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quantification of marine waters in the coastal beaches of Rio de
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Abstract The identification of fecal pollution in aquatic eco-
systems is one of the requirements to assess the possible risks
to human health. In this report, physicochemical parameters,
Escherichia coli enumeration andMethanobrevibacter smithii
nifH gene quantification were conducted at 13 marine waters
in the coastal beaches of Rio de Janeiro, Brazil. The pH, tur-
bidity, dissolved oxygen, temperature, and conductivity, car-
ried out by mobile equipment, revealed varied levels due to
specific conditions of the beaches. The bioindicators’ enumer-
ations were done by defined substrate method, conventional,
and real-time PCR. Six marine beach sites (46 %) presenting
E. coli levels in compliance with Brazilian water quality
guidelines (<2500 MPN/100 mL) showed nifH gene between
5.7 × 109 to 9.5 × 1011 copies. L−1 revealing poor correlation
between the two approaches. To our knowledge, this is the
first inquiry in qPCR using nifH gene as a biomarker of
human-specific sources of sewage pollution in marine waters

in Brazil. In addition, our data suggests that alternative indi-
cator nifH gene could be used, in combination with other
markers, for source tracking studies to measure the quality
of marine ecosystems thereby contributing to improved mi-
crobial risk assessment.

Keywords Human fecal pollution .Methanobrevibacter
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Introduction

Water is essential to life and to the maintenance of ecosystems.
The assurance of a plentiful supply of water is essential for all
ecological processes with a direct influence on human health,
quality of life and development. Thus, maintaining the quality
of water resources has been one of the biggest challenges of
this century, mainly due to the indiscriminate use and recur-
rent contamination (Wimalawansa and Wimalawansa 2014).
Waterbodies are susceptible to contamination from a range of
point and nonpoint sources with potential contributions from
wildlife, domesticated animals, and/or humans. Sources of
fecal pollution may include discharge of raw sewage, surface
runoff, slaughterhouses, and industrial activities (Oliveira and
Cunha 2014).

Recreational water users can be exposed to a range of
disease-causing microorganisms; however, waters contami-
nated with human feces are regarded as a greater risk to human
health, as they are more likely to contain human-specific en-
teric pathogens, including Salmonella enterica serovar Typhi,
Shigella spp., hepatitis A virus, and Norwalk-group viruses.
Despite these, animals can also serve as reservoirs for a variety
of enteric pathogens as various serotypes of Salmonella spp.,
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Escherichia coli, andCryptosporidium spp. (Fewtrell and Kay
2015).

Microbiological water quality has been evaluated frequent-
ly by means of fecal indicator bacteria such as total coliforms,
thermotolerant coliforms, E. coli and enterococci. However,
the ubiquitous nature of these microorganisms and the lack of
discriminatory power, and low correlation with pathogens
such as Salmonella spp., Campylobacter spp. and human en-
terovirus, and sub or overestimated counts, especially in trop-
ical environments, brought the need for alternative methods
(Field and Samadpour 2007).

Microbial source tracking (MST) is one of the different
names given to the process of identifying the particular source
of fecal contamination in water (Stoeckel and Harwood 2007).
Over the last decade, several MST techniques have been de-
veloped to discriminate between human and non-human
sources of fecal contamination in recreational waters, includ-
ing different animal species (Scott et al. 2005; Foley et al.
2009; Eckburg et al. 2005; Johnston et al. 2010).

Several anaerobic microorganisms such asBifidobacterium
spp., Clostridium perfringens, Methanobrevibacter spp., and
members of the order Bacteroidales are currently being used
as alternative microbial indicators of recent fecal contamina-
tion. This is due to their higher abundance compared with
traditional indicators, inability to grow in extra-enteric envi-
ronments, and high specificity (Santo Domingo et al. 2007;
Stewart-Pullaro et al. 2006; Ufnar et al. 2006; Ballesté et al.
2010).

The archaeal genusMethanobrevibacter belongs to the or-
der Methanobacteriales and includes 16 known species found
in animal intestinal tracts, anaerobic sludge, and sewage treat-
ment plants (Lai et al. 2004).Methanobrevibacter smithii is a
methanogen known to colonize human intestine and vaginal
tract. Due to its host specificity and high concentrations in
human intestine, it may be effective as an indicator for human
fecal pollution in environmental waters (Ufnar et al. 2006).
The nifH gene of M. smithii is grouped on the pseudo nif
cluster found only in methanogens and does not encode a
functional nitrogenase. Thus, it can be considered as a specific
target for methanogens such asM. smithii (Ufnar et al. 2006).

