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Abstract: Coastal environments have been recognized as key reservoirs for antibiotic-
resistant bacteria. The present study evaluated marine gastropods, Phorcus lineatus, as
potential bioindicators to assess the spread of antibiotic-resistant bacteria. P. lineatus
was sampled in four sites, with different anthropogenic pressures, along the northwest
Portuguese coastal area. From these specimens, bacteria were isolated and tested for their
antimicrobial susceptibility, followed by their phylogenetic and pathotypic determination.
All the Escherichia coli isolates showed resistance to at least one antimicrobial agent. The
highest levels of multidrug resistance (25%) were observed in E. coli isolates obtained from
SITE 2, which is impacted by the city of Porto and industrial settlements, while nearly
17% of these isolates showed a multiple antibiotic resistance (MAR) index higher than
0.2. Among the isolates, phylogroups A and B2 were the most prevalent, followed by
phylogroup B1. The isolates of phylogroup A showed a higher prevalence of antimicrobial
resistance. This study offers valuable insights into the antibiotic resistance risks posed
to marine ecosystems and underscores the need for microbiological monitoring and the
development of effective management strategies. The findings suggest P. lineatus as a
potential bioindicator of antibiotic-resistant bacteria in marine environments.

Keywords: marine gastropods; coastal areas; antibiotics susceptibility; pathotypes;
Escherichia coli
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1. Introduction

The global use, and often misuse, of antibiotics in human and veterinary medicine
has led to the emergence and spread of multidrug-resistant bacteria, raising serious public
health concerns [1]. To address this complex challenge, the “One Health” framework
has been adopted as a systems-based approach that recognizes the interdependence of
human, animal, plant, and environmental health. This framework identifies antimicrobial
resistance as a critical issue, as resistant pathogens and their genes can circulate across
sectors and ecosystems. This approach seeks to provide effective public policies and
strengthen infection control and sanitation measures [1,2]. In this context, it is crucial to
understand the impacts of anthropogenic activities on the development and dissemination
of antibiotic resistance.

The aquatic ecosystems constitute one of the main reservoirs and transmission path-
ways for antimicrobial-resistant bacteria and the horizontal transfer of antibiotic-resistance
genes among microbial communities [3]. Part of the administered antibiotic dose is excreted
as a parent compound in the feces and urine, eventually reaching the environment and
contaminating waters as the last reservoir [4,5]. In particular, coastal waters influenced
by intense human activities can play an important role in developing and disseminat-
ing antimicrobial resistance, posing serious risks to human health through consuming
contaminated food or the potential transfer of resistance genes to human pathogens [1].
Several studies have reported the presence of antibiotic-resistant bacteria such as E. coli,
Klebsiella pneumoniae, Vibrio spp., and Aeromonas spp., and specific integrons, leading to an-
tibiotic resistance (e.g., blarpps, sull) in freshwater and marine samples [6-9]. Considerable
amounts of antimicrobial-resistant bacteria and genes have been documented in various
aquatic species, such as clams, mussels, fish, and marine mammals [10-15]. Nevertheless,
insufficient information is still available regarding the development and dissemination of
antibiotic resistance in the marine environment and coastal areas, as well as the associated
risks to human health.

New bioindicators are needed to improve the detection of antibiotic-resistant bacteria
and genes encoding resistance. Marine gastropods are benthic organisms sensitive to
environmental changes and have been pointed out as good bioindicators for environmental
monitoring programs [16,17]. In addition, gastropods have an important role as a source of
seafood, acting as a transport route of pollutants and bacteria through the food chain [13,18].
Some species of marine gastropods, such as the topshells of the genus Phorcus, inhabit the
rocky shores of the intertidal zone in the Northeastern Atlantic and Mediterranean Sea,
being an abundant, sedentary species with a wide geographical distribution and a long
lifespan [19]. Therefore, they constitute good candidates as bioindicators for evaluating
anthropogenic impacts on coastal areas, such as antimicrobial resistance and pollution.

