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A study was conducted to determine the primary sources of fecal pollution in a subtropical watershed using host-specific assays
developed in temperate regions. Water samples (n = 534) from 10 different sites along the Rio Grande de Arecibo (RGA) water-
shed were collected mostly on a weekly basis (54 sampling events) during 13 months. DNA extracts from water samples were
used in PCR assays to determine the occurrence of fecal bacteria (Bacteroidales, Clostridium coccoides, and enterococci) and hu-
man-, cattle-, swine-, and chicken-specific fecal sources. Feces from 12 different animals (n = 340) and wastewater treatment
samples (n = 16) were analyzed to determine the specificity and distribution of host-specific assays. The human-specific assay
(HF183) was found to be highly specific, as it did not cross-react with nontarget samples. The cattle marker (CF128) cross-re-
acted to some extent with swine, chicken, and turkeys and was present in 64% of the cattle samples tested. The swine assays
showed poor host specificity, while the three chicken assays showed poor host distribution. Differences in the detection of host-
specific markers were noted per site. While human and cattle assays showed moderate average detection rates throughout the
watershed, areas impacted by wastewater treatment plants and cattle exhibited the highest prevalence of these markers. When
conditional probability for positive signals was determined for each of the markers, the results indicated higher confidence levels
for the human assay and lower levels for all the other assays. Overall, the results from this study suggest that additional assays
are needed, particularly to track cattle, chicken, and swine fecal pollution sources in the RGA watershed. The results also suggest
that the geographic stability of genetic markers needs to be determined prior to conducting applied source tracking studies in

tropical settings.

C ulturable counts of fecal indicator bacteria (FIB), such as en-
terococci and fecal coliforms, are used to measure fecal pollu-
tion levels in watershed systems. In order to be effective, indicators
(i) should not survive for extended periods of time in the environ-
ment, (ii) should be exclusively associated with the intestinal
tracts of humans and other warm-blooded animals, and (iii)
should be associated with the occurrence of human enteric patho-
gens. However, growing evidence suggests that under some envi-
ronmental conditions, FIB can survive outside the animal gut, that
they are associated with a wide array of nonmammalian verte-
brates and invertebrates, and that their correlation with pathogens
varies significantly. Some of the evidence has been obtained from
studies conducted in tropical regions (1, 2). For instance, cur-
rently used FIB can occur naturally in water accumulated in trop-
ical epiphytic plants (3), can survive in tropical marine waters in
the presence of nutrients (4), and can proliferate in tropical soils
(5, 6). Studies in Mediterranean coastal areas have shown that
Escherichia coli densities are often high in the sediments, serving as
important sources of FIB and pathogens (7). Collectively, these
studies suggest that the detection of FIB in tropical and subtropi-
cal water systems does not strictly imply fecal origin.

Identifying the primary sources of pollution is critical in im-
plementing adequate pollution control and prevention strategies.
In this regard, risk management practices in recreational waters
have become critical to the public health community not only due
to their importance in preventing human and ecosystem diseases
but also due to the economic repercussions associated with tour-
ism and the food industry (8). Poor microbial water quality in-
creases the costs of services derived from water use and reuse.
Hence, accurate and cost-effective fecal source identification is
crucial to the implementation of management practices that can
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accurately and cost effectively prevent, control, and remediate fe-
cal pollution events. Fecal source identification is challenging, as
fecal pollution can occur via many different sources, including
point and nonpoint sources. Point sources are relatively easy to
manage because the pollutant enters the environment through an
identifiable route (e.g., sewage treatment plant effluents). How-
ever, nonpoint pollution sources, such as waterfowl, water runoff
from agricultural fields, and leaking septic systems, are far more
difficult to manage because pollution routes are not easily identi-
fiable, are generally diffuse, and may also be intermittent through
time and space (9).

Human fecal pollution is considered to carry higher public
health risks than nonhuman fecal pollution, although nonhuman
sources are becoming increasingly relevant to human health due
to the emergence of zoonotic pathogens. Unfortunately, tradi-
tional methods used to monitor FIB fail to discriminate between
human and animal contamination. Alternative molecular tech-
niques to identify pollution sources based on 16S rRNA genes
have been developed and evaluated within the last decade (8).
Library-independent assays targeting Bacteroidetes are particu-
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larly promising (10, 11, 12), as members of this phylum make up
a significantly higher portion of fecal bacteria of warm-blooded
animals than FIB and, since many of them are considered obligate
anaerobes, they are presumed to only survive for short periods of
time after released from their hosts (13, 14). Some Bacteroidales
species have been shown to exhibit host specificity, and therefore,
assays targeting these bacteria have been used to identify fecal
sources (15, 16).