Several strategies have been developed to detect and quan-
tify fecal pollution in water environments; most of them based
on qPCR assays toward for determination of specific micro-
organisms from animal gut, mainly using 16S rRNA gene
(Bernhard et al. 2003; Scott et al. 2005; Fong et al. 2005;
McQuaig et al. 2009).

The nifH marker appeared to be highly host-specific and
has been used to detect sewage pollution in environmental
waters in California, Mississippi, and Florida, in the USA
(Ahmed et al. 2012). However, its host specificity in other
countries is not well known. Thus, the aim of this study was
to detect the presence of human fecal contamination at 13
coastal recreation beaches by standard methods, in

combination with the quantification of alternative bioindicator
nifH gene in marine waters of Rio de Janeiro, Brazil.

Methods

Environmental water sampling

The collection points included the following: Prainha beach
(sea and stream water) (23° 04′ 08.97″ S/43° .50′ 57.77″ W),
Leblon beach (22° 98′ 75.13″ S, 43° 22′21.1″ W), Leblon
channel (22° .98′ 68.32″ S/43° .21′ 54.74″ W), Copacabana
beach (22° 58′ 31.2″ S/43° 11′ 12.6″W), Ramos pool (22° 50′
22.8″ S/43° 14′ 59.9″ W), São Bento beach (22° 82′ 31.62″
S/43° 18′ 97.7″ W), Bica beach (22° 81′ 93.44″ S/43° 20′
05.42″ W), Engenhoca beach (22° 82′ 13.22″ S/43° 17′
05.87″ W), Guanabara beach (22° 79′ 07.42″ S/43° 16′
50.29″ W), São Francisco beach (22° 92′ 67.77″ S/43° 10′
42.79″ W), Seca beach (22° 88′ 81.95″ S/42° 34′ 00.43″ W),
and Pontinha beach (22° 93′ 94.24″ S/42° 28′ 16.78″ W)
(Fig. 1). Five liters from superficial water samples were col-
lected in triplicate at sites that were about 2 m distant from
each other, taken from a depth of approximately 30 cm below
the water surface and mixed, in order to get a representative
sample. All samples were stored in sterile polyethylene bottles
on ice and transported to the laboratory within 4 h.
Physicochemical parameters, temperature, pH, conductivity,
dissolved oxygen (DO), turbidity, and salinity of the samples
were analyzed usingWater Quality Checker U-10 (HORIBA).
The enumeration of E. coli was carried out using the defined
substrate method (Colilert, IDEXX), according to the protocol
described in Standard Methods for the Examination of Water
and Wastewater (APHA 2012). Then, 4 L of each water sam-
ple were filtered through a 0.22-μM Stericup® system
(Millipore). In the event of filter clogging, additional filters
were added. The filters were placed in 2-mL microcentrifuge
tubes with 1 mL of PBS and kept at −20 °C overnight.

DNA extraction

The procedure used for DNA extraction was a modified ver-
sion by Bianco et al. 2015 of previously described protocols
(Ogram et al. 1987; Smalla et al. 1993). Briefly, tubes contain-
ing water sample filters and PBSwere submitted to 3 cycles of
freezing and thawing (−70 °C/2 min, 65 °C/2 min). Then, an
equal volume of glass beads (0.1-mm diameter) was added
and the suspension was shaken three times for 80 s at maxi-
mum speed in a Bead-Beater. The liquid phase was extracted
with phenol–chloroform [1:1 (v/v)] and chloroform–isoamyl
alcohol [24:1 (v/v)]. The DNAwas precipitated from the aque-
ous phase with three volumes of ethanol and after drying, the
pellet was dissolved in 100 μL of sterile deionized water. For
further purification of the DNA, we used the QIAquick® PCR
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Purification kit (Qiagen GmgH, Hildeitialln, Germany), ac-
cording to the manufacturer’s instructions to remove possible
PCR inhibitors (Clementino et al. 2007). Purified DNA from
the water samples was quantified with a Qubit® 2.0
Fluorometer (Invitrogen, Carlsbad, USA), according to the
manufacturer’s instructions in order to standardize the DNA
concentration for further PCR reactions.