In addition to the antimicrobial resistance, investigation of E. coli presence in marine
gastropods is also essential for several reasons, particularly for public health, ecology, and
food safety. E. coli is commonly used as an indicator of fecal contamination in both aquatic
and terrestrial environments, and its presence in gastropods may signal environmental
pollution, underscoring the need for monitoring water and food sources [20]. Additionally,
gastropods can act as passive carriers of pathogenic E. coli, posing a potential health risk to
humans who handle or consume them. In cultures where gastropods are consumed, the
presence of E. coli increases the risk of gastrointestinal illness, especially if the snails are
improperly cooked or handled [21]. As gastropods play a key role in ecosystems as decom-
posers, studying their microbiota, including E. coli, can shed light on species interactions
and the effects of contamination within habitats [22]. In agricultural settings, gastropods
may come into contact with livestock and water sources, highlighting the potential for
cross-contamination between the natural environment and farming operations, which has
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implications for animal health and food production safety [23]. In this context, analyzing
both the phylogenetic groups (phylogroups) [24-26] and pathotypes [27] of E. coli found in
gastropods provides deeper insight into their genetic diversity, pathogenic potential, and
ecological adaptations. Identifying specific phylogroups and pathotypes helps determine
whether certain strains are more likely to cause disease or thrive in particular environments,
thereby guiding effective public health interventions and environmental management
strategies [28].

In this regard, the present study aimed to (a) isolate and determine the antibiotic
resistance patterns of E. coli from P. lineatus sampled in four different impacted sites of the
northwest Portuguese coast; (b) identify E. coli phylogroups and assess their phylogenetic
diversity; and (c) investigate the role of the marine snail P. lineatus as a bioindicator of
pathogenic and antibiotic-resistant bacteria in coastal areas under anthropogenic pressure.
This biomonitoring study concerning the environmental occurrence of antibiotic-resistant
bacteria on the northwest Portuguese coast can help support policies and regulations to
reduce antimicrobial resistance dissemination.

The present study aligns with several Sustainable Development Goals (SDGs), particu-
larly SDG 14 (Life Below Water), by emphasizing the need to protect marine ecosystems
from antibiotic resistance, and SDG 3 (Good Health and Well-being), by addressing the pub-
lic health risks associated with the spread of antibiotic-resistant bacteria. Additionally, the
research contributes to SDG 6 (Clean Water and Sanitation), emphasizing the importance
of monitoring water quality to protect both environmental and human health.

2. Materials and Methods
2.1. Study Area

The northwest Portuguese coast, under study, is heavily impacted by human activities
from the nearby cities of Porto and Viana do Castelo, as well as by several agricultural
fields and animal farms distributed along the coastline. The study area covered four sites
along the northwest coast (Figure 1), selected based on different anthropogenic pressures,
namely, Amorosa, 41°39'34.3” N 8°49'29.8” W (SITE 1); Cabo do Mundo, 41°13'15.8” N
8°42'58.0" W (SITE 2); Homem do Leme, 41°09'31.8” N 8°41'10.0” W (SITE 3); and S. Félix
da Marinha, 41°02/8.91” N 8°38'55.1” W (SITE 4). Amorosa is a coastal area in Viana do
Castelo, a city in the north of Portugal, located near the Lima River and an important
seaport that comprises a maritime shipyard industry. Cabo do Mundo is situated in Porto,
near industrial settlements, including a decommissioned oil refinery and the international
airport Francisco S4 Carneiro. Porto also hosts the Homem do Leme beach, close to the
Douro River estuary and the industrial and mercantile Leixdes harbor, known for its
intensive vessel traffic, which also impacts Cabo do Mundo. To the south is SITE 4—S. Félix
da Marinha, a predominantly rural area with low urban anthropogenic pressure.

SITE 1 - Amorosa

SITE 2 - Cabo do Mundo
SITE 3 - Homem do Leme
SITE 4 - S. Félix da Marinha

Figure 1. Map of sampling sites and their relation with the northwest Portuguese coast: SI—Amorosa
(41°39'34.3" N 8°49'29.8" W), S2—Cabo do Mundo (41°13/15.8"” N 8°42'58.0” W), S3—Homem do
Leme (41°09'31.8"” N 8°41'10.0"” W), S4—S. Félix da Marinha (41°028.91" N 8°38'55.1"” W).
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2.2. Sampling

Live marine gastropods were sampled in the winter of 2022. Twelve adult specimens
of P. lineatus were randomly collected from the intertidal zone at each sampling site, for
a total of forty-eight specimens. The gastropods were handpicked during low tide and
transported alive in refrigerated flasks filled with local seawater for further analysis at
the Antimicrobials, Biocides & Biofilms Unit/CITAB, Department of Veterinary Sciences,
School of Agriculture and Veterinary Sciences, University of Trds-os-Montes e Alto Douro
(UTAD, Vila Real, Portugal).