Several fecal source tracking (FST) studies have been con-
ducted in recent years, most of which have been performed in
watersheds within temperate regions (17, 18). In contrast, FST
studies in the tropics are relatively few and most of them have used
human-specific assays on a limited number of samples collected
during short periods of time (19, 20). For example, Amador et al.
(19) studied the incidence of human pollution using a Bifidobac-
terium adolescentis assay at several sites along two water reservoirs
in Puerto Rico. While the data implicated the presence of human
fecal sources in one of the reservoirs, sampling was restricted to
only 1 day and an evaluation of the specificity and distribution of
the host-specific markers was not conducted. In another study,
the presence of Bacteroidetes was examined in human-, cattle-, and
swine-specific assays in four riverine sites in Hawaii (21). Analyses
were performed for water samples collected in two different years,
butall of the samples were collected within four to five consecutive
days, which is arguably insufficient to capture temporal trends.
Additionally, a small number of fecal samples were used as part of
the assay’s evaluation in the latter study. Therefore, it remains
unclear to what extent the particular idiosyncrasies that charac-
terize the tropics (e.g., environmental conditions, land use, and
urban spread) affect the applicability of these FST markers.

The objectives of this study were to further test the specificity of
several host-specific markers by challenging them against animal
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feces collected in a tropical setting and to evaluate the spatial and
temporal applicability of these source-specific markers across a
tropical watershed impacted by different sources of fecal pollu-
tion.

MATERIALS AND METHODS

Watershed description. The Rio Grande de Arecibo (RGA) watershed is
located along the western-central part of the north coast area of the island
of Puerto Rico (Fig. 1). The RGA watershed is the third largest watershed
in Puerto Rico, supplying approximately 440,488.38 m” of water per day
to the metropolitan area (the most densely populated area of Puerto
Rico), and therefore, it is one of the primary sources of drinking water in
Puerto Rico. Its catchment area is approximately 769 km?, with water
flows running northward from the central mountain range into a coastal
valley before discharging into the Atlantic Ocean. The central mountain-
ous part of the watershed (southernmost part) is seated on impermeable
basaltic rocks (22). The predominant land uses in this area are forest
reserves, coffee plantations, and minor crops, such as beans, plantains,
and citrus fruits. Urban development is mainly confined to the growth
centers of the municipalities of Adjuntas, Utuado, and Jayuya. As the
slope decreases, the basaltic bedrocks shift toward highly permeable lime-
stone (karstic) bedrock and to a coastal alluvial plain (northernmost por-
tion). In this area, cattle farming operations and urban development in-
crease considerably. Most of the population of the RGA watershed is
located in the coastal alluvial plains near the municipality of Arecibo (23).
Three secondary sewage treatment plants discharge disinfected secondary
effluents into the watershed: two drain into Rio Cidra and Rio Caunillas,
tributaries of the RGA, while the third drains directly into the RGA.
Sampling sites. Ten sampling sites in the RGA watershed were se-
lected according to previously recorded fecal pollution levels and pre-
sumed primary fecal pollution sources. Sites 1 to 4, 9, and 10 are at head-
water tributaries of the RGA, whereas sites 6, 7, and 8 are located at the
RGA (Fig. 1 and Table 1; also see the supplemental material). Sites 1 and 2
were located within or near the Guilarte National Forest, where human
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TABLE 1 Description of the Rio Grande de Arecibo watershed study sites

Fecal Source Tracking in a Tropical Watershed

Landscape feature

Altitude Human
Site  Location (m) Forestland Grassland density ~ Presumed primary fecal contamination source®
1 Lago Garza, Guilarte Forest 736 High Scarce Low Some waterfowl (heron)
2 Rio Vaca in Guilarte Forest 542 High Scarce Low Septic tanks, some poultry
3 Upstream from Adjuntas WWTP?, Cidra River 510 Low Scarce Medium  Urban runoft, some waterfowl
4 Downstream from Adjuntas WWTP, Cidra River 510 Low Scarce Medium  Sewage, some poultry
5 Beginning of Arecibo River 450 Medium  Low Medium  Urban runoff, septic tanks, some poultry
6 Upstream from Utuado WWTP 376 Low Medium  High Cattle, septic tanks
7 Downstream from Utuado WWTP 376 Low Low High Sewage, some cattle and poultry, iguanas
8 Mouth of Arecibo River Sealevel Low High High Cattle, urban runoff
9 Criminales River 276 Medium Medium  Medium Cattle, urban runoff and septic tanks, some poultry
10 Downstream from Jayuya WWTP 460 High Medium  Low Sewage, cattle, some poultry

@ There is historical knowledge that host animals are present at these sites for a significant part of the year.