Conventional PCR

PCR analysis was carried out in 50-μL amplification reaction
mixtures containing ×1 PCR buffer (Invitrogen Co. Carlsbad,
CA, USA), 5 % dimethyl sulfoxide (w/v), 200-μM dNTPs,
2 U of Platinum Taq DNA Polymerase (Invitrogen Co.
Carlsbad, CA, USA), 0.5 μM of primer Mnif 342F (5′-
AACAGAAAACCCAGTGAAGA-3′) and Mnif 363R (5′-
GACGTAAAGGCACTGAAAAACC-3′) (Ufnar et al.
2006), 2.5 mM of MgCl2, and 20 ng of DNA template. The
cycling conditions consisted of an initial 95 °C step for 5 min
and 35 cycles of amplification at 92 °C for 1 min, 58 °C of
annealing temperature for 30 s, 72 °C for 1 min, and a final
elongation at 72 °C for 6 min. PCR products were loaded onto
a 1.5 % (v/v) agarose gel, and were separated by electropho-
resis at 70 V for 2 h in ×1 TAE (40 mmol L-l Tris base,
20 mmol L−1 sodium acetate, 1 mmol L-l EDTA, pH 8.0)
buffer with a 100 bp DNA ladder (Invitrogen Co., Carlsbad,
CA, USA) as a molecular weight standard. The gels were
stained with ethidium bromide, and images were digitalized

with the Video Documentation System and analyzed with
Image-Master software (Amersham Pharmacia Biotech). In a
previous study, we established the host specificity and sensi-
tivity of human-associated marker that were evaluated by
screening 49 fecal samples from six host groups. The nifH
gene was detected in all (12/12) human fecal DNA samples
tested, but not in non-target host groups (0/37) (Bianco et al.
2015). The reproducibility of host-specific archaeal marker
amplification was checked by triplicate PCR assays. In addi-
tion, genomic DNA (gDNA) from the reference strain
M. smithii INCQS A45D/DSM 11975 was included as posi-
tive control.

Real-time PCR conditions

The detection and quantification nifH gene of M. smithii
was done through a TaqMan-based qPCR assay, using
primers Mnif202F (5′-GAAAGCGGAGGTCCTGAA-3′),
Mnif353R (5′-CTGAAAAACCTCCGCAAAC-3′), and a
hybridization Mnif probe ([FAM]CCGGACGTGGTGTA
ACAGTAG[BHQ-1]) targeting a 151 bp segment, de-
signed and validated by Johnston et al. (2010). The reac-
tions were processed in optical 96-well reaction plates
(Applied Biosystems, Foster City CA, USA), the thermal
cycling, and fluorescence detection were carried out in the
Applied Biosystems 7500 fast Real-Time PCR System.
The optimized reaction was performed in a total volume
of 25 μL containing ×1 TaqMan® Universal Master Mix

Fig. 1 Geographic coordinates of collection sites: (1) Prainha beach (sea)
(2) Prainha beach (stream water), (3) Leblon beach, (4) Leblon channel,
(5) Copacabana beach, (6) Ramos pool, (7) São Bento beach, (8) Bica

beach, (9) Engenhoca beach, (10) Guanabara beach, (11) São Francisco
beach, (12) Seca beach, (13) Pontinha beach
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II with UNG (Life Technologies), 800 nmol L−1 of each
primer and 240 nmol L−1 of probe (Integrated DNA
Technologies, Coralville, IA, USA). The final cycling
conditions were an initial denaturation for 10 min at
95 °C, 45 cycles of denaturation for 10 s at 95 °C, and
annealing⁄extension for 30 s at 57 °C. gDNA of M. smithii
(INCQS A45D/DSM 11975) was used as positive con-
trols; PCR-grade water was evaluated as no-template
control.

