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Abstract: Tributyltin (TBT) is an organotin chemical mainly used as biocide in marine antifouling
paints. Despite the restrictions and prohibitions on its use, TBT is still an environmental problem due
to its extensive application and subsequent release into the environment, being regarded as one of the
most toxic chemicals released into the marine ecosystems. Microorganisms inhabiting impacted sites
are crucial for their restoration since they have developed mechanisms to tolerate and break down
pollutants. Nonetheless, transformation products resulting from the degradation process may still be
toxic or, sometimes, even more toxic than the parent compound. The determination of the parent and
degradation products by analytical methods, although necessary, may not be ecologically relevant
since no information is provided regarding their ecotoxicity. In this study, marine bacteria collected
from seven Portuguese fishing ports were isolated and grown in the presence of TBT. Bacteria that
exhibited higher growth were used to bioremediate TBT-contaminated waters. The potential of
these bacteria as bioremediation agents was evaluated through ecotoxicological assays using the
sea snail Gibbula umbilicalis as model organism. Data suggested that some TBT-tolerant bacteria,
such as Pseudomonas putida, can reduce the toxicity of TBT contaminated environments. This work
contributes to the knowledge of TBT-degrading bacteria.
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1. Introduction

Tributyltin (TBT) is an organotin chemical that acts as a biocide in antifouling systems.
Since the 1960s up until its ban in the late 2000s, TBT was widely employed in marine
paints, successfully preventing the attachment of crustaceans, mollusks, algae and slime on
boat hulls and various immersed structures and equipment [1–3]. The massive use of TBT
led to the contamination of the environment, mainly marine and freshwater ecosystems,
being ports, harbors, and marinas the most affected and historically contaminated sites
due to high boat traffic [4–7]. Research undertaken since the 1970s unveiled the haunting
toxicity of TBT to non-target organisms [8–12].

As a result, the European Union (EU) restricted its use on ships smaller than 25 m
with the directive 89/677/CEE [13] and in 2003 with the regulation 782/2003/EC, banned
the use of paints containing organotins in EU ships [14]. In 2008, the United Nations’
International Maritime Organization called for a global prohibition of organotin-based
paints on ship hulls [6,8,15]. Despite restrictions, TBT is still present on a global scale, in
water and sediments at higher levels than those reported to cause detrimental effects on
living organisms. This evidence suggests a recent illegal use of TBT-based antifouling
paints [16–18]. Once released from an antifouling coating, TBT can be adsorbed to sus-
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pended particles in the water, biota, and sediment, and persist in the environment for long
periods because of its low degradation rates [16,18,19].

Tributyltin is a known endocrine disruptor compound that causes several adverse
effects in different organisms, from invertebrates to mammals [20–22]. A well-documented
adverse effect is imposex: the development of male sexual characteristics in female
gastropods [16]. Imposex has been reported in sea snails at concentrations as low as
1 ng L−1 [23], significantly impacting sea snails’ population dynamics. Despite the decreas-
ing levels of imposex in the Portuguese Coast since its ban in 2008, a complete recovery of
imposex on marine gastropods has not yet been achieved [16]. For this reason, TBT is still
recognized as an important environmental problem on a global scale and often considered
one of the most toxic substances released into the marine environment [19].

Microorganisms from historically impacted sites can develop a tolerance to pollutants
and, in some cases, degrade them, which can be a crucial factor in the recovery of con-
taminated environments [24]. Despite TBT toxicity, tolerance in some bacteria has been
reported [25]. Under favorable conditions, TBT may be biodegraded via sequential dealky-
lation processes to form dibutyltin (DBT), monobutyltin (MBT) and eventually inorganic
tin, decreasing its toxicity in the process [8,26]. Another proposed mechanism of bacterial
TBT degradation is the use of TBT as a carbon source [25–27]. Despite this increasing
number of studies, the use of naturally occurring microorganisms for remediation of TBT
is still far from a full-scale application as information on the actual mechanisms involved
in the degradation process is still scarce [25,28].

Moreover, the breakdown of TBT must be carefully followed as these by-products
may still exert some toxicity to marine organisms. Hence, besides plain analytical reason-
ing, ecotoxicological testing on bioremediated media is needed to determine the actual
biological damage of these degradation products.