Y WWTP, wastewater treatment plant.

development and residences, poultry yards, and cattle farms are either
scarce or absent. Sites 3 and 4 (Cidra River) and 6 and 7 (RGA) represent
sites before and after wastewater treatment plants. Sites 5 to 8 are located
at the RGA, downstream from sites 1 to 4. Site 5 is surrounded by woods
and scattered houses that use septic tanks. Site 6 is located approximately
1.62 km upstream from site 7, and site 7 is located 120 m downstream
from the sewage treatment plant. Site 8 is located right before the RGA
drains into the Atlantic Ocean, close to the town center of Arecibo. Site 9
is located between a fenced farm with approximately 140 cattle on one side
and human residences with septic tanks on the other side. Site 10 is located
at Rio Caunillas, 15 m downstream from the Jayuya sewage treatment
plant effluent and surrounded by grasslands where cows and horses fre-
quently graze.

Sample collection. Water samples from sites 1 to 8 were collected
from 30 October 2009 to 22 December 2010. Sites 9 and 10 were sampled
from January 2010 to October 2010. Sampling was conducted weekly with
the exception of October 2009, January 2010, June 2010, and December
2010 (for specific dates, see the supplemental material). Between 51 and
54 water samples were collected per site. In addition, raw sewage samples
(n = 16) were collected from the Adjuntas treatment plant from August to
October 2010 and used as positive controls for the human-specific assay.
All samples were collected using sterile bottles and transported on ice to
the laboratory at the University of Puerto Rico—Rio Piedras Campus,
where the samples were filtered within 6 h of collection. Water samples
(100 ml) were filtered through polycarbonate membranes (0.4-pm pore
size, 47-mm diameter; GE Water and Process Technologies, Trevose, PA),
which were stored at —80°C until DNA extraction. To test for host spec-
ificity, fresh fecal samples from cattle, pigs, goats, horses, pigeons, mon-
keys, swans, fish, guineas, chicken, ducks, and turkeys were aseptically
collected and stored at —80°C until further processing. All membranes
and fecal samples were shipped overnight on dry ice to the EPA laboratory
at the AWBERC building (Cincinnati, OH) for DNA extraction and PCR-
based analyses.

DNA extractions and PCR analysis. Total DNA was extracted from
filters and fecal samples (0.25 to 0.30 g) using the PowerSoil DNA isola-
tion kit, following the manufacturer’s instructions (Mo Bio Laboratories,
Inc.). DNA extracts were stored at —20°C until used in PCR assays. Nine
different primer sets were tested against fecal and water DNA extracts (see
Table S1 in the supplemental material). Bac32F and Ccoc assays were used
to test for the presence of fecal bacteria. Bac32F is specific to members of
the Bacteroidetes phylum (10), while Ccoc is specific to Clostridium coc-
coides (24). Conventional Bac32F, Ccoc, and Eub8F (25) PCR assays (i.e.,
presence/absence) and an enterococcal quantitative PCR (qPCR) assay
(26, 27) were used to determine the PCR inhibition potential of DNA
extracts, following the approach suggested by Bustin et al. (28). Specifi-
cally, undiluted and 10-fold-diluted fecal and water DNA extracts were
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used as the templates to further test for PCR inhibition. For conventional
PCR assays, inhibition was defined as the presence of bands in agarose gels
for reactions in which the undiluted DNA extract was negative while the
diluted extract was positive (see the supplemental material). For the En-
terol qPCR assay, reactions were considered inhibited if fluorescence sig-
nals were not detected or were considerably reduced in the undiluted
extracts compared to their strengths in the diluted extracts (see the sup-
plemental material for additional details). No-template controls were
used to check for cross-contamination (two per 96-well PCR plate).

The HF183, CF128, and PF163 assays were used to amplify hu-
man-, ruminant-, and swine-specific Bacteroidetes species, respec-
tively. CP2-9, CBR2-42, and CP3-49 assays were used to amplify chick-
en-specific fecal sources. The reaction mixtures (25 pl) contained 2.5
mM deoxynucleoside triphosphates, 0.25 wM primers, 1 pl of buffer, 1
wl of template, and 0.625 nM units of TaKaRa Ex Taq (TaKaRa Bio,
Inc.). PCR amplifications were performed in a Bio-Rad Tetrad2 Peltier
thermal cycler (Bio-Rad, Hercules, CA) under the following cycling
conditions: one initial denaturation step at 95°C for 5 min and 35
cycles of 1 min at 95°C, 1 min at the optimum annealing temperature
(see Table S1 in the supplemental material), and 1 min at 72°C. PCR
products were visualized on a 1.5% agarose gel using GelStar nucleic
acid gel stain (Lonza, Rockland, ME).