Standard curve and qPCR inhibition assays

For construction of the standard curve, the stock concen-
tration of M. smithii gDNAwas determined with a Qubit®
2.0 Fluorometer (Invitrogen Co. Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions; plasmids con-
taining amplified sequences nifH gene of M. smithii strain
were constructed with the pGEM-T Easy Vector Systems
(Promega), according to the manufacturer’s instructions.
Briefly, the fragments of nifH gene, 151 bp were ampli-
fied by conventional PCR with the primers already de-
scribed above. The fragments were cloned into pGEM-T
Easy Vector. DH5a E. coli were transformed with these
constructions, and after expansion in culture, the plasmids
were purified by the Minipreps DNA Purification System
(Promega). The stock concentration was determined with
a Qubit® 2.0 Fluorometer (Invitrogen Co. Carlsbad, CA,
USA), according to the manufacturer’s instructions, and
the number of copies was calculated from the molecular
weight of the plasmid and insert known, as follows:

DNA (copy=6.02 × 1023(copy/mol) × DNA amount (g).
DNA length (dp) × 660 (g/mol/dp).
The CT values were plotted against the logarithm of

their initial template copy numbers. Each standard curve
was generated by a linear regression of the plotted points.
From the slope of each standard curve, PCR amplification
efficiency (E) was calculated according to the equation
(Rasmussen 2001): E = 10−1/slope−1. These plasmids
were used as external standards and 11-point tenfold serial
dilution was run in triplicate to a final concentration,
ranging from 4.5 × 105 to 4.5 × 1015 copies L−1.
Besides, the standard curve also served as positive con-
trols for all the samples analyzed; for negative control, a
strain of Klebsiella pneumoniae was used INCQS 629
(ATCC BAA-1706). The commercially available
TaqMan® Exogenous Internal Positive Control Reagent
was added to verify the presence of inhibitors in reactions
according to the manufacturer’s instructions. The internal
positive control DNA is measured with VIC-labeled
probe, allowing it to be discriminated from the gDNA
M. smithii detected with the FAM-labeled probe. Data
acquisition and analysis were done using sequence

detection system software (version Software v2.0,
Applied Biosystems).

Results

Physicochemical parameters

The physicochemical parameters showed variations among
the different samples. The pH of the 13 seawater samples
analyzed ranged between 5.1–8.8; turbidity showed high
values in Ramos pool and São Francisco beach that may be
related to the very low depth (Ramos pool) and dispersion of
particulate matter as a result of sea currents, or churning of the
sea during the tidal cycle (São Francisco beach). Dissolved
oxygen levels were highest in Leblon channel and Ramos
pool, probably due to aeration, which is essential for organic
matter biodegradation. The temperature of the sampled sites
remained between 20 and 27 °C favoring the presence of
mesophilic forms. Salinity was maintained between 2.0 and
4.0 %. Low salinity values may be related to the discharge of
sewage. Conductivity was highest in Seca beach and lowest in
Engenhoca beach. Conductivity values are directly propor-
tional to the amount of ionized substances dissolved in the
water column (Table 1).

Enumeration of E. coli

According to the auditing standards (CONAMA, 357/2005),
Prainha seawater and Prainha stream water, Ramos pool, San
Francisco Beach, Seca beach, and Pontinha beach were con-
sidered suitable according to water quality guidelines (<2500
MPN/100 mL), presenting 1119.9, 1299.7, 1119.9, 791.5,
99.2, and 211.4 MPN/100 mL, respectively. The other seven
beach water samples were classified as inappropriate for rec-
reational activities, with E. coli levels above the acceptable
limits (Table 2).

M. smithii Detection by conventional PCR

The nifH gene was detected in 11 out of the 13 samples
analyzed showing a fragment of approximately 222 bp
compatible with M. smithii positive control. The sam-
ples from Ramos pool and São Bento beach did not
produce amplification for the expected fragment
(Table 2).

Detection and quantification of nifH gene M. smithii
by qPCR

The amplification of nifH gene showed a fragment of
151 bp as expected. The slope of the standard curves
varied between −3.32 and −3.37 for all real-time PCR
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assays performed, and the correlation coefficient was al-
ways higher than 0.99 while the efficiency ranged from
98 to 107 %. The efficiency of the IPC curve reactions
was similar to that obtained with standard curve of
M. smithii. As expected, the IPC indicated a wide range
of inhibition in the majority seawater samples; thus, the
DNA samples were diluted and reanalyzed by a correction
factor to calculate the real target number. The nifH gene
was detected and quantified in 12 seawater samples, rang-
ing from 5.7 × 109 to 9.5 × 1011 copies L−1, on Leblon
beach and Prainha (stream water) beach, respectively. São
Bento beach sample showed no amplification in qPCR
reactions (Table 2).

Discussion

Fecal pollution of recreational waters remain a significant
public health issue, especially in developing countries, but
with particular attention to human fecal sources due the host
specificity of the pathogens.

