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The coexistence in aquatic systems of chemical and physical contaminants, such as Mercury (Hg) and 
Micro-plastics (MPs, Ø <5 mm), is an intricate problem. Mercury is well known for its toxicological 
effects and MPs, due to their polymeric properties, can interact with chemicals, such as Hg, by 
absorbing them in their surface. Beside this, MPs can act as a surface of attachment for 
microorganisms. Knowing that, microorganisms are the key player in Hg natural detoxification 
processes in aquatic systems, the following questions arise: Does the presence of MPs affect 
microbial-mediated Hg-detoxification? To answer this, Hg-resistant microorganisms were isolated 
from Hg-contaminated area of the Tagus estuary and the most Hg-resistant strains were selected to 
assess the effect of polystyrene MPs (PS-MPs) on the Hg-detoxification process. After up to 5 days of 
incubation with Hg and Hg plus PS-MPs, culture medium and PS-MPs were collected to assess the: 1) 
Hg-removal; 2) Acute toxicity of the supernatant; 3) pH variations of the supernatant and 3) Bacteria 
association with PS-MPs. The isolates selected for this study (strains PWLO and PWBL) were identified 
through the amplification of 16S rRNA as Pseudomonas sp. The results demonstrated that: (i) Both 
strains are resistant to Hg and can remove Hg2+ from the liquid medium and (ii) The presence of PS-
MPs affects Hg-removal mediated by the strain PWLO and consequently the detoxification processes. 
Thus, this set of data highlight the impact that PS-MPs may have on Hg natural-occurring 
detoxification process mediated by Hg-resistant bacteria in aquatic ecosystems.
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INTRODUCTION
Plastic debris of various sizes, including macro-plastic (<1 m),
meso-plastic (2.5 cm-5 mm) and micro-plastic (MPs, Ø <5
mm), are ubiquitous in aquatic systems, including freshwater,
estuaries, coastal and open sea, Antarctica and are known to
interact with aquatic organisms from all trophic levels,
resulting in a range of toxicological effects. Especially, in

recent years, MPs are the most common plastic debris
reported in aquatic systems and studies have been
demonstrated toxicological effects on a wide range of aquatic
biota, from mussels, freshwater bivalve to fishes [1].

MPs can be classified as primary MPs (Ø from 0.1 to 5.0 mm),
if deliberately manufactured for commercial use (e.g., plastic
pellets, micro-beads from personal care products, paint
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flakes) or secondary MPs, if resulting from the fragmentation of 
larger plastic items via UV solar radiation, chemical degradation 
and biodegradation. Compared with large plastic debris, MPs 
are of special concern, because of their bioaccumulation 
potential, which increases with the decreasing on size.

Once inside aquatic systems, MPs are known to be taken up, 
ingested and accumulated throughout the aquatic food chain 
at all levels. MPs alone have been shown to cause oxidative 
stress, neurotoxicity, genotoxicity and inflammation. In 
addition, due to their large surface-to-volume ratio and 
lipophilicity, MPs can interact with other environmental 
pollutants, including metals, pharmaceuticals, polycyclic 
aromatic hydrocarbons, etc. in a size-dependent way.

Besides chemical adsorption, there are also microorganisms 
developing biofilms on the surface of MPs polymers, the so-
called “plastisphere”. These include huma and animal 
pathogens (e.g., genus Vibrio) and hydrocarbon-degrading 
bacteria, which may potentially influence plastic debris 
fragmentation and degradation. However, little is known 
about the ecological functions of this community [2]. In the 
case of marine plastisphere, it is already known that these 
microorganisms play a key role in the biogeochemical cycles in 
the oceans. Moreover, recently Seeley, et al., reported that 
the presence of MPs alters sediment microbial community 
composition and nitrogen cycling processes. By comparing 
sediments without MPs and sediment with MPs, the authors 
found that some MPs promote nitrification and denitrification, 
while others (e.g., polyvinyl chloride) inhibit both processes. 
Still, the effect of MPs on microorganisms/microbial 
communities living in aquatic systems and their functions are 
poorly understood and need to be further investigated.

Industrialized and urbanized coastal areas, including estuarine 
ecosystems, are known as the hotspots of anthropogenic-
originated contamination with several ubiquitous pollutants, 
including MPs and Mercury (Hg). Hg is among the 10 
chemicals of major public health concern (WHO), exhibiting 
toxicity even at low concentrations. In the aquatic systems, 
inorganic Hg is converted into the highly neurotoxic Methyl 
Mercury (MeHg), which is biomagnified along the food chain. 
In these systems, the bio-methylation of mercuric mercury, 
i.e. carried out by microorganisms, is the major pathway 
responsible for high concentrations of MeHg. The co-
existence of Hg and MPs in the aquatic system is a complex 
problem, as toxic effects, including increased toxicity resulting 
from the simultaneous exposure to MPs and Hg, have been 
reported.

In our previous studies, it was shown that microorganisms, 
namely bacteria, are involved in the biogeochemical cycle of 
Hg in Tagus estuary, an estuary showing high to moderate 
levels of these metals, including the MeHg. Aerobic bacteria 
community and isolates were shown to be involved mainly in 
processes of Hg-detoxification, including Hg-reduction and 
MeHg-demethylation [3]. Thus, knowing that Hg can be 
adsorbed to MPs surface and may interact with aquatic 
microorganisms from the plastisphere, we aim to clarify the

repercussion of these interactions on the biogeochemical cycle 
of Hg to answer the question: Do microplastics affect microbial-
mediated processes taking place in Hg-biogeochemical cycle? 
For this purpose, Polystyrene (PS) polymer particles (PS-MPs) 
were used as an MPs model for this study and Hg-resistant 
bacteria were isolated from water samples collected from a Hg-
contaminated area of Tagus Estuary (Barreiro-industrial area).

MATERIAL AND METHODS

Tested Substances and Other Chemicals
To obtain the PS-MPs, PS commercial plