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Abstract: Beach sand may act as a reservoir for numerous micro-organisms, including enteric
pathogens. Several of these pathogens originate in human or animal feces, which may pose a public
health risk. In August 2019, high levels of fecal indicator bacteria (FIB) were detected in the sand of
the Azorean beach Prainha, Terceira Island, Portugal. Remediation measures were promptly
implemented, including sand removal and the spraying of chlorine to restore the beach sand quality.
To determine the biological source of the contamination, during the first campaign, supratidal sand
samples were collected from several sites along the beach, followed by microbial source tracking
(MST) analyses of Bacteroides markers for five animal species, including humans. Some of the
sampling sites revealed the presence of marker genes from dogs, seagulls, and ruminants. Making
use of the information on biological sources originating partially from dogs, the municipality
enforced restrictive measures for dog-walking at the beach. Subsequent sampling campaigns
detected low FIB contamination due to the mitigation and remediation measures that were
undertaken, thereby no longer requiring MST marker-gene analysis. This is the first case study
where the MST approach was used to determine the contamination sources in the supratidal sand
of a coastal beach. Our results show that MST can be an essential approach to determine sources of
fecal contamination in the sand. This study shows the importance of holistic management of beaches
that should go beyond water quality monitoring for FIB, putting forth evidence for the need for
sands also to be monitored.
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1. Introduction

Coastal areas provide a variety of recreational, athletic, and leisure activities, such as
swimming, diving, water sports, and fishing [1]. However, many other activities do not
require contact with water, as they take place on the sand or near the shoreline, such as
running and walking along the seafront, practicing sand sports, children’s activities like
building sandcastles, and socializing and tanning [2-8]. The fascination with these coastal
recreational environments tends to attract many users of all age groups and health
conditions. This attraction ends up becoming an important local and often national
economic revenue source.

Considering the relevance and frequent use of these spaces and recognizing that
people spend more time on the sand than in water [1,8,9], it becomes evident that in
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addition to the need to maintain the quality of recreational waters, there is also a need to
consider the quality of beach sands [10]. In a study conducted in the Azores [11], the
authors raised some awareness about this issue, showing that sand can be a public health
threat. That study investigated the origin of a skin-rash outbreak caused by sodium
hypochlorite. Following a yearly cleaning of a restaurant bar and its toilet facilities, a
degraded sewage distribution box leaked raw wastewater down the cliff, where the
facilities were located. The fluid emerged in the sand, where the people were
contaminated by direct contact with bare skin, resulting in the skin-rash outbreak.

Beach sand may act as a reservoir for various microorganisms, like enteric pathogens.
The fecal pathogens potentially present in this environment tend to be considered a great
risk to human health, especially for those with advanced age, diabetes, transient
immunodepression, and respiratory problems [4,7,8,12]. Contact with contaminated sand
either by a dermal route, ingestion, or accidental inhalation [3,4,7,11] can cause intestinal
infections, verminoses and skin diseases, as well as exacerbate allergies, causing profound
impacts on the population’s life quality [5,8,13]. Many of these pathogens originate from
human or animal feces [14]. When introduced into the environment, they can persist for
long periods; even if their concentration is low, these pathogens can still be considered
harmful to human health because some of the pathogens have low infectious doses [15].
Sand is no exception, as described in [16], where the fecal contamination indicators in sand
remained viable for approximately three months following an extreme weather event in
the island of Madeira.

In addition to possible contamination generated by contaminated seawater at times
of rough seas or during high tides [12,17,18], beach sand can be contaminated by human
or animal feces in several ways. Usually, contamination events arise from combined sewer
overflow (CSO) or discharges of wastewater with inadequate or non-existing treatment.
Animal feces can be classified as being from domestic or feral animals, with the most
common ones being from dogs, cattle and other ruminants, some wild animals, and birds
(like seagulls) [19-26].