Statistical analysis. Kruskal-Wallis nonparametric analyses of vari-
ance (ANOVAs) were performed to test for differences between (i) sam-
pling site as the independent variable and PCR results from water samples
per primer as the dependent variable and (ii) collection period as the
independent variable and PCR results from water samples per primer as
the dependent variable. Binary data (presence/absence) were used for
these analyses, and differences with P values of <0.05 were considered
statistically significant. One multidimensional scaling (MDS) analysis us-
ing Euclidean distances was performed per PCR assay to explore similar-
ities among the sampling points with respect to the PCR results.

Bayes’ theorem was used to estimate the confidence that a given
marker was detecting that particular fecal source. Specifically, we calcu-
lated the posterior probability using the following formula: P(AIB) =
[P(A) X P(BIA)]/{[P(A) X P(BIA)] + [P(A") X P(BIA")]} as described in
Weidhaas et al. (47). This involved calculating the posterior probability
[P(AIB)] by determining the ratio of true positives [P(BIA)] and false
positives [P(BIA")] in fecal samples and the ratio of water samples that
tested positive [P(A)]. Additionally, we calculated the posterior probabil-
ity for each marker at each site by varying the prior probability from
worst-case scenario (i.e., negative signals in all samples, or 0) to best-case
scenario (i.e., positive signals in all samples, or 1) as described by Lamen-
della et al. (29).
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TABLE 2 Host specificity and distribution of MST markers used in this study

Source of fecal samples

% of tested fecal samples positive for marker (no. of samples tested against marker)

(total no. of samples) Uni8F Ccoc Bac32F HF183 CF128 PF163 CBR2-42 CP2-9 CP3-49
Cow (66) 100 86 77 0 64 0 0 ND* ND
Goat (32) 100 100 100 0 0 100 0 0 0
Horse (28) 100 100 100 0 0 100 0 0 0
Swine (30) 100 100 100 0 42 100 0 0 0
Monkey (9) 100 100 100 0 0 0 0 0 0

Fish (13) 100 69 100 0 0 0 0 0 0
Pigeon (11) 82 91 50 0 0 0 ND ND 0
Chicken (97) 100 90 80 0 7 0 37 16 (63) 14 (64)
Guinea fowl (11) 100 100 100 0 0 ND 18 0 0
Duck (16) 100 69 100 0 0 ND 38 0 6
Turkey (5) 100 80 100 0 100 ND 100 100 80
Swan (22) 100 54 100 0 0 ND 27 4.5 0
WWTP (16) 100 100 100 75 25 80 (5) 13 9 (11) 9 (11)

“ND, not determined.

RESULTS

Detection of molecular markers in fecal samples. A total of 340
fecal samples collected in Puerto Rico were processed in this study.
Regardless of the animal type, PCR inhibition was considered
minimal, judging by the fact that none of the fecal samples tested
were negative for all of the general PCR assays (Table 2). Specifi-
cally, all fecal samples tested with the 16S rRNA gene eubacterial
primers produced a PCR product. With the exception of pigeon
fecal samples, most fecal samples tested were positive with the
general Bacteroidales assays (i.e., 77 to 100% of detection). When
DNA extracts were diluted 10-fold, 21% of the undiluted extracts
were found to inhibit the PCR assays (i.e., as determined by the
presence of amplification products with diluted versus undiluted
extracts) (see Tables S3 and S4 in the supplemental material). PCR
inhibitors were removed by diluting the extracts (i.e., amplifica-
tion products were observed in the diluted extracts). The results
from the enterococcal gPCR assays were similar to those obtained
with the general PCR assays (see Table S4). Moreover, the number
of extracts that were positive with the Enterol qPCR assay after
dilution of the extracts was greater than the number that were
positive but considered to be inhibited based on the cycle thresh-
old value. Overall, these results are in agreement with the results of
Haugland et al. (30), who concluded that amplification interfer-
ence could largely be addressed by diluting DNA extracts. The
occurrence of the Clostridium-specific marker was also high in the
samples tested (i.e., 82%). Since the Ccoc assay targets Gram-

positive bacteria and the Bac32F targets Gram-negative bacteria,
the high amplification rate also suggests that the DNA extraction
kits used in this study are capable of recovering DNA from differ-
ent phylogenetic groups.