In this study, 46 % of the marine water samples
presenting E. coli counts in compliance with the
Brazilian federal water quality guidelines showed the
presence of nifH gene copies between 109 and
1011 L−1. qPCR yielded higher human fecal pollution
marker values than either culture method, likely
reflecting that qPCR measures the presence of genetic

Table 2 The traditional
indicators, PCR and the qPCR
results on water samples

Sampling site E. coli (NMP/
100 mL)

Recreational
activity

Conventional
PCRa

qPCR (Copies
L−1)a

Bica beach >2419.6 Improper D 6.1 × 109

Copacabana beach >2419.6 Improper ND 7.5 × 109

Engenhoca beach >2419.6 Improper D 2.0 × 1010

Guanabara beach >2419.6 Improper D 1.5 × 1011

Leblon channel >2419.6 Improper D 1.2 × 1011

Leblon beach >2419.6 Improper D 5.7 × 109

Pontinha beach 211.4 Proper D 1.8 × 1010

Prainha beach (sea) 1119.9 Proper D 6.8 × 109

Prainha beach (stream
water)

1299.7 Proper D 9.5 × 1011

Ramos pool 1119.9 Proper ND 2.2 × 1010

São Bento beach >2419.6 Improper D ND

São Francisco beach 791.5 Proper D 7.0 × 1010

Seca beach 99.2 Proper D 1.6 × 1010

aD detected, ND not detected

Table 1 Physical-chemical
parameters of the sampling sites Sampling site pH Conductivity

(ms/cm)
Turbidity
(UNT)

D. O
(mg/l)

Temperature
(°C)

Salinity
(‰)

Prainha beach (sea) 5.13 51.7 270 7.10 25.0 3.4

Prainha beach (stream
water)

5.40 48.7 233 8.76 22.6 2.0

Leblon beach 7.00 49.3 122 8.51 24.1 3.8

Leblon (channel) 8.80 50.7 231 13.57 21.0 3.2

Copacabana beach 7.90 47.5 110 5.30 24.0 3.8

Ramos pool 6.40 23.6 645 10.30 22.0 3.3

São Bento beach 7.80 40.0 180 9.80 27.0 3.6

Bica beach 6.50 37.4 236 5.08 20.0 2.3

Engenhoca beach 6.28 14.6 277 9.08 21.0 3.5

Guanabara beach 7.90 25.0 238 8.55 23.0 3.0

São Francisco beach 8.30 64.8 465 6.08 23.0 4.0

Seca beach 8.27 71.4 380 6.42 25.0 4.0

Pontinha beach 5.40 25.0 213 7.80 26.6 3.3
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material while the culture methods measure viable cells.
However, Haugland et al. (2005) found significant cor-
relations between the enumeration methods when fecal
contamination is recent and in high concentrations,
probably because there is reduced time for decoupling
of cellular metabolism and DNA presence. In addition,
DNA is not as sensitive to sunlight as culturable cells,
and does not degrade as quickly after UV exposure
(Walters et al. 2009).

A study in northwest France showed a significant correla-
tion between E. coli counts and the presence of human
markers, whereas no correlation was observed for other ani-
mal markers (Gourmelon et al. 2007). This result is not sur-
prising, since many alternative indicators and human patho-
gens have shown low correlations with traditional indicator
bacteria, usually attributed to fecal differential inputs, persis-
tence, and survival of E. coli, among others (Savichtcheva and
Okabe 2006; Cole et al. 2003; Shanks et al. 2006; Boehm et al.
2009). The traditional microorganisms used for many years as
water quality indicators are not limited only to humans, but are
also present in the intestines of other warm-blooded animals
(Harwood et al. 2014). This way, although the correlation
between fecal indicators is not clear, fecal indicators are sig-
nificant predictor of potential risk, despite that their concen-
trations rarely correlate perfectly with other pathogens.

Our results showed that nifH marker was detected in the
marine water samples analyzed by both endpoint PCR and
qPCR, respectively. However, it could not be detected in
São Bento beach by qPCR but was positive for conventional
PCR, while the opposite was observed in Ramos pool. On the
other hand, nifH gene was revealed in all environmental water
samples (16/16) with known or spiked sewage inputs
(Johnston et al. 2010), but the same was not observed in
Southeast Queensland, Australia, where it was not detected
in 181 (96 %) of 188 fecal and wastewater samples (Ahmed
et al. 2012). These discrepancies may be attributed to the
variability in nucleic acid extraction and sample inhibition
and the sensitivity among PCR endpoint and qPCR methods.