Human feces or untreated wastewater tends to be classified as highly dangerous for
human exposure. This statement is based on the idea that this type of feces has a greater
potential for disease transmission to humans (greater compatibility and transmissibility
of pathogens) compared to exposure to animal feces [27-31]. This ideology is based on the
species barrier principle: each organism is more susceptible to its own set of disease-
causing pathogens [32]. However, it should be noted that animal feces have a higher
overall dominance, considering that these are usually less controlled than human ones,
especially in rural places [33,34].

The contamination type can be classified as point source or diffuse. Point sources are
easy to identify and manage, as the contamination reaches the watercourse in one
concentrated place. Diffuse sources of contamination (also known as non-point) are
usually more difficult to characterize and address, given their multiple contributions
[6,18-20,35-38].

Despite the difficulties, the characterization of the contamination becomes crucial in
management and remediation. Knowing the main sources of fecal contamination allows
researchers and managing authorities to undertake minimization and remediation
measures as well as identify the main risks to public health from these exposure routes
[5,23].

Microbial source tracking (MST) is a molecular approach for tracking fecal
contamination that aims to identify biological contamination sources. This approach
facilitates the identifying the source of fecal contamination at the animal-species level,
even in cases of diffuse origin [8,17,23,31,32,36,37,39-44]. This is based on the assumption
that there are host-associated micro-organisms that each species has in their intestinal tract
[17,19,20,23,32,35,36,45]. For example, Bacteroidetes, commensal bacteria prevalent in the
intestinal microbiota of mammals, are mostly strict anaerobes adapted to living in the
intestinal tract. These are one of the most selected bacteria for this approach because they
have a cell density greater than 10" /g of fecal matter [32]. They can exceed Escherichia coli
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(E. coli) concentrations, especially when associated with the human large intestine [32,46].
Additionally, they can easily be found in the environment, resulting from recent fecal
contamination of water and sand [18,32]. Using specific gene markers for these bacteria,
it is possible to identify the sources of fecal contamination present in the sand and
subsequently adopt and implement corrective measures to minimize the risks for public
health and the environment [36,37].

The objective of this case study is to identify and resolve the cause of an August of
2019 FIBs exceedance at Prainha Beach, in Terceira, Azores, Portugal, where a supratidal
sand analysis revealed high levels of fecal indicator bacteria (FIB), of unknown origin.
Currently, the threshold values used in Portugal for sand are 10 CFU/g of enterococci and
25 CFU/g of E. coli based on [47] and 100 coliform bacteria based on [2]. The beach was
sampled in 11 sites to map the contamination and attempt to pinpoint the origin. Details
on the mapping of samples are available in the materials and methods section. Several
contamination origins were identified as potential contamination sources: a) run-off from
mountains on the north coast, b) avian contamination by seagulls, c) direct beach
contamination by users and dog walking, d) urban grey-waters infiltration via broken
draining installations or storm-related overflow, and e) upwelling from the water table
(which was tested locally for FIB but returned no useful information). Several remediation
measures were undertaken to allow beach users to use the beach once more followed by
the molecular analysis of the coastal sand samples to determine the likely sources of this
contamination event.

2. Materials and Methods

Prainha beach is the only urban sandy beach in Angra do Heroismo (GPS:
38°39'13.9"N 27°13'12.0"W). It is in the Bay of Angra and one of the main tourist sites,
especially in the summer season. Visitors can swim on a beach located at the historic city
center, which is a UNESCO world heritage site. The beach is bordered by the Bay of
Angra, the marina, and the city wall. With the amount of hotel and restaurant services in
the area, as well as the cultural offerings, it is a place of choice for residents and tourists,
contributing to the economic growth of local agents. Tourist entertainment companies are
located between Prainha and the marina in order to reach their target audience with
greater accessibility. The whole area is frequented daily by approximately 300 to 400 users.

2.1. Collection and preservation of the sand samples

In August of 2019, there was an FIB exceedance in Prainha beach, with coliform
bacteria ranging between 166 and >201 MPN/g, E. coli ranging between 28 and >201
MPN/g, and enterococci ranging between 10 and 201 MPN/g at different sampling sites of
the beach. To identify the contamination dimension and origin, the sand was analyzed for
standard microbiological contaminants (coliform bacteria, E. coli and enterococci) and by
an MST approach. The sand samples were collected at several sites along the beach,
according to the mapping displayed in Fig. 1 - 10 sites of supratidal sands and site 11 in
the shoreline.
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Figure 1. Prainha beach — satellite image and topography with an indication of the sampling sites 1
to 11. The hydrographic map of the island is also shown.