Gibbula umbilicalis is a sea snail with a very wide distribution across the rocky shores of
the European Atlantic coast. This species is very abundant and easy to collect and maintain
in the laboratory, features that make it a good model in ecotoxicology [29,30] and suitable
model for monitoring TBT pollution.

In the present study, TBT-tolerant bacteria collected from Portuguese maritime ports
were isolated and characterized, with the main goal of determining the potential of these
isolates to bioremediate TBT into less toxic compounds. Additionally, to evaluate bioreme-
diation efficiency, G. umbilicalis sea snails were exposed to potential bioremediated media,
using survival as an endpoint.

2. Materials and Methods
2.1. Study Area and Sample Collection

Seawater samples were collected from seven Portuguese ports with high maritime traffic:
Póvoa de Varzim (41.376120, −8.766945); Leixões (41.195238, −8.684177); Aveiro (40.645899,
−8.727098); Figueira da Foz (40.146848, −8.849176); Peniche (39.355422, −9.375479); Setúbal
(38.521228, −8.887277); and Sines (37.950219, −8.864599). All samples were collected during
low tide, 50 cm above sediment level. Physicochemical parameters (temperature, pH, salinity,
conductivity, and dissolved oxygen) were measured using a multiparameter water meter
(Hanna HI 9828; Hanna Instruments, Villafranca Padovana, Italy). At each sampling location,
water samples were collected for bacteria isolation and for chemical analyses (butyltins and
metallic elements). Samples were processed within 8 h of collection.

2.2. Chemical Analyses

Chemical analyses of butyltins (tributyltin, dibutyltin and monobutyltin) were made
at the Instituto Superior Técnico (Lisbon, Portugal). Samples were derivatized with
tetraethylborate and analyzed by GC-MS (RTX-5MS column (30 mm× 0.25 mm× 0.25 µm))
using tributyltin chloride, dibutyltin chloride and monobutyltin chloride as standards. Met-
als analyses were conducted at the University of Aveiro (Aveiro, Portugal) for the following
metallic elements: silver (Ag), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu),
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iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), strontium (Sr), zinc (Zn), tin (Sn) and
mercury (Hg). Samples were acidified and analyzed by ICP-MS using an internal standard
(ISO 17294), except for mercury which was determined using gold as a stabilizing agent, as
described by Allibone et al. [31]. The limits of detection were as follows: 50 µg L−1 for Fe,
20 µg L−1 for Zn, 10 µg L−1 for Ni and Ag, 5 µg L−1 for Cr, Cu and Sn, 2 µg L−1 for Mn,
Co and Pb, 1 µg L−1 for Cd, and 0.5 µg L−1 for Hg.

2.3. Bacteria Isolation and Selection
2.3.1. Bacteria Isolation

Tributyltin (tributyltin chloride, 96%; Sigma-Aldrich, Madrid, Spain) 1.23 M stock
solution was prepared in ethanol. Bacteria were grown in Tryptic Soy Agar (TSA; Sharlau,
Barcelona, Spain) with 1.5% (w/v) NaCl and contaminated with 0.1, 1, and 3 mM TBT,
adjusting the total volume of ethanol in all media to 1% (v/v). Control groups were
prepared with no TBT and 1% ethanol.

Water samples were vacuum filtered through a 0.45 µm pore cellulose membrane filter
(Sartorius Stedim Biotech, Göttingen, Germany), placed on TSA/TBT media (three replicates
per concentration for each sampling site) and incubated at 30 ◦C. After 48 h, colony-forming
units (CFU) were counted and 3 mM TBT-tolerant bacteria from one plate per location were
isolated and purified by streak plate method.

2.3.2. REP-PCR Genomic Fingerprinting

Genomic DNA extraction was made with 250 µL of a fresh culture in Tryptic Soy
Broth (TSB, Sharlau, Barcelona, Spain). Cells were centrifuged for 5 min at 15,680× g and
resuspended in 50 µL Tris-EDTA (TE) buffer. Cells were lysed with 5 µL of Lysozyme
(10 mg/mL) and incubated for 1 h at 37 ◦C, followed by a 10 min incubation at 65 ◦C with
50 µL of Lysis Solution (Genomic DNA purification kit, Fermentas, Baden-Württemberg,
Germany). Next, 100 µL of chloroform was added to the lysate and spun 5 min at 15,680× g.
The aqueous phase was collected and mixed with 100 µL of isopropanol, followed by
centrifugation at 15,680× g for 10 min. The resulting pellet was washed with 100 µL of
70% ethanol, centrifuged (5 min, 15,680× g), dried and finally resuspended in 50 µL of
TE buffer and stored at −20 ◦C. Prior to PCR reaction, an agarose gel electrophoresis was
performed to verify DNA quality and extraction efficiency.