The level of host specificity was different for each marker, and
host distribution also varied between the assays (Table 2). For
example, the human marker was highly host specific (100%) and
was present in 75% of the sewage samples. The cow-specific assay
marker (CF128) was positive for 64% of the cow fecal samples,
and it cross-amplified with all turkey samples tested, to a relatively
high extent with swine feces (42%), and to lesser extents with
wastewater treatment plant samples (25%) and chicken feces
(7%). The swine-specific marker was positive for all swine fecal
samples tested, although it cross-amplified with all horse and goat
fecal samples and most wastewater treatment plant samples
(80%). Each of the chicken markers (such as CBR2-42, CP2-9, and
CP3-49) showed a low level of sensitivity (i.e., 14 to 37%), and
they showed different levels of cross-amplification with wastewa-
ter treatment plant samples and guinea fowl, swan, duck, and
turkey fecal samples.

Detection of molecular markers in water samples. A total of
534 water samples were processed in this study (Table 3). Ampli-
fication products were obtained with undiluted DNA extracts
challenged against the general eubacterial assay Eub8F (100%),
the Bacteroidetes assay Bac32 (96%), and the C. coccoides assay
(81%). These assays cover a wide diversity of bacteria, including

TABLE 3 Distribution of molecular markers used in this study in different sites within the RGA watershed

% of tested water samples positive for marker (no. of samples tested)

Site Ccoc UnisF Bac32F HF183 CF128 PF163 CBR2-42 CP2-9 CP3-49
1 78 (54) 100 (54) 94 (54) 6 (54) 6 (54) 0(33) 6 (54) 3 (39) 0(39)
2 82 (54) 100 (54) 94 (54) 6 (54) 4 (54) 0(33) 2 (54) 0(39) 3(39)
3 81 (53) 100 (53) 93 (53) 17 (53) 8 (53) 3(32) 2(53) 0(38) 0(38)
4 82 (54) 100 (54) 96 (54) 54 (54) 2 (54) 24 (33) 6 (54) 0(39) 0(39)
5 65 (54) 100 (54) 94 (54) 13 (54) 6 (54) 6(33) 2 (54) 0(39) 0(39)
6 78 (54) 100 (54) 96 (54) 7 (54) 6 (54) 6(33) 0 (54) 0(39) 0(39)
7 87 (52) 100 (52) 96 (52) 46 (52) 25 (52) 23 (31) 2(52) 3(37) 0(37)
8 78 (54) 100 (54) 96 (54) 19 (54) 17 (54) 12 (33) 2 (54) 0(39) 3(39)
9 88 (51) 100 (51) 92 (51) 12 (51) 14 (51) 3(31) 0(51) 0(37) 0(37)
10 74 (54) 100 (54) 94 (54) 46 (54) 2 (54) 12 (34) 0 (54) 3 (40) 0 (40)
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FIG 2 Monthly detection frequencies in water samples of markers targeting human (HF183)-, cow (CF128)-, swine (PF163)-, and chicken (CBR2-42, CP2-9,

and CP3-49)-specific assays.

numerically dominant fecal bacteria groups, and therefore, the
results suggest that the DNA was of good quality and that PCR
inhibitors were removed in most samples. Further evidence of
PCRinhibition was determined using diluted water DNA extracts.
Specifically, only 2 to 6% of all water DNA extracts was inhibited
in samples from 8 of the 10 sites, while no PCR inhibition was
detected in samples from the other two sites (see Table S2 in the
supplemental material). In all cases, diluting the samples 10-fold
removed the observed PCR inhibition.

The water samples yielded significantly different amplification
results across study sites with the HF183 assay (Kruskal-Wallis
test, Hg 436 = 96.71; P = 0.001). For example, detection across
study sites ranged from 4 to 54%. Sites 1 and 2 exhibited the lowest
frequencies of amplification (6% for both sides), while sites 4, 7,
and 10 exhibited the highest detection frequencies (54%, 46%,
and 46%, respectively) (see Fig. S3 in the supplemental material).
Similarly, the detection frequencies of HF183 were also signifi-
cantly different among collection periods (Kruskal-Wallis test,
H, 457, = 17.56644; P = 0.0016). Samples from October 2009 and
October 2010 had the highest detection frequencies (50% and
42%, respectively), while samples collected in March 2010 had
the lowest detection frequency (28%) (Fig. 2). Detection of the
HF183 marker varied across sites over time (Kruskal-Wallis
test, H 39546 = 215.7655; P < 0.001), with sites 1, 2, and 6
showing the lowest numbers of signals throughout the study (see
Fig. $3). Human-specific signals occurred only once during Octo-
ber and November 2010 at site 1, once in February and October
2010 at site 2, twice in November 2009 at site 6, and once in June
2010 and October 2010 at site 6. In contrast, the detection fre-
quencies at sites 4, 7, and 10 were the highest throughout the study
period. Specifically, at site 4, HF183 occurred throughout the
sampling period (13 months), with detection frequencies ranging
from 75% (3 of 4 samples) during November 2009 to 25% (1 of 4)
in April 2010 (see Fig. S3). Positive signals for HF183 were ob-
served at sites 7 and 10 during most of the months (12 and 10
months, respectively), ranging from 25 to 75% of the samples
during these periods. At sites 3, 5, 8, and 9, detection of HF183
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varied considerably throughout the study, although signals were
detected at least once during November 2009.