Sampling took place in depths of up to 10 cm from the surface into a sterile container,
according to [2]. Samples were transported to the laboratory, protected from sunlight, and
refrigerated. After homogenizing the sand, a part of each sample was analyzed immedi-
ately, and a portion was kept in a freezer at -20°C to allow posterior analyses. After the
first sampling campaign, several interventions started to be applied to restore sand quality
to allow beach use. The several sampling campaigns and management interventions are
summarized in Figure 2.

Sampling date Analyses performed Management intervention applied meanwile

FIB Sand removal and
+ disinfection

MST 24 Aygust 2019
2ndsand
FIB disinfection
30t August 2019
3rd sand disinfection followed by covering a patch of
‘ FIB ‘ sand on sampling point 2 (as visible in the image)

6" September

‘ FIB ‘ Beach signposts

Figure 2. Sampling campaigns and interventions performed throughout the time.
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2.2. Microbiological parameters

For detection of the FIBs, we selected the methodology previously implemented by
[47]: 50 g of sand from each sample were extracted in 500 mL of distilled water by shaking
the mixture vertically with a rotation of 100 rpm for 30 mins followed by analyses using
Quanti-Tray® systems from IDEXXTM (IDEXX, Westbrook, MN, USA) to determine en-
terococci most probable number (MPN) Enterolert® in 10 mL of the eluent, according to
the manufacturer’s instructions for water samples. The same procedure was applied for
total coliforms and E. coli using the MPN Colilert® (also from IDEXXTM).

2.3. DNA Extraction from sand samples

Until the beginning of this work, there was still not and established standard or most
suitable method for extracting genomic DNA from the microbes present in sand samples.
Therefore, at the time of the contamination episode, the approach consisted of washing
the sediments and successive filtration steps (PCR detection 1). Subsequently, while per-
forming the geographical validation of MST, another approach was used that was based
on the direct extraction of the DNA from the sand sample (frozen meanwhile) (PCR de-
tection 2).

Approach A: A portion of each sand sample was used to extract the DNA. The first
approach consisted of washing 20 g of sand with 50 mL of water, followed by 30 min of
orbital agitation. The water was then filtered through 0.45 um pore size polycarbonate
membranes (diameter 47 mm) (Whatman®, Maidstone, UK), and the DNA was extracted
from the filter membranes using an Aquadien (BioRad, California, USA) kit, using the
manufacturer's protocol.

Approach B: This approach was used to extract the DNA from the frozen sand sam-
ples. Briefly, the DNA was extracted from 3 g of each sand sample using DNeasy Power
Water Kit (Qiagen, Hilden, Germany), with some adaptations to increase the DNA yield
(direct use of sand, instead of the membrane, and 10 min vortex of the sample, instead of
the usual 5 min vortexing). Notes: 1) The DNeasy Power Water Kit was first used accord-
ing to the manufacturer recommendations and then subjected to slight modifications,
namely the amount of sand and the vortexing time. 2) This approach was also subse-
quently applied to fresh sand samples with success, for which 1.5 g of sand was enough
(data not shown).

2.4. Microbial source tracking (MST) analyses

Primers used in this study were selected from the literature (Table 1). All the PCR
conditions were tested and optimized, and all the primers were validated using local fecal
samples of all five biological sources tested. This quality assurance was done on the prem-
ise that a geographical validation of MST primers is recommended before use [40,50].
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Table 1. List of microbial source tracking primers used and their respective annealing tempera-
tures.