The REP-PCR reaction was performed with the following primer sequences: REP1R
(5’ III ICG ICG ICA TCI GGC 3’) and REP2I (5′ ICG ICT TAT CIG GCC TAC 3’) [32]. A
reaction mixture was prepared as follows: 11.15 µL of water, 5 µL of 5x buffer, 3 µL of
MgCl2 (25 mM), 1.5 µL of dNTP solution (2 mM of each dNTP), 1.25 µL of DMSO, 1 µL
of each primer (10 mM) and 0.1 µL of Taq polymerase. One µL of DNA was used as
a template. PCR amplification was performed using a MyCycler Thermal Cycler (Bio-
Rad, Hercules, CA, USA) with an initial denaturation step at 95 ◦C for 5 min followed by
30 cycles of denaturation at 94 ◦C for 1 min, annealing at 40 ◦C for 1 min and extension at
65 ◦C for 8 min. The final extension was carried at 65 ◦C for 16 min. PCR products were
evaluated by ethidium bromide-stained agarose gel electrophoresis and characterized by
Dice/UPGMA clustering [33]. Image acquisition was carried using a GelDoc (Bio-Rad,
Hercules, CA, USA) imaging system and banding patterns were analyzed with GelCompar
II 3.0 (Applied Maths, Kortrijk, Belgium).

2.3.3. Bacteria Selection

Selected bacterial phylotypes were grown in TSB until reaching an optical density
(O.D.) of 0.600 at 570 nm. Afterwards, the isolates were grown in TSB with 0, 1, 3 and 6 mM
of TBT and incubated at 160 rpm and 30 ◦C. Absorbance was measured in a microplate
reader (Labsystems Multiskan EX, Helsinki, Finland) every 30 min until the stationary
phase. The faster-growing bacteria in high concentrations of TBT were selected for biore-
mediation assay.
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2.4. Bioremediation Assay

Two isolates (S13 and F3) were selected (Supplementary data S1, Figure S2). The
experimental setup consisted of glass vessels containing sterile seawater with 500 µg L−1 of
TBT. Each bacterial inoculum (0.1% TSB with O.D. = 0.600) was added to the contaminated
media. In parallel, vessels containing sterile seawater and each inoculum were prepared
to evaluate possible toxic by-products of bacteria growth. In addition, a negative control
consisting of 0.1% TSB in sterile seawater was carried out. Three replicates were made per
treatment and kept away from light for 48 h at 20 ± 1 ◦C, with continuous aeration. For the
ecotoxicological testing, contents were filtered by pore size 0.45 µm cellulose membranes
and stored in amber glass bottles at 4 ◦C until used (<8 h).

2.5. Gibbula umbilicalis Acute Toxicity Tests
2.5.1. Preliminary TBT Ecotoxicity Testing

The acute toxicity of TBT was determined using the marine gastropod G. umbilicalis
(da Costa, 1778) as model organism. Sea snails were collected during low tide in Peniche
(central Portuguese coast), acclimated in glass tanks with clean natural seawater (34 PSU)
at 20 ± 1 ◦C for two weeks with a 16 h:8 h light:dark cycle. The snails were fed ad
libitum with the seaweed Ulva lactuca (Linnaeus, 1753). Snails with similar shell size
(10 ± 2 mm) were selected and starved 24 h prior to the tests. Sea snails were exposed
in 60 mL glass vessels filled with 0.01, 0.05, 0.2, 0.5, 1, 2, 5, 10, 25, 50, and 100 µg L−1 of
TBT (nominal concentrations) and covered with tulle netting. Eight replicates consisting of
one individual per vessel were used per concentration. After 48 and 96 h, mortality was
checked by mechanical stimulation of the operculum and the median lethal concentration
(LC50) determined.

2.5.2. TBT Remediation Ecotoxicity Testing

A similar setup was used to assess the ability of bacteria collected from marine ports to
bioremediate TBT-contaminated waters. An acute test was performed exposing the snails
to increasing dilutions of each treated media: 20, 12.2, 7.6, 4.6, 2.8, 1.8, 1, 0.7, and 0.4% of the
initial media (500 µg L−1 or 100%). In parallel, the following control groups were added to
the experiment: (1) a contaminated (untreated) media with TBT using the same dilution
range; (2) sterile seawater with each bacterial inoculum and (3) sterile seawater with 0.1%
TSB (negative control), aerated for 48 h. Concentrations were chosen based on preliminary
range-finding tests and literature search of environmentally relevant TBT concentrations.
After 48, 72, and 96 h of exposure, mortality was recorded and the LC50 estimated.

2.6. Bacterial Identification

Selected isolates were identified using a MALDI-TOF MS at the Hospital San Pe-
dro de Alcántara (Cáceres, Spain). A characteristic spectrum was generated, specific for
each species and compared to a reference database. A similarity over 2.0 indicated an
identification at the species level [34].

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was performed to analyze the number of
colony-forming units amongst treatments, followed by Dunnett’s post hoc test to determine
significant differences between experimental treatments and controls. Data were checked
for homoscedasticity and residual normality and when needed, data were log-transformed
to correct for non-normality. Median lethal concentrations (LC50′s) were determined using
four-parameter logistic curves and compared using the extra sum-of-squares F test. All
statistical analyses were performed using GraphPad Prism 9 (GraphPad Software Inc., San
Diego, CA, USA) and the significance level (p-value) was set at 0.05.
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3. Results
3.1. Chemical Analyses

Physicochemical parameters and chemical analyses of metallic elements are presented
in supplementary data (Supplementary data S1, Tables S1 and S2). The concentration
of butyltins (TBT, DBT, and MBT) was <50 ng L−1 and inorganic tin concentration was
<5 µg L−1 on all sampling locations. Leixões was the port with the highest level of metal
contamination, with Pb, Mn, and Zn detected at 2.2, 17.7, and 36 µg L−1, respectively.

3.2. Colony-Forming Units and Percentage of Tolerant Bacteria

The concentration of CFUs decreased with increasing TBT concentration, as did the
relative abundance (%) of tolerant bacteria when compared to the control. At 0.1 mM
TBT (Figure 1), Póvoa de Varzim sample presented the highest percentage of tolerant
bacteria (45.5 ± 6.8%) while Setúbal had the lowest (2.6 ± 0.7%). At 1 mM and 3 mM TBT,
Peniche port water exhibited the highest percentage of tolerants (8.2± 0.5% and 7.7± 1.8%,
respectively) as well as the highest absolute abundance of CFUs (410 ± 26 CFU mL−1 and
383 ± 91 CFU mL−1, respectively). Aveiro (0.3 ± 0.1%) and Setúbal (0.1 ± 0.03%) exhibited
the lowest percentage of tolerant bacteria to 1 mM and 3 mM, respectively. Aveiro also
presented the lowest abundance of cultivable isolates even in the absence of TBT, while
Peniche presented the highest. Significant differences between TBT-contaminated media
and control group were verified for all sampling sites. In total, 157 isolates tolerant to 3 mM
TBT were purified by streaking technique and used in subsequent assays.

3.3. Bacterial Selection for Bioremediation

Following a cluster analysis of REP-PCR fingerprints, a total of 111 isolates from
157 genetic profiles were regarded as different phylotypes (cut off set at 94% similarity;
Supplementary data S1, Figure S3). Similarity ranged from 37.5% to 100%, with the
sample from Figueira da Foz showing the highest variability and Peniche the lowest. To
further select the most promising bioremediation candidates, bacteria were grown in high
concentrations of TBT (from 1 to 6 mM).

Two strains were selected according to their growth in the presence of 6 mM TBT
(Supplementary data S1, Figure S2). Bacteria selected for bioremediation assays were S13
and F3. Strain S13 was identified as the gram-negative bacteria Pseudomonas putida and
strain F3 was identified as the gram-negative Serratia marcescens.