CF128 detection in water samples also varied significantly
across study sites (Kruskal-Wallis test, Hy 3, = 33.74; P =
0.0001), but overall, it was detected with much less frequency than
the human marker. Sites 7, 8, and 9 had the highest occurrence of
CF128 among all the study sites, with 14 to 25% (13 of 52 samples)
(see Fig. S4 in the supplemental material), while it was rarely de-
tected at sites 4 and 10 (1 of 54 samples) (see Fig. S4). Detection at
the other sites ranged from 6% to 10% (see Fig. S4). Likewise, the
detection frequencies of CF128 varied significantly over time
(Kruskal-Wallis test, H, 5,; = 27.52017; P = 0.0165). Monthly
detections ranged between 18% (7 of 39) in May 2010 to 0% from
October to December 2010 (see Fig. S4). Detection of CF128
across sites also varied significantly over time (Kruskal-Wallis test,
H39.546 = 186.5752; P = 0.0044). Site 7 had the highest variation
frequencies over time, with positive signals in 8 of the 13 months
sampled. In contrast, only once throughout the study (September
2010) was CF128 detected at site 4.

The detection frequencies of PF163 in water samples varied
significantly across study sites (Kruskal-Wallis test, Hys,, =
27.09; P = 0.0013), ranging from 0 at sites 1 and 2 to 23 to 24% at
sites 7 and 4, respectively (see Fig. S5 in the supplemental mate-
rial). However, no significant variation occurred over time (see
Fig. S5) or between sites and time (Kruskal-Wallis test, H,, 535 =
0.000000; P = 1.000). The detection frequencies of the three
chicken markers tested in water samples did not show significant
differences across sites or months or between the interaction of
site/month (Fig. 2), probably due to the low detection rates, which
never exceeded more than 6% of the water samples tested per site.

DISCUSSION

We evaluated the performance of some of the most frequently
used source tracking assays in one of the most important water-
sheds in Puerto Rico. To our knowledge, this represents the largest
fecal source tracking study in the tropics in terms of the number of
fecal samples challenged (340), animals tested for host specificity
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and host distribution (12 different hosts), number of water sam-
ples tested (534), and overall duration of the study (13 months).
The presence of Bacteroidetes in most of the fecal samples (>95%)
suggested that methods targeting this bacterial phylum may be
used to track sources of fecal pollution in tropical waters (Table 2).
Host-specific Bacteroidetes signals were detected at all sites, al-
though their relative occurrence varied by site and by month (Ta-
ble 3). Similarly, signals for C. coccoides were noted in most fecal
sample types (82%), also suggesting that clostridium-based assays
may be an alternate option for FST studies. Interestingly, from an
ecological standpoint, the results indicate that C. coccoides is a
member of different gut environments and not exclusively associ-
ated with humans as previously implied (31, 32).

The human marker (HF183) was found to be highly specific,
which is in agreement with several studies (33, 34). In contrast, the
specificity and host distribution of the cattle-specific marker
(CF128) were relatively modest. CF128 detected 64% (42 of 66) of
cattle fecal DNA extracts, a result that is lower than the results of
previous studies, which have reported values greater than 90%
(11, 12, 35, 36). PCR inhibition could not explain the relatively
lower sensitivity results with the cattle assay, as only 17% of the
samples that yielded negative signals with the CF128 assay were
also negative with the general Bacteroidetes or the C. coccoides
markers (see the supplemental material). Additionally, all of the
cow fecal samples were positive for the general eubacterial assay
(Eub8F). The CF128 assay failed to discriminate cattle fecal DNA
extracts from swine (42%), chicken (17%), and turkey (100%).
These results are not surprising, as the CF128 assay has been re-
ported to cross-react with fecal DNA extracts from swine (35, 37)
and other ruminants, including deer, elk, goat, llama, sheep, car-
ibou, and bison (38). Therefore, the CF128 assay is not strictly
host specific and should be complemented with other cattle fecal
markers when trying to identify cattle pollution sources in envi-
ronmental waters.