The harvest of gastropods in these four sites was authorized by the Portuguese Institute
for Nature Conservation and Forests (ICNF), under the ATLANTIDA project—Platform for
the monitoring of the North Atlantic Ocean and tools for the sustainable exploitation of the
marine resources—and no ethics committee approval was needed.

2.3. Preparation of Samples and Bacterial Culture

Each specimen of P. lineatus was aseptically opened with sterilized stainless-steel
blades, and soft tissues were removed. The tissues were collected in Brain Heart Infusion
(BHI) (Oxoid, Lowell, MA, USA), homogenized, and subsequently incubated at 37 + 1 °C
for 24 h. After, the bacterial suspensions were inoculated onto MacConkey agar and
Chromocult® Coliform Agar (CCA®) (Oxoid, Basingstoke, UK) and then incubated at
37 £ 1 °C for 24 h for E. coli and coliform bacteria detection. Isolates presumptively
identified as belonging to the Enterobacteriaceae family were selected based on their
growth on MacConkey agar (lactose-fermenting colonies), negative oxidase test, and Gram-
negative bacilli morphology. These criteria are standard for preliminary identification
of Enterobacteriaceae in environmental microbiology. A total of 103 bacterial isolates
were obtained.

2.4. Identification of Pure Bacterial Isolates

From previously bacterial isolates, the presumptive E. coli colonies were identified
based on their characteristic coloration on CCA®, and confirmation was carried out using
lactose fermentation on MacConkey agar plates and standard biochemical tests—IMViC
reactions (Indole, Methyl Red, Voges-Proskauer, Citrate Utilization). Once confirmed,
isolates were stored in aliquots of BHI with 17% (v/v) glycerol at —80 °C. The E. coli were
grown to obtain pure cultures for further susceptibility analysis to antimicrobial agents.

2.5. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was conducted using the disk diffusion method
(Kirby-Bauer), following the guidelines established by the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST). A few colonies were suspended in saline solution
(NaCl) from the pure isolates, and the turbidity was adjusted to the 0.5 McFarland standard
units (~cell density 1.5 x 108 CFU/mL). The inoculum suspension was then spread in
Mueller-Hinton (Oxoid, Basingstoke, UK), onto which antibiotic disks (Oxoid disks, UK)
were placed, and incubated for approximately 24 h at 35 £ 1 °C. The diameter of the
inhibition zones was measured and interpreted according to the EUCAST guidelines [29],
and they were classified as susceptible or resistant. In the absence of EUCAST guidelines,
the Clinical and Laboratory Standards Institute guidelines were followed [30]. Isolates with
intermediate susceptibility were categorized as being susceptible. E. coli ATCC®25922 was
used as the quality control strain.

The isolates were tested against 22 antibacterial agents, representing six antibiotic
classes: (3-lactams (penicillins: ampicillin (AMP, 10 pg), amoxicillin (AML,10 pg), amox-
icillin/clavulanic acid (AMC, 20/10 ug), ticarcillin (TIC, 75 pg), ticarcillin/clavulanic
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acid (TIM, 85 pg), piperacillin (PRL, 100 pg), piperacillin/tazobactam (TZP, 100/10 ug));
cephalosporins of 2nd and 3rd generations: (cefoxitin (FOX, 30 pg) ceftazidime (CAZ, 30
ug) cefotaxime (CTX, 30 ug) ceftriaxone (CRO, 30 pug)); carbapenems: (imipenem (IMP, 10
ug) meropenem (MEM, 10 pg), ertapenem (ETP, 10 pg)); monobactams: (aztreonam (ATM,
30 ug); fluoroquinolones: (levofloxacin (LEV, 5 ug) ciprofloxacin (CIP, 5 pg)); aminogly-
cosides: (amikacin (AK, 30 pg), gentamicin (CN, 10 ug); sulphonamides: (sulfamethox-
azole/trimethoprim (STX, 1.25/23.75/ug)); tetracyclines: (tetracycline (TE, 30 pg) and
phosphonic acids: (fosfomycin (FOS, 50 pg). These 22 antibacterial agents were selected
to represent a broad spectrum of commonly used antibiotics across six major classes,
warranting a comprehensive evaluation of the antimicrobial susceptibility profile of the
isolates. Also, these agents reflect those most relevant in clinical settings for the treatment
of infections caused by Gram-negative bacteria, including both first-line and last-resort
antibiotics. This approach aimed to assess resistance patterns and detect the presence of
multidrug-resistant strains. The selection was also guided by CLSI recommendations and
previous studies on antimicrobial resistance in similar bacterial populations.