3.4. Acute Toxicity Tests

The 48 h and 96 h LC50′s (95% Confidence Interval) of TBT for G. umbilicalis were
estimated as 61.96 µg L−1 (60.62–63.33) and 15.73 µg L−1 (13.84–17.88), respectively (Sup-
plementary data S1, Figure S1). Regarding the exposure to potentially bioremediated media,
LC50 values are presented as a percentage of the initial TBT solution (500 µg L−1; Table 1).
After 48 h of exposure, it was only possible to estimate the LC50 for the TBT-untreated
media, as 17.02% (16.20–17.94) since no mortality was recorded in the remaining treatments.
For the remediation treatments, the LC50 was estimated to be higher than 20% (the highest
concentration tested). After 72 h, the LC50 for the TBT-untreated media was estimated
as 8.40% (8.19–8.62), with higher LC50 values estimated for the remediation treatments,
suggesting a decrease in toxicity of treated media. For the treatment with bacteria S13,
the LC50 was still estimated to be higher than 20%. A similar outcome was observed after
96 h of exposure, with the lowest LC50 estimated for the TBT-untreated media (5.91%
(8.89–5.93)) and the highest for the treatment with bacteria S13 (Table 1).
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Table 1. Lethal concentration values estimated for Gibbula umbilicalis exposed to untreated and
bioremediated media. Strain S13: Pseudomonas putida; Strain F3: Serratia marcescens. Asterisk (*)
indicates significant differences in LC50 between bioremediated treatments and untreated media.
n.d.-not determined.

Exposure Period Treatment LC50 (%) 95% Confidence Interval

48 h
TBT 17.02 16.20–17.94

S13 + TBT >20 n.d.
F3 + TBT >20 n.d.

72 h
TBT 8.40 8.19–8.62

S13 + TBT >20 n.d.
F3 + TBT 19.90 * 13.89–45.32

96 h
TBT 5.91 5.89–5.93

S13 + TBT 19.97 * 19.63–20.34
F3 + TBT 10.21 * 8.04–13.45

As mentioned, glass vessels with seawater (without TBT) inoculated with selected
bacteria were maintained in the same conditions as described for the other treatments. Sea
snails were exposed to increasing dilutions of these media. At 20% of the initial solution,
no mortality was observed during the 96 h exposure period.

4. Discussion

Naturally occurring marine bacteria from Portuguese ports were grown and isolated
in high concentrations of TBT and their decontamination potential was evaluated. The
results suggest that TBT is highly selective and can negatively affect bacterial growth. A
decrease in the CFUs abundance with increasing TBT concentrations was observed for all
sampled sites. At 0.1 mM, the bacterial growth was affected, with a decrease of CFUs over
50% compared to the control, suggesting this low concentration is highly toxic.

In Peniche, the percentage of tolerant bacteria was constant with increasing TBT
concentrations. Peniche was also the location with the highest percentage of tolerant
bacteria at 3 mM (7.7% compared to control). These results may be explained by the
initial pool of bacteria, which was the highest from all sampling sites. Butyltin’s levels in
collected waters were below the limit of quantification (<50 ng L−1) in all sampling sites.
Marinas and ports are hotspots of TBT contamination due to boat traffic and shipyard
activities [35,36]. Thus, it is expected that these sampling sites would be contaminated
with TBT and that smaller concentrations of this highly toxic chemical might be present,
particularly in sediments, where it persists [8,37]. Previous studies reported levels of
butyltins in Portuguese waters. In 1999/2000, samples collected along Portuguese rivers
and coastal waters revealed butyltins levels ranging from 23 to 79 ng L−1 [35]. In 1999, on
Tagus estuary, TBT levels ranged from 1.1 to 21.1 ng L−1 [38]. Although those studies date
back to the pre-ban period, a more recent study revealed that in 2014 TBT was still present
in Portuguese coastal waters, since quantifiable amounts were detected in dog-whelks
(Gastropoda) tissue samples [16].

Additionally, some studies refer the occurrence of TBT-tolerant bacteria to be related
to the occurrence of other contaminants such as metals, making them cross-resistant to
TBT [39]. Seaports are traditionally contaminated sites, making these heavily impacted
sites more selective for bacteria that develop mechanisms to adapt to such conditions.