All the pig feces samples tested were positive with the PF163
assay, although the assay cross-reacted with DNA extracts from
goat, horse, and wastewater. High sensitivity and relatively low
specificity have also been reported previously for this marker. For
instance, the sensitivities of PF163 have ranged from 70 to 100%,
while it cross-amplified with cattle, chicken, raccoon, and horse
fecal DNA (29). These results suggest that the bacterial popula-
tions targeted by PF163 are also widely distributed in animals
(including humans). Recent phylogenetic analyses have further
confirmed that PF163 markers are shared by multiple hosts (39).
Thus, the detection of the PF163 marker in environmental waters
in Puerto Rico does not indicate fecal contamination exclusively
from swine. Additional studies are needed to fully determine the
performance of this assay in other tropical settings.

The chicken-specific markers (CP2-9, CP3-49, and CBR2-42)
showed the lowest levels of sensitivity and specificity among the
host-specific markers tested in this study. For instance, the three
chicken-specific markers tested in this study did not amplify more
than a third of the chicken fecal samples tested. Similar results
were reported when these markers were challenged against fecal
DNA extracts from chickens in the United States and China (40).
In addition, one of the markers (CBR2-42) failed to discriminate
between fecal DNA extracts from chicken and other avian species.
These markers were developed using cryptic metagenomic se-
quences that are likely to be associated with single-copy targets.
Metagenomic markers used in previous source tracking studies
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have also been detected at lower frequencies than were obtained in
16S rRNA gene-based assays (36), suggesting that in cases where
the contamination is relatively low, multiple-copy-gene assays
might be better in environmental applications. Our data suggest
that better assays are needed to detect the presence of poultry
pollution in tropical waters. On the other hand, the low detection
of signals is compatible with the absence of sizeable poultry oper-
ations in the watershed and low numbers of ranging chickens in
areas surrounding the watershed.

The frequent detection of Bacteroidetes and C. coccoides and the
levels of enterococci and thermotolerant coliforms in the water sam-
ples strongly suggest that there is a history of fecal pollution in the
study sites (Table 3; also see Fig. S1 and S2 in the supplemental ma-
terial). With respect to human fecal sources, of the RGA sites, water
samples from sites 1 and 2 were associated with the lowest numbers of
positive HF183 signals. This low level of detection suggests a relatively
low human fecal impact, which is in agreement with the low human
density associated with these sites compared to the human densities
of other sites within the watershed. In contrast, the highest levels of
HF183 detection occurred in sites downstream from sewage treat-
ment effluents. Moreover, HF183 was detected every month in this
watershed, further implicating human pollution as RGA’s primary
fecal pollution source. Cattle and swine markers were also detected at
most sites but at a much lower frequency. The incidence of the cattle
marker is compatible with the presence of free-range cattle grazing in
areas near sites 6 to 9. The detection of swine signals (PF163) is puz-
zling, as there is not a sizeable population of pigs and there are no
confined swine operations in this watershed. It should be noted that
PF163 cross-reacted with wastewater samples and that the highest
detection levels were in sites downstream from wastewater treatment
plants, suggesting that most of these signals are associated with false-
positive signals.

We applied Bayesian statistics to determine the confidence of us-
ing these markers in this watershed. In this study, the confidence of a
human signal being the product of human sources was very high (i.e.,
1.0) (see Table S5 in the supplemental material). Similar results have
been noted with this assay on different continents, suggesting its value
across different geographic locations (34, 41). With the exception of
sites 1 and 2, the detection frequencies of human signals were lower
than expected, considering the residential density associated with
most of these sites. These results suggest that the populations targeted
by HF183 have a poor fate (survival) and/or transport in this water-
shed, and therefore, other bacterial populations might be better indi-
cators of human pollution. Detection of the cattle marker was also
expected to be higher in this watershed, considering the presence of
cattle operations in the watershed. On the other hand, the CF128
assay showed a low confidence value (i.e., 0.33), similar to those cal-
culated for the results obtained by Fremaux et al. (35). The confi-
dence value in the latter study increased when we pooled all ruminant
data (i.e., from 0.30 t0 0.69). These results further confirm that CF128
is not a good universal cattle assay marker. In our study, factors that
contributed to the relatively low confidence level of detection of
CF128 signals were the presence of false positives (i.e., swine, chicken,
and turkey) and false negatives (i.e., 36%). While the CF128 marker
has been shown to cross-amplify with feces from goat, moose, deer,
and elk (35) as well as cattle, no other major ruminant inhabits the
island of Puerto Rico, further bringing into question the value of the
CF128 assay in tropical settings. However, it should be noted that the
confidence value in our study increased for sites presumed to be im-
pacted by cattle (i.e., 0.64). Hotspots may be detected in simple case
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scenarios by this assay, despite the assay’s relatively poor performance
at discriminating between different ruminant sources.