Multidrug resistance (MDR) for the isolates was defined as non-susceptible to at least
one agent in three or more antibiotic categories [31]. The multiple antibiotic resistance
(MAR) index was calculated through the formula a/b, where a represents the number of
antibiotics to which an isolate was resistant, and b represents the total number of antibiotics
tested. An index value > 0.2 indicates that the sources of isolates are rendered from
contamination by antibiotics, whereas < 0.2 suggests sources with less antibiotic usage or
low risk [32].

2.6. Determination of E. coli Pathotypes and Phylogenetic Grouping

The determination of the pathotypes—Shiga toxin-producing E. coli (STEC), En-
teroaggregative E. coli (EAEC), Enteroinvasive E. coli (EIEC), and Enterotoxigenic E. coli
(ETEC)—and phylogenetic groups (A, Bl, B2, D, E, F, and clade I) was performed as
described by Pais et al. [33].

Briefly, for the determination of the pathotypes, primers and probes [34-36] were used,
as described in Table S1 (see Supplementary Materials). DNA extraction was performed
using a single colony of presumptive E. coli incubated at 37 £ 1 °C on Nutrient Agar (NA)
plates (Bio-Rad, Hercules, CA, USA), resuspended in 250 pL of lysis reagent (NZYtech,
Lisbon, Portugal), and cells were lysed by boiling for 15 min using a digital heat block
(Avantor®, Radnor, PA, USA). Then, they were centrifuged for 5 min at 14,000 rpm (Bio-
Rad: Model 16 Microcentrifuge). The supernatant was used as a template in the PCR real-
time assay in a final volume of 25 pL, containing PCR master mix multiplex NZYSpeedy
gPCR Probe Master Mix (2x) (NZYTech) and the primers and probes set aggr (20 uM),
aaic (20 uM), ipah (20 uM), It (20 uM), sth (20 pM) and stp (20 pM) (Eurofins Genomics,
Ebersberg, Germany). The following strains from the European Union Reference Laboratory
for Escherichia were used as positive controls: E. coli LMV-E.41 (aggr+), E. coli LMV-E.159
(aggr+; aaic+), E. coli LMV-E.40 (ipah+), E. coli LMV-E.39 (It+; stp+) and E. coli LMV-E.166
(It+; sth+; stp+). As a negative control, DNase-free water was used. The real-time PCR for
STEC screening conditions was as follows: 95 °C, 3 min; 5 cycles of 95 °C, 15 s; 56 °C, 25 s;
65 °C, 30 s; 32 cycles of 95 °C, 15 s; 56 °C, 25 s5; and 65 °C, 30 s; and for EAEC, EIEC and
ETEC, screening conditions were as follows: 95 °C, 3 min; 5 cycles of 95 °C, 15s; 52 °C, 25 s;
72 °C,30s; 35 cycles of 95 °C, 155; 52 °C, 25 s; and 72 °C, 30 s. An internal amplification
control (IAC) was used simultaneously to identify potential inhibition of the PCR reactions
in each sample well.

For the phylogenetic group analysis, a multiplex PCR method developed by Clermont
et al. [24] was employed. The same DNA extraction used in RT-PCR for pathotype determi-
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nation was used in phylogroup determination. The supernatant was used as a template
in the PCR assay in a final volume of 20 uL, containing PCR master mix multiplex PCR
NZYTaq 2x Green Master Mix (NZYTech, Lisbon, Portugal) and the primer set arpA (2 uM),
chuA (1 uM), yjaA (1 uM) and TspE4.C2 (1 pM) (Eurofins Genomics, Porto, Portugal), as
described in Table S2 (see Supplementary Materials). Each PCR reaction included both
negative (DNase-free water) and positive controls. The positive controls consisted of E. coli
O111 (arpA+; TspE4.C2+), E. coli O157:H7 (arpA+; chuA+), and E. coli K12 (arpA+; yjaA+).
The defined PCR conditions were as follows: 95 °C, 3 min; 39 cycles of 95 °C, 30 s; 58
°C,30s; 72 °C, 30 s; and 72 °C, 5 min. The resulting fragments were visualized in a
transilluminator under UV light (Syngene® GeneFlash, Cambridge, UK). According to the
presence or absence of arpA, chuA, yjaA, and TspE4.C2 genes, a phylogroup was assigned to
each isolate, as previously described by Clermont et al. [24], Table 1.