The REP-PCR method was used to characterize the 157 isolates tolerant to 3 mM of
TBT. One hundred and eleven different patterns were identified. Peniche port samples
had the lowest level of diversity, with just 5 distinctive patterns identified using REP-PCR,
sharing a similarity of more than 79%, suggesting that the isolates from this location were
genetically close to each other. This low diversity and higher initial pool of microorganisms
(5000 ± 513 CFU mL−1), may explain the high percentage of tolerant CFUs observed for
this location.
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To select the most suitable strains for bioremediation assays, bacteria were exposed to
6 mM TBT and two different strains were selected based on their growth in this condition.
Although TBT inhibits the growth of these isolates, there were no apparent differences
in growth between 1 mM, 3 mM, and 6 mM. Cruz et al. [40] reported that gradually
transferring bacteria to higher TBT concentrations increases their tolerance, suggesting a
“memory response” mechanism, which could justify why some bacteria grew in such high
concentrations since they were cultured and maintained in TBT-contaminated media.

Despite the importance of determining the levels of a toxicant and its by-products
in the ecosystems, this does not provide information on the contaminant’s toxicity and
its degradation products. Such data can be obtained through ecotoxicological assays.
In the present study, ecotoxicological testing with G. umbilicalis proved to be a solid
approach to determine toxic effects of TBT. Still, the use of sub-lethal, and thus more
sensitive endpoints [41] should also be considered in future studies to better estimate
the harmful impacts of low levels of butyltins on gastropods. Pseudomonas putida (S13)
showed the highest biodegradation potential of TBT-contaminated waters, as evidenced
by the observed decrease in toxicity mediated by this bacterium. Pseudomonas putida was
reported as a TBT-degrading bacteria that uses TBT as a carbon source [27]. The cultivation
of P. putida in TBT-contaminated media suggests that the breaking down of TBT by this
bacterium generates degradation products with a lower toxicity than the parent compound.
The ecotoxicological approach used in this study, allows to show the relevant effect on
important species. Nonetheless, follow up studies should be complemented with chemical
analyses. An increase in LC50 was also observed for the treatment with Serratia marcescens
(F3), suggesting that remediation of the media had occurred, as the medium became less
toxic. Serratia marcescens has been regarded as a potential organotin-resistant bacteria [26]
and here its tolerance is confirmed. To our knowledge, this is the first study concerning the
potential of S. marcescens to bioremediate TBT-contaminated waters. Nonetheless, despite
the decrease in toxicity of the treated media with this bacterium after 96 h of exposure,
the media was still toxic to G. umbilicalis. This hints the possibility that some TBT may be
still present in the media and a longer remediation period (>48 h) may be needed for a
more effective TBT degradation. Additionally, toxic by-products may be generated, which
should be monitored in future studies, considering that toxic degradation products may
hamper the in situ application of TBT-degrading bacteria.

As demonstrated in this study, naturally present bacteria from Portuguese ports can
tolerate TBT at high levels and eventually transform it into less toxic compounds, contribut-
ing towards ecosystem restoration. The results derived from the ecotoxicological testing
demonstrated that P. putida and S. marcescens have the potential to step up TBT removal
from contaminated marine environments and thus representing candidate remediation
agents for application in bioremediation approaches. Since heavy metal and antibiotic
resistance is frequent in TBT-resistant bacteria, exploring TBT-tolerant bacteria applications
might be vital for the restoration of polluted environments in general. Knowledge of their
genetics and physiology is key for their future application as natural decontamination
facilitators.

Overall, the present study contributed to the growing knowledge of TBT-degrading
bacteria. The decrease in toxicity observed strongly suggest that P. putida can transform
TBT into less toxic products and that ecotoxicological testing can be a valuable tool in
bioremediation studies as a complement of chemical analyses. Future research should
focus on determining mechanisms underlying TBT resistance and biodegradation. Despite
the decreasing trend observed over the past decades, TBT levels in water and biota are
still matters of concern [42]. Existing prohibitions have not translated into a complete
elimination of TBT and its by-products from the environment, particularly considering
the persistent nature of these chemicals, and therefore there is still a paramount need to
develop tools to transform and safely remove this chemical from the environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11146411/s1, Table S1: Physicochemical properties of near-sediment waters from sampling
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sites at Portuguese ports, Table S2: Metal quantification in near-sediment waters from sampling sites
at Portuguese ports, Figure S1: Dose-response curves of Gibbula umbilicalis exposed to TBT for 48
and 96 h, Figure S2: Growth curves of bacteria in the presence of TBT (1, 3 and 6 mM), Figure S3:
Dendrogram showing genetic similarity of isolated bacteria determined by analysis of REP-PCR
fingerprint patterns using Dice similarity coefficient and UPGMA cluster methods.
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