Conventional

PCR Tested by
Target  Primers names Sequence (5’-3") . probe-based References
annealing
qPCR
temperature
F: ATCATGAGTTCACATGTCCG
HF183F R: CTTCCTCTCAGAACCCCTATCC ]
Humans BacR287 P: FAM-CTAATGGAACGCATCCC- 53°C YES [>1]
MGBEQ
DF113F F: ATCTCAAGAGCACATGCAA .
Dogs DF472R R: AATAAATCCGGATAACGCTC 53°C NO (211
Gull-2F F: TGCATCGACCTAAAGTTTTGAG )
Gulls Gull-2R R: GTCAAAGAGCGAGCAGTTACTA 53°C NO [52]
. RUM._CF128F F: CCAACYTTCCCGWTACTC ]
Ruminants oo 1 Bac708R R: CAATCGGAGTTCTTCGTG 60 °C NG [46]
F: CGGCCAAATACTCCTGATCGT
CowM2F  R: GCTTGTTGCGTTCCTTGAGATAAT
Cows CowM2R  P: FAM—AGGCACCTATGTCCTTTACCT ND YES [53]
CATCAACTACAGACA-MGBEQ
CowM3E F: CCTCTAATGGAAAATGGATGG-
Cows o R TATCT 53 °C NO [53]
ow R: CCATACTTCGCCTGCTAATACCTT
Bacaip T GCATGAATTTAGCTTGCTAAATTT-
Pigs BoeaR GAT 60 °C NO [22]

R: ACCTCATACGGTATTAATCCGC

Legend: ND: not determined for this approach. Note: The bovine primers were used only when samples: 1) were positive for
ruminants (using conventional PCR) or 2) those analyzed by qPCR.

Each primer set (Table 1) was validated by conventional PCR for sensitivity and spec-
ificity. For that purpose, fresh fecal samples were collected from different regions of Por-
tugal and selected from various individuals from different locations. This was done be-
cause the geographical location and individual characteristics might affect the composi-
tion of the gut flora and, in turn, the presence of enteric bacteria associated with MST
markers. The fecal samples used in this study belonged to humans (part of the team in-
corporating this study), domestic animals (dogs and cats), livestock (donkeys, horses,
cows, goats, sheep, and pigs) and birds (canaries, gulls, chickens, ducks, and turkeys). A
total of 36 fecal samples were used: three belonged to humans; eight to domestic animals
(four from dogs and four from cats); eighteen from livestock (one from donkeys, five from
horses, five from cows, three from goats, two from sheep, and two from pigs); and seven
from birds (one from canaries, two from seagulls, two from chickens, one from ducks, and
one from turkeys).

DNA extraction from fecal samples was performed using commercial kits, such as
the DNeasy PowerWater Kit (14900-100-NF) from Qiagen. The protocol associated with
the Qiagen kit was adapted: instead of working with filters, a small amount of the fecal
sample of interest was placed directly into the PowerWater DNA Bead Tube, together
with 1 mL of the PW1 solution. After extraction, a NanoDrop One (Thermo Fisher Scien-
tific) was used to verify and evaluate the quality and quantity of DNA obtained.

The volume of DNA used was determined based on its concentration. Usually, 2 pL
of DNA was enough to obtain 20 ng to 30 ng of DNA per PCR reaction. However, in the
case of DNAs with a lower concentration, 3 uL were added to reach the 20 ng to 30 ng of
DNA per PCR reaction.
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2.4.1. PCR detection 1 — Fresh coastal sand samples

At the time of this contamination event, we had available and validated human and
cow molecular markers from previous work [54]. Following the first DNA extraction
method from sand, samples were tested by qPCR for human and cow contamination using
the conditions previously described in [54]. Briefly, for the HF183/Bac287 Real-Time qPCR
assay, 10 uL reaction mixtures containing 1x SsoAdvanced Universal Probe Supermix (Bi-
orad, France), 0.2 mg/mL BSA (bovine serum albumin), 0.5 uM of each primer, 80 nM
(FAM)-labelled probe and 2 uL of DNA template or molecular-grade water (no-template
control - NTC) were prepared. The thermal cycling conditions were 10 min at 95°C fol-
lowed by 40 cycles of 15 s at 95°C and 60 s at 60°C [51]. For the CowM2 qPCR assay, 10 uL
reaction mixtures containing 1x SsoAdvanced Univ Probes Supermix (Biorad, France), 0.2
mg/mL BSA, 1 uM of each primer, 80 nM (FAM)-labelled probe and 2 uL of DNA template
or molecular-grade water (NTC) were prepared. The thermal cycling conditions were 10
min at 95°C followed by 40 cycles of 15 s at 95°C and 60 s at 60°C [53].