Table 1. Phylogroups of E. coli isolates based on the presence (+) or absence (-) of the genes arpA,
chuA, yjaA, and TspE4.C2.

Target Gene
Phylogroup -
arpA chuA yjaA TspE4.C2

A + - - -
AorC + - + -
B1 + - - +
B2 - + + -
B2 - + - +
B2 - + + +
EorD + + - -
EorD + + - +
E or Clade I + + + -
F - + - -
Unknown @) + - + +

@ Multi-locus sequence typing (MLST) is necessary to identify the phylogenetic group.

3. Results and Discussion

Antibiotic resistance represents a global public health challenge, and coastal envi-
ronments have been recognized as key reservoirs and sources of antibiotic resistance
dissemination [8]. On the other hand, due to their biological characteristics and their bio-
chemical response to pollutants, marine gastropods can constitute good bioindicators for
environmental monitoring [17]. However, the available data concerning antibiotic-resistant
bacteria in gastropods and the potential impact on marine environments and health risks
remains limited. In this context, the sampling sites were selected in this study based on
different anthropogenic impacts to evaluate the influence of different human activities on
the development of antibiotic-resistant bacteria in marine biota. Our findings suggest that
the gastropod P. lineatus collected can mirror the antibiotic-resistant E. coli disseminated
in this area, highlighting a potential “One Health” issue that warrants further investiga-
tion. Considering the bacterial isolation and identification from the sampled P. lineatus,
103 bacterial isolates were obtained (Figure 2A). Of these isolates, 83.5% (86/103) were iden-
tified as members of the Enterobacteriaceae family, whereas the remaining 16.5% (17/103)
were non-Enterobacteriaceae. Among the Enterobacteriaceae, E. coli was not found in
SITE 4. From the other three sites, eighteen E. coli isolates were obtained (Figure 2B). In
particular, from SITE 2, at least one E. coli isolate was obtained from each of the twelve P.
lineatus specimens collected, indicating a consistent presence of this bacterium among the
sampled individuals. These findings suggest that the sampling locations, except SITE 4,
are likely influenced by anthropogenic disturbances, probably related to high population,
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industry, and agricultural activities. Indeed, SITE 1 is located near the Lima River, which
receives diffuse pollution from agricultural runoff and domestic sewage discharges [37],
while SITES 2 and 3 are close to the Douro River estuary, which flows through extensive
urban areas and is adjacent to the Matosinhos Wastewater Treatment Plant and Leixoes
harbor. Notably, SITE 2 stands out as the most impacted site due to its proximity to dense
industrial settlements and the airport. This is consistent with the microbiological results, as
all specimens collected at this location tested positive for E. coli, reinforcing the evidence
of significant contamination pressure at this site. On the other hand, SITE 4 is a rural area
with no relevant industries and low urban anthropogenic pressure. The presence of fecal
coliform and E. coli can reflect the overall microbiological quality of both the water and
aquatic biota and is, therefore, a concerning factor in these sites. Additionally, these results
point out that the gastropod P. lineatus can be a suitable bioindicator species for environ-
mental biomonitoring. Previous studies have related the presence of fecal coliforms, or E.
coli, in bivalves from anthropogenically impacted areas, further supporting a bioindicator
role for these mollusks in environmental monitoring studies [14,37-40].

SITE4
(A) S. Félix da (B)
Marinha SITE1
24 Amorosa
28

SITE 4 - S. Félix da Marinha 8

[ coiiforms

WE coli

SITE 3 - Homem do Leme 1 non-Enterobacteriaceae

SITE 2 - Cabo do Mundo

SITE3
Homem do
Leme
24

SITE 1 - Amorosa 8

SITE 2
Cabo do Mundo
27 0 5 10 15 20 25 30

Figure 2. (A) Total number of bacteria isolates obtained from Phorcus lineatus, on each sampling
site; (B) number of isolates, per sampling site, of coliform bacteria, Escherichia coli, and non-
Enterobacteriaceae.

In the present study, the 18 E. coli isolates obtained from the sampled P. lineatus
were evaluated for antimicrobial susceptibility against 22 antibiotics belonging to six
antibiotic classes: B-lactams (penicilins, cephalosporins, carbapenems, monobactams),
fluoroquinolones, aminoglycosides, sulphonamides, tetracyclines, and phosphonic acids.
The results of antimicrobial resistance of isolates are shown in Table 2.

