with DNA from sewage clones whose sequences matched those of the Lachno3 and Lachno12
markers, and samples were serially diluted to contain from 1.5 � 106 to 1.5 copies per reaction mixture.
For each validation run, a sewage control and a blank control were used. The qPCR setting was as
described by Templar et al. (33). To optimize the annealing temperature for these two assays, we tested
diluted sewage DNA samples (diluted at ratios of 1:100, 1:500, 1:1,000, 1:2,000, 1:4,000, and 1:8,000) from
60°C to 64°C to determine if any amplification efficiency was lost. The amplification program included 1
cycle at 50°C for 2 min, followed by 1 cycle at 95°C for 10 min and then 40 cycles of 95°C for 15 s, followed
by 1 min at 64°C for Lachno3 or 61°C for Lachno12; the Lachno2 assay was run at 61°C in this study. The
qPCR assay slopes, y intercepts, and efficiencies are shown in Table S1. For validation result output, each
animal’s qPCR copy number (CN) was converted to the CN per nanogram of DNA, the CN per 0.1 ng of
DNA, and the CN per 0.01 ng of DNA, and the result for each sewage sample was converted to the CN
per nanogram of DNA.

Accession number(s). The partial 16S rRNA gene clone library sequences were deposited in the
GenBank database under accession numbers MG702648 to MG702965. A portion of the NGS data used
in this study was from the National Center for Biotechnology Information (NCBI) Sequence Read Archive

TABLE 2 Lachno3 and Lachno12 marker primer and probe sequences

Marker

Sequence

Forward primer Probea Reverse primer

Lachno3 5=-CAACGCGAAGAACCTTACCAAA-3= FAM-5=-CTCTGACCGGTCTTTAATCGGA-3=-MGB 5=-CCCAGAGTGCCCACCTTAAAT-3=
Lachno12 5=-ATCTTGACATCCCTCTGACCGGGA-3= FAM-5=-CGTCCCTTTCCTTCGGGACAGG-3=-MGB 5=-CTCAGAGTGCCCACCACTACGT-3=
aFAM, 6-carboxyfluorescein; MGB, TaqMan minor groove binder.
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(SRA; SRA accession number SRP041262) (V6 sequences) and BioProject (BioProject accession number
PRJNA261344) (V4V5 sequences). The NGS data generated for this study are stored in SRA under
accession numbers SRP132402 (V6 region sequences) and SRP132403 (V4V5 region sequences).

SUPPLEMENTAL MATERIAL
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