2.4.2. PCR detection 2 - Frozen coastal sand samples

Meanwhile, more molecular markers were geographically validated (Table 1) and a
new analysis was performed in the previously collected samples that had been kept at -
20°C. DNA obtained from the frozen sand samples (approach B) was analyzed with the
primers indicated in Table 1 by conventional PCR. PCR reactions of 25 uL. PCR was com-
posed of 1x PCR buffer (BIOTAQ DNA polymerase), 1 U of Taq polymerase (BIOTAQ
DNA polymerase), 3 mM of MgCl2, 1 mM of dNTPs, 1 uM of each primer pair, and 20-30
ug of DNA template.

PCR negative controls, on which no sample DNA was added, were included in each
set of PCR reactions to monitor for contamination. Simultaneously, positive controls were
also added.

The amplification occurred in a TPersonal thermal cycler (Biometra). PCR cycling
conditions were as follows: initial denaturation at 95°C for 5 min; 40 cycles of 1) denatur-
ation step at 94°C for 45 s, 2) annealing step for each primers pairs, at temperatures indi-
cated in Table 1 for 45 s, and 3) elongation step at 72°C for 1 min; and a final extension at
72°C for 5 min. PCR products were visualized using 1% agarose gels, stained with
GelRed® Nucleic Acid Stain (Biotium), and using a 100 bp DNA ladder (PanReac Appli-
Chem, ITW Reagents). The visualization of the gel was performed under a UV-light trans-
illuminator (UVITEC Cambridge).

3. Results
3.1. Management and remediation measures

A supratidal sand sampling campaign that took place on August 21, 2020, of the
Azorean beach Prainha resulted in the detection of high levels of FIB in 9 of the 10 sam-
pling sites tested along the beach (Table 2, column “Fecal Indicator Bacteria results” and
cells with bold text under). The samples exceeding the local standards used in sand mon-
itoring underwent MST analyses. In order to protect the health of the beach users, three
days before the following sampling campaign (August 24), a drastic intervention took
place with the removal of 400 m? of sand and spraying of the entire beach (3736 m?) with
1000 L of chlorine (6.5% hypochlorite aqueous solution). The second sampling campaign
that took place on August 27, where a wet sand sample was also analyzed (sampling site
11), did not show any high levels of FIB. Only a low count (4 MPN/g) for coliforms in
sampling site 2 suggested a possible new contamination after the beach sand treatment.

One week later (September 3 sampling campaign), sampling sites 1 to 10 were tested
once again following a spraying event (August 30) with 600 L of a 6.5% hypochlorite so-
lution along the entire length of the beach. The FIB results were below the recommenda-
tions used locally (10 MPN/g, 25 MPN/g and 100 MPN/g, of enterococci, E. coli and coli-
form bacteria, respectively) for the sampling sites 1 and 3 to 10; however, site 2 exceeded
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the recommendation for coliforms. This last result supported the previous suspicion that
a de novo contamination was taking place after the beach spraying.

Unable to resolve the recurrent sand contamination immediately, and to distinguish
fecal deposits from contamination upwelling, the solution was to physically eliminate the
possible contamination sources by covering a 4m x 4m area (at sampling site 2) of the
beach with an impermeable plastic film, as shown in Figure 2 (dark grey patch on the
sand). Moreover, access to the beach was restricted to differentiate upwelling from depo-
sition. A new spraying event took place on the entire beach length with 400 L of chlorine
(6.5% hypochlorite aqueous solution) September 6. The September 10 sampling campaign
(at sampling sites 2, 3, 4, 9 and 10) excluded a possible upwelling origin of the contamina-
tion. The local authorities assumed that the contamination could come from dog walking,
after regular beach use hours, and a decision to discourage that activity with the local
inhabitants was made and signage prohibiting dog walking was put in place.