The isolates obtained from SITE 2 exhibited higher levels of antimicrobial resistance
than those from SITES 1 and 3. A high incidence of resistance was observed to amikacin
(33%), followed by p-lactam antibiotics (piperacillin/tazobactam, 25%; piperacillin, 25%),
tetracyclines (tetracycline, 25%), phosphonic acids (fosfomycin, 17%) and carbapenems
(meropenem and ertapenem, 17% each). These results show that the E. coli isolates from
these sampling sites are resistant to some of the last available resource antibiotics. It has
been reported that 3-lactam antibiotic resistance is considered one of the most prevalent
forms of resistance in aquatic ecosystems [6,41]. In recent years, carbapenem resistance
has been spreading rapidly, becoming a serious public health threat. Carbapenems, such
as meropenem and ertapenem, are the latest currently available 3-lactams with a broad
spectrum of activity and are usually reserved for treating infections caused by multidrug-
resistant pathogens [42]. In this regard, these findings illustrate the continuous dissem-
ination of antibiotic-resistant bacteria, constituting a public health concern of extreme
importance. In the present study, all the E. coli isolates showed resistance to at least one
antimicrobial agent. Multidrug resistance (MDR) is defined as acquired non-susceptibility
to at least one agent in three or more antimicrobial categories [31]. In SITE 2, around
25% (3/12) of the isolates demonstrated multidrug resistance (Table 2). 3-lactam antibi-
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otic resistance was present in most isolates, followed by aminoglycoside and carbapenem
resistance. These results demonstrate that gastropods can act as reservoirs and vectors
of antibiotic-resistant and MDR bacteria, which also constitutes a potential food safety
risk. Other studies, which have shown a high prevalence and similar patterns of antibiotic
resistance to those found here, have also identified seafood as a source of antibiotic-resistant
bacteria [37,38,43-46]. Despite the use of the 3-lactamase inhibitor tazobactam in combina-
tion with the piperacillin (broad-spectrum penicillin), resistance phenotypes continue to be
observed in E. coli isolates from SITE 2. This suggests that the inhibitory activity of tazobac-
tam may be insufficient to overcome certain resistance mechanisms, such as the production
of high-level (3-lactamases, porin loss, or efflux pump overexpression. Although resistance
to third-generation cephalosporins and meropenem strongly suggests ESBL, AmpC, or
carbapenemase activity [47], the present study relied on phenotypic methods. Low-level
expression or transient silencing of 3-lactamase genes in environmental enterobacteria may
therefore account for some apparently discordant susceptibility profiles, emphasizing why
phenotypic-genotypic discordance can occur [48-50].

Table 2.  Percentage of E. coli resistant to six antibiotic classes—p-lactams @ (peni-
cilins, cephalosporins, carbapenems, monobactams); fluoroquinolones (2); aminoglycosides G,
sulphonamides @, tetracyclines ®); and phosphonic acids 0)__jsolated from Phorcus lineatus—the
multidrug-resistant (MDR) bacteria, and the multiple antibiotic resistance (MAR) index.

SITE 1—Amorosa SITE 2—Cabo do Mundo SITE 3—Homem do Leme
Antimicrobial
n kn;;r:t) 1a Resistant Susceptible Resistant Susceptible Resistant Susceptible
% (No. Isolates/Total) % (No. Isolates/Total) % (No. Isolates/Total)
AmP - 100 (2/2) -- 100 (12/12) - 100 (4/4)
AML ) - 100 (2/2) - 100 (12/12) - 100 (4/4)
AMC - 100 (2/2) -- 100 (12/12) - 100 (4/4)
TIC @ - 100 (2/2) - 100 (12/12) - 100 (4/4)
T B 100(2/2) - 100 (12/12) - 100 (4/4)
PRL ® - 100 (2/2) 25 (3/12) 75 (9/12) _ 100 (4/4)
TZP @ - 100 (2/2) 25(3/12) 75(9/12) - 100 (4/4)
FOX @ - 100 2/2) - 100 (12/12) - 100 (4/4)
CAZ® - 100 (2/2) 8(1/12) 92 (11/12) - 100 (4/4)
CTX - 100 (2/2) 8(1/12) 92 (11/12) - 100 (4/4)
CRO® - 100 (2/2) 8(1/12) 92 (11/12) - 100 (4/4)
P @ - 100 (2/2) -- 100 (12/12) - 100 (4/4)
MEM ) - 100 (2/2) 17 (2/12) 83 (10/12) - 100 (4/4)
ETP @ - 100 (2/2) 17 (2/12) 83 (10/12) _ 100 (4/4)
ATM @ - 100 (2/2) 8(1/12) 92 (11/12) . 100 (4/4)
LEV D - 100 (2/2) - 100 (12/12) - 100 (4/4)
cw® - 100 2/2) - 100 (12/12) - 100 (4/4)
CN - 100 (2/2) 25(3/12) 75(9/12) - 100 (4/4)
AKO - 100 (2/2) 33 (4/12) 67 (8/12) - 100 (4/4)
STX® - 100 (2/2) 8(1/12) 92 (11/12) - 100 (4/4)
TE® - 100 (2/2) 25(3/12) 75(9/12) - 100 (4/4)
FOS © - 100 (2/2) 17 (2/12) 83 (10/12) - 100 (4/4)
Multidrug- .
resistant (MDR) 0 25% (3/12) 0
Multiple
antibiotic .
resistance (MAR) <02 16.7% > 0.2 <02
index