Differences in conditional probability for the same assay in
different studies suggest that some markers are not universally
useful and that there is a need to thoroughly validate assays prior
to using them in applied studies. In this regard, many culture-
independent microbial source tracking (MST) assays are not dif-
ferent than culture-dependent approaches from the standpoint
that it is difficult to achieve high confidence levels in light of the
low level of host preferential distribution. Thus, there is a need for
developing better host-specific assays, as many of them can exhibit
relatively high levels of cross-reactivity, low levels of host sensitiv-
ity, and low detection limits. Indeed, Liu et al. (42) recently
showed that the cattle assay used in this study had a high rate of
false positives and proposed a new reverse primer to use in con-
junction with the original CF128F primer to alleviate the problem
of low specificity. Future studies should further examine the value
of this assay in other subtropical and tropical locations.

Interest in applying source tracking assays has grown steadily
in recent years, in great part due to the high level of host specificity
of the markers reported in the literature and their detection in
environmental waters. The results from this study revealed some
of the potential weaknesses associated with the application of FST
assays in the tropics using PCR assays/molecular markers devel-
oped in temperate regions. Geographic differences in assay per-
formance may be due to differences in host specificity. Thus, prior
to using assays in environmental applications, host specificity tests
need to be performed with feces collected from the same geo-
graphic location as the study sites, as the host stability of most
MST markers on a global basis is poorly understood. In our study,
assay markers that have been reported to be highly specific (i.e., for
cattle and chicken) were shown to cross-amplify with other fecal
sources. In most studies, MST assays have been evaluated with a
small number of fecal samples. In fact, the number of studies with
a comprehensive temporal component is relatively small, and
more importantly, most have been conducted with samples col-
lected in temperate regions. To date, most source-tracking studies
conducted in tropical waters have not comprehensively accounted
for seasonal variations, have been conducted using a small number of
sites, and have not evaluated the host specificity and host distribution
of the assays using a significant number of fecal samples from targeted
and nontargeted hosts (19, 43).

The lower amplification of assay markers in some of the sites
tested may be due to the survival of the host-specific bacterial
populations in tropical waters. Differences in survival have been
noted for E. coli and enterococci in the tropics and in temperate
regions (44, 45). Interestingly, several studies have suggested that
conventional indicators can survive longer in tropical waters than
in temperate waters. The availability of carbon sources has been
implicated in prolonged survival and seasonal variations (4). No
information is available on the survival of Bacteroidetes in the
tropics, information that is needed to further assess their value as
indicators of fecal pollution. It should be noted that when the
targeted population is low, the presence of inhibitors could result
in the samples being considered negative for a given marker after
DNA extract dilution. Thus, how PCR inhibitors affect assay detec-
tion limits with tropical water samples should be carefully addressed
in future studies. Nonetheless, it is possible that new bacterial targets
and markers are needed for tropical and subtropical zones (46). In
this regard, further phylogenetic analyses will aid in identifying new
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targets for method development (16). The latter analyses must be
applied to other emerging source tracking targets, such as Brevibacte-
rium spp. (47), Catellicoccus marimammalium (25), Lachnospiraceae
(48), and Methanobrevibacter spp. (17).

In spite of the limitations associated with the host-specific
markers tested, the results from this study suggest that this water-
shed is regularly impacted by fecal pollution, primarily by human
and cattle fecal sources. Specifically, the human-specific marker
showed results consistent with the overall predictable sources,
where sites near low-level human development and density
yielded the lowest detection frequencies and sites impacted by
sewage treatment plants yielded the highest detection frequencies
among the study sites. While presence/absence assays are useful at
detecting primary fecal sources, quantitative assays can theoreti-
cally provide a better idea of the overall loads of a particular fecal
source. Several QPCR-based MST assays are available in the liter-
ature but have yet to be tested in tropical waters. Therefore, future
studies should test the applicability of these quantitative MST as-
says in tropical settings and, more importantly, determine if there
is a correlation between MST signals and fecal loadings of cur-
rently used indicators. This is necessary to establish regulatory
thresholds and to determine how a water system should be man-
aged to significantly reduce indicator bacterial loads.
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