Regarding physical/chemical parameters, our data revealed
higher temperatures in some samples relating to the shallow
depth and the degree of turbulence of the water where these
samples were collected. A reduction in salinity and conduc-
tivity levels was also observed probably due to an increase of
rainfall, evaporation and, particularly, to the release of organic
matter due to the mixing of fresh water and salt water
(Schmiegelow 2004). High acidification levels in both collec-
tion points of Prainha beach could be related to the discharge
of organic matter. It is a recognized fact that in the presence of
sufficient nutrient levels, E. coli grows in seawater almost as
well as it does in rich culture media. In fact, it has been shown
that in nutrient-enriched seawater, E. coli competed success-
fully with other marine bacterial strains (Jannasch 1968). In
addition, an acidic pH (5.1–5.4) was found to be most

favorable for E. coli survival (in the 5.0–9.0 range) in seawater
and pH around 8, contributes to the deleterious effects on
E. coli survival (Rozen and Belkin 2001). However, this has
not been observed in this study, where the samples with higher
E. coli counts presented higher pH levels (7.0–8.8). The eval-
uation of physical and chemical conditions of marine waters
allows us to profile current environmental conditions, reveal-
ing potential environmental problems (Lebaron et al. 2015).

Our results demonstrated that 46 % of the marine beach
presenting E. coli levels in compliance with water quality
guidelines (<2500 MPN/100 mL) showed nifH gene between
5.7 × 109 and 9.5 × 1011 copies L-1 revealing poor correlation
between the approaches adopted. A recent work pooling data
from 36 sites across the USA has suggested that an empirical
relationship can be developed between qPCR and culture-
based measurements (Whitman et al. 2010). These data sug-
gest this correlation may be influenced by environmental fac-
tors like pollution, abiotic factors, climatic alterations, and
bioindicator behavior, under these different conditions.

The application of multiple markers to detect any potential
source is essential, as each way has its particular strengths and
weaknesses, with regard to other issues that can limit the use-
fulness of MST. For example, the most thoroughly vetted
marker, Bacteroides HF183, is not completely specific for
human waste, although it was found to be the most effective
marker human fecal contamination in the California-based
study (Layton et al. 2013).

However, it has the advantages of being broadly distributed
among human populations, and to be present at a relatively
high concentration in sewage. Other human-associated micro-
organisms, such as HPyVs and pathogenic viruses, are less
concentrated in sewage and are therefore difficult to detect
in dilute samples even at levels where pathogens may be pres-
ent. However, their specificity engenders great confidence in
the finding of human sewage pollution, when detected
(Harwood et al. 2014).

Tropical environment, such as Brazil, research in this area
is still scarce and to our knowledge, this is the first qPCR
assay using M. smithii as a biomarker in marine waters.
Although M. smithii is found only in 30 % of the population,
its concentration in human feces can vary between 107 and
1010 cell per gram (dry weight) and it is highly prevalent in
mixed sewage (Ufnar et al. 2006). Thus, it is possible to con-
clude that for each 4 L of seawater analyzed in this study, we
observed 1 g of M. smithii.

Furthermore, our data reinforces that application of the
nifHmarker could be an alternative indicator of environmental
degradation of marine beaches that have nonpoint sources of
human fecal pollution once traditional fecal indicators were
not associated with health risks. Although microbial source
tracking tools are widely accepted as alternative methods to
evaluate sources of pollution, threshold values have not yet
been entirely determined to assess the microbial quality of
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waterbodies (Scott et al. 2002). Therefore, the occurrence of
fecal pathogens and markers can increase your likelihood of
predicting their occurrence in aquatic systems and serves as
the basis for source water protection and the control of path-
ogenic organisms in the environment. Thus, the knowledge of
the source of fecal pollution is essential to assess possible
health risks, as well as determine preventive or remedial mea-
sures to resolve the issue.

In the light of the importance of the subject area for health,
we conclude that the adoption of nifH gene detection as a
marker needs the development of new standards and should
focus on extensive field tests of real-time approaches at dif-
ferent beaches. This should increase confidence in manage-
ment guidelines based on risk of fecal pollution and contribute
to the implementation of better monitoring and remediation
programs, in order to improve the quality of human health and
ecosystems.
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