Notes: ampicillin—AMP, amoxicillin—AML, amoxicillin/clavulanic acid—AMC, ticarcillin—TIC, ticar-
cillin/ clavulanic acid—TIM, piperacillin—PRL, piperacillin/tazobactam—TZP, cefoxitin—FOX, ceftazidime—
CAZ, cefotaxime—CTX, ceftriaxone—CRO, imipenem—IMP, meropenem—MEN, ertapenem—ETP, aztreonam—
ATM, levofloxacin—LEV, ciprofloxacin—CIP, amikacin—AK, gentamicin—CN, sulfamethoxazole/trimethoprim—
STX, tetracycline—TE, and fosfomycin—FOS.
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Based on the comparison of E. coli isolates from various sources, Krumperman [32]
suggested using a multiple antibiotic resistance (MAR) index of 0.2 to distinguish between
low- and high-risk contamination. In the present study, nearly 17% of E. coli isolates from
SITE 2 showed a MAR index higher than 0.2, indicating that this sampling site poses a high
risk of contamination and harbors multiple antibiotic-resistant bacteria. The higher preva-
lence of antibiotic-resistant bacteria found at this site confirms that it is impacted by anthro-
pogenic activities from urban, agro-food, and industry. Several studies have demonstrated
that areas with high population density and industry are sources of antibiotic-resistant
bacteria, promoting their dissemination in aquatic ecosystems [38,51-53]. Likewise, the
presence of multiple antibiotic-resistant bacteria in marine seafood and coastal ecosystems
can create selective pressures on natural bacterial strains, highlighting the dispersal and
magnitude of antibiotic resistance in the marine environment and its implications for the
health of both humans and marine organisms [37].

Acquisition of specific characteristics through horizontal gene transfer enables E.
coli strains to encode virulence factors that make them capable of causing diarrhea or
extraintestinal infections. In turn, pathogenic E. coli is divided mainly into two groups,
the extraintestinal pathogenic E. coli (EXPEC) and the diarrheagenic E. coli (DEC) [54].
However, in the present study, none of the E. coli isolated from P. lineatus was classified as
DEC, since the gene coding for pathotype was not detected in any of them (see Table S3,
Supplementary Materials).

Evaluation of phylogenetic diversity in E. coli isolates is vital to assess the type of
impact on the integrity of aquatic ecosystems [40]. In the present study, following the
Clermont et al. [24] method, the eighteen E. coli isolates were categorized into phylogroups,
as in Table 3.

Table 3. Phylogroups of E. coli isolates (N = 18) from the gastropods Phorcus lineatus sampled along
the northwest Portuguese coast * and their antibiotic resistance profile.

Phylogroup

A B1 B2 AorC EorD
All Sites/Total 5 (27.7%) 4(22.2%) 5 (27.7%) 2 (11.1%) 2 (11.1%)
Site 1—Amorosa 0 (0%) 2(11.1%) 0 (0%) 0 (0%) 0 (0%)
Site 2—Cabo do Mundo 5 (27.7%) 2 (11.1%) 1 (5.5%) 2 (11.1%) 2(11.1%)
Site 3—Homem do Leme 0(0%) 0(0%) 4(22.2%) 0 (0%) 0(0%)

. PRL/TZP/CAZ/

Aa“t:gf““ resistance CTX/CRO/MEM/ETP/ AK AK AK CN/AK/TE
p ATM/CN/AK/STX/TE/FOS

* P. lineatus sampled from Site 4 did not show E. coli.