3.2. MST markers validation

Until the beginning of this work, a standard or the most suitable method had not
been established to extract genomic DNA of the microbes present in sand samples. There-
fore, at the time of the contamination episode, the approach followed consisted of washing
the sand samples followed by filtration and subsequent use of a DNA extraction kit (Ap-
proach A). Subsequently, while performing the geographical validation of more MST
markers, another approach was used based on the direct extraction of the DNA from the
sand samples (frozen meanwhile) (Approach B).

We verified that a higher yield and quality of the extracted DNA was obtained with
Approach B, which granted more confidence in the results obtained by PCR. This ap-
proach was later applied to fresh sand samples with success, for which we verified that
1.5 g of sand was enough to obtain a good yield.

Geographic validation of the selected MST markers was performed using DNA from
local fecal samples to avoid errors in the interpretation of results associated with an MST
study, such as cases of cross-reactivity. The quality control results are summarized in Ta-
ble 3. We observed that all primers tested were successfully validated. There was only one
case of cross-reactivity detected, which referred to the DNA sample extracted from a fresh
fecal sample from a horse, which was amplified with the ruminants primer set.

3.3. Microbiological and MST results

As already mentioned above, the microbiological parameters for the threshold limits
currently used in Portugal for sand are 10 CFU/g of enterococci and 25 CFU/g of E. coli
based on [47] and 100 coliform bacteria based on [2].

Analyzing Table 2, it is noticeable that in the samples collected on August 21, all the
samples, except for sampling site 1, showed at least one FIB parameter higher than what
is recommended (highlighted in Table 2). The following sampling campaign on Septem-
ber 3 also indicated fecal contamination in one of the sampling sites (highlighted in Table
2), and some other sampling sites showed FIBs (sites 3, 4, and 10). The final campaign that
took place on September 10, 2019, did not indicate any FIB contamination.

Regarding the MST approach, the Dogs” marker gene was detected only on sampling
location 4; the Gulls-2 marker gene was detected in sampling location 5, and a positive
signal for the ruminants’ marker gene was detected in sampling locations 8 and 9. No
consistency was thus found in terms of contamination sources for the sites tested. Figure
2 shows the location of the sites that were positive for the different MST markers.
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Table 2: Results of the microbiological tests and Microbial source tracking (MST) of the sand samples collected on several dates throughout this study.

Sampling
21t August 2019 27t August 2019 31d September 2019 10t September 2019
Date
MST Results
Sampling
Faecal Indicator Bacteria results Faecal Indicator Bacteria results
sites Humans Dogs Gulls Ruminants Bovine
Coliform bacteria, 1 MPN/g Coliform bacteria, <1 MPN/g
Site 1 Escherichia coli, 1 MPN/g NEG NEG NEG NEG ND Escherichia coli, <1 MPN/g
Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, 201 MPN/g Coliform bacteria, 4 MPN/g Coliform bacteria, 102 MPN/g | Coliform bacteria, <1 MPN/g
Site 2 Escherichia coli, 84 MPN/g NEG NEG NEG NEG NEG Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g
Enterococcus spp., 201 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, >201 MPN/g Coliform bacteria, 4 MPN/g Coliform bacteria, <1 MPN/g
Site 3 Escherichia coli, >201 MPN/g NEG NEG NEG NEG ND Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g
Enterococcus spp., 201 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, 14 MPN/g Coliform bacteria, 9 MPN/g Coliform bacteria, <1 MPN/g
Site 4 Escherichia coli, 1 MPN/g NEG POS NEG NEG NEG Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g
Enterococcus spp., 10 MPN/g Enterococcus spp., 9 MPN/g Enterococcus spp., <1 MPN/g
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Coliform bacteria, >201 MPN/g Coliform bacteria, <1 MPN/g Coliform bacteria, <1 MPN/g
Site 5 Escherichia coli, 110 MPN/g NEG NEG POS NEG ND Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g
Enterococcus spp., 74 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, 166 MPN/g Coliform bacteria, <1 MPN/g
Site 6 Escherichia coli, 63 MPN/g NEG NEG NEG NEG ND Escherichia coli, <1 MPN/g
Enterococcus spp., 51 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, 5 MPN/g Coliform bacteria, <1 MPN/g
Site 7 Escherichia coli, 1 MPN/g NEG NEG NEG NEG NEG Escherichia coli, <1 MPN/g
Enterococcus spp., 130 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, >201 MPN/g Coliform bacteria, 1 MPN/g
Site 8 Escherichia coli, 12 MPN/g NEG NEG NEG POS NEG Escherichia coli, <1 MPN/g
Enterococcus spp., 24 MPN/g Enterococcus spp., 1 MPN/g
Coliform bacteria, >201 MPN/g Coliform bacteria, <1 MPN/g Coliform bacteria, <1 MPN/g Coliform bacteria, <1 MPN/g
Site 9 Escherichia coli, 28 MPN/g NEG NEG NEG POS NEG Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g Escherichia coli, <1 MPN/g
Enterococcus spp., 28 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g
Coliform bacteria, 201 MPN/g Coliform bacteria, 2 MPN/g Coliform bacteria, <1 MPN/g
Site 10 Escherichia coli, 13 MPN/g NEG NEG NEG NEG ND Escherichia coli, 1 MPN/g Escherichia coli, <1 MPN/g
Enterococcus spp., 4 MPN/g Enterococcus spp., <1 MPN/g Enterococcus spp., <1 MPN/g
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Site 11