Phylogroups A and B2 were the most predominant, with each one representing
27.7% of all E. coli isolates, followed by phylogroup Bl (22.2%). To a lesser extent, 11.1% of
isolates represented the phylogroups A or C and E or D. Regarding spatial trend, the
isolates from SITE 1 indicated the prevalence of phylogroup B1, while at SITE 3 all isolates
showed a prevalence of phylogroup B2. At SITE 2, the isolates showed greater phylogenetic
diversity, including phylogroups A, B1, B2, E or D, and A or C. It has been reported that
phylogroup A strains are predominant in humans and the B1 strains in animals [55] and that
phylogroups B2 and D are predominant in E. coli isolated from wastewater samples [51].
Also, a link between virulence and the phylogenetic group has been demonstrated [56], with
commensal strains belonging mainly to groups A and B1 and extraintestinal pathogenic
strains (ExPEC) to group B2, followed by group D [25,57-60]. Overall, the results suggest
a change in the distribution of E. coli phylogroups across the sites, which could represent
a change in the type of anthropogenic impacts on P. lineatus. For instance, SITE 1 is more
impacted by agricultural activity pollution, while SITES 2 and 3 are mainly impacted by
urban wastewater and industrial activities. Similarly, previous studies have documented
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a higher prevalence of commensal strains of A phylogroup in mollusks [38,40] and an
association of B2 phylogroup with sampling sites close to urban areas or river estuaries
under anthropogenic pressure [46,57]. Remarkably, the isolates of phylogroup A showed
a higher prevalence of antimicrobial resistance, while lower antibiotic resistance was
observed among isolates of groups B1, B2, E or D, and A or C. A previous report also
showed a higher prevalence of antimicrobial-resistant and MDR isolates from phylogroup
A in clams and water samples [46,61]. In addition to the antibiotic resistance described,
considering that phylogroup B2 strains are associated with extraintestinal pathogenic E.
coli and were found in SITES 2 and 3, our findings also suggest that P. lineatus can represent
a reservoir of EXPEC strains from urbanized coastal areas, posing serious questions about
the potential risk for humans that consume contaminated seafood.

4. Conclusions

Overall, our findings indicate that E. coli isolated from P. lineatus collected along the
northwest Portuguese coast exhibited notable levels of antimicrobial phenotypic resis-
tance, particularly to aminoglycoside (amikacin) and -lactam antibiotics carbapenemes.
A spatial pattern in resistance was also observed. While the study suggests a possible
association between phylogenetic groups, antibiotic resistance profiles, geographic location,
and anthropogenic activity, we recognize that the limited number of isolates constrains the
generalizability of this conclusion. Nevertheless, our results provide preliminary evidence
of the potential use of P. lineatus as a bioindicator for monitoring antimicrobial resistance
in coastal environments, particularly in areas impacted by human activity. This study
contributes valuable baseline data on antibiotic-resistant E. coli and their phylogenetic
diversity in edible marine gastropods, highlighting potential ecological and public health
implications that warrant further investigation through expanded sampling efforts. Further
studies using higher sample sizes, more locations, and sampling across various seasons
and water dynamics could enhance ongoing awareness of antimicrobial resistance in the
environment and ensure the effectiveness of management and mitigation strategies to
improve water quality. The observed resistance patterns in phylogroups A and B2 highlight
the importance of monitoring environmental contamination and the potential health risks
posed by consuming seafood contaminated with pathogenic and resistant bacteria. Fur-
thermore, the results emphasize the necessity of aligning environmental monitoring efforts
with public health objectives, in line with the “One Health” approach, which links human,
animal, and environmental health. This approach is essential for tackling the growing
threat of antimicrobial resistance, protecting marine ecosystems, and safeguarding food
safety. Finally, the present study contributes to both human and aquatic well-being, since
the outcomes align with the Sustainable Development Goals (SDGs), particularly with
Goals 3, 6, and 14.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /microbiolres16060133/s1, Table S1. List of primers and probes
used to determine E. coli isolates pathotypes; Table S2. List of primers used to determine the
phylogenetic groups of E. coli isolates by Clermont et al.; Table S3. Pathotypes determination results.
None of the eighteen isolates studied was classified as DEC [62-66].
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