Coliform bacteria, <1 MPN/g
Escherichia coli, <1 MPN/g

Enterococcus spp., <1 MPN/g

Legend: NEG — negative result (absence of DNA from the tested source); POS — positive result (detection of the DNA from the tested source). ND — Not determined.

Table 3. - Summarized table of the amplifications associated with each molecular marker selected. Represented with a "v" are the samples that, when
amplified by the marker, presented a band in the region of interest, and represented with a "X" those that did not present bands in that region. ND
— Not determined for the primers. The symbol "A" indicates that there was evidence of cross-reactivity when the marker was tested for a given faecal

sample.
Domestic Animals Livestock Birds
Target Primers Names Humans X X X
Cat Dog Donkey Horse Cow Goat Sheep Pig Canaries Seagull Chicken Duck Turkey
HF183F
Humans BacR287 v X X X X X X X X X X X
DF113F
Dogs DF472R X X v X X X X X X X
Gull-2F
Gulls Gull-2R X X X X X X X X v X X X
RUM_CF128F
Ruminants RUM Bac708R X X X A v v v X X
CowMS3F
Cows CowM3R X X X X v X X X X
Bac41F
Pigs Bacl63R X X X X X X X v X
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4. Discussion

Bacteriological analysis in sand has a similar objective to FIB enumeration in water,
as it aims to detect and quantify bacteria (total coliforms, E. coli, and enterococci). Other
bacterial and non-bacterial parameters may be used to indicate other forms of contamina-
tion, such as skin and hair shedding, and endemic species of interest in public health pro-
tection [8]. Fecal contamination, however, is the best-studied aspect in sand quality be-
cause it may not only represent a direct exposure route but also a diffuse source of con-
tamination in water quality [10, 55].

It is important to carefully monitor the quality of the sand being tested and not just
the water to avoid outbreaks like the one described in [11]. In that episode, a deteriorated
sewage distribution box was the cause of an outbreak of 30 people, in which sand was the
proven fomite. Events like this were the basis of a study [56], where an epidemiological
study compared the health effects of handling sand in a biased scenario of a beach with a
nearby, publicly owned, treatment-works outfall. In that study, handling the beach sand
contaminated with Enterococcus led to an increase by over two-fold of gastrointestinal ill-
ness cases, with the highest incidence being in those who buried themselves in sand, with
3.3 times over more cases of Gl illness than those of the reference group.

It seems we need to be more assertive in assessing the quality of a beach that is used
by all kinds of people, including toddlers, who play with sand, including the elderly and
immunologically compromised individuals (transiently or permanently), as well as those
with cystic fibrosis or diabetics.

It may also be time to bring in climate change impacts on fecal contamination of un-
known origin.

After reviewing all the information that is summarized in table 2 and from the reme-
diation and management measures, it was possible to assign the respective contamination
source locations (Fig. 3). The Dogs’ markers at site 4 support the authorities” suspicions
and reinforce the need to avoid this kind of practice that contributes to beach contamina-
tion. The Gulls” marker detection was not a surprise, given the sites being sampled.
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Figure 3. Assignment of the respective contamination sources to each of the sampled sites.
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As mentioned in the results, the primers used for the ruminants’ marker gene gave a
positive result in sampling locations 8 and 9. However, the Cows’ marker gene (one of the
possible ruminants) was not detected. In literature, there is a reference that mentions that
the primers here used for the ruminants’ marker gene may have cross-reactivity with the
horses’ [19,40,57-59]. Keeping this in mind, the team looked for the possible cultural
events that had taken place near the beach at that time and discovered that throughout
the summer, a horse-drawn carriage for sightseeing had been parked for some time near
sites 8 and 9.

Enterococcus, E. coli and Bacteroides are three types of bacteria, which belong to differ-
ent phyla [60], that are usually found in the intestines of warm-blooded animals [61].
Therefore, after a recent episode of fecal contamination, one can expect to find them all.
However, the results obtained here highlight that despite the microbiological parameters
being used above, in some cases, the DNA from Bacteroides was not detected, thus not
allowing the assignment of the fecal contamination source. These results must be exam-
ined carefully, keeping in mind several factors: 1) we may not have used the most ade-
quate primers to identify the DNA region present; 2) there might be other contamination
sources besides the ones examined, e.g. from rodents; 3) the survival time of Bacteroides
outside the intestine is much shorter (ca. 48 hours) when compared to Enterococcus (sev-
eral weeks) or E. coli (6 hours) [62]. In this type of study, it is more probable that the last
reason (the survival time) is behind the results obtained.

The several steps that were taken to decontaminate the sand were showed to be effi-
cient. The detection of the horse- and dog-associated markers highlight the need to protect
beaches from animal walking, which contributes to the high levels of FIBs subsequently
detected. Moreover, further implementation of dog-walk restrictions and advisory signs
helped to mitigate the contamination problem.

Although researchers sometimes use the traditional fecal indicators E. coli and Enter-
ococcus to monitor sand quality [63-65], this methodology does not allow the biological
source of the contamination to be inferred.

In the study [18] they analyzed intertidal sand, sediment, and overlying water at
three shoreline sites and two associated rivers along an extended freshwater shoreline.
The parameters analyzed were FIB, two MST markers (Gull2 and HF183), and the targeted
metagenomic 16S rRNA gene. They were able to establish a relationship between bacteria
in the sand, sediment, and overlying water; they concluded that FIB and MST markers
were effective estimates of short-term conditions at these locations, while bacterial com-
munities in sand and sediment reflected longer-term conditions.

The new WHO Guidelines for recreational water quality were released last July [8],
recommending sand analysis for enterococci and fungi, with respectively provisional lim-
its of 60 CFU/g and a guiding value of 89 CFU/g. The next natural step is for these recom-
mendations to slowly be integrated into regulations; MST provides a valuable tool to in-
vestigate potential fecal pollution sources of both sand and water.

5. Conclusions

This paper examines the origin of the sand contamination of a beach in the Azores.
This is a topic that needs to be addressed for sand-quality regulations. There are not many
episodes reported, nor is there any formal legislation based on FIB.

This study shows that the microbial source tracking (MST) approach revealed itself
as a useful method in determining the biological source of the fecal contamination,
demonstrating that, in this case, it was attributed to multiple sources.

Another important and practical conclusion is the documentation of disinfection
practices at the beach to lower the levels of fecal-indicator microbes in the sand.

Recognizing that beaches suffer contamination events, this study shows the im-
portance of holistic management of the beaches worldwide that should go beyond the
already established water-quality monitoring for FIB, putting forth evidence for the need
for sands also to be monitored to avoid public health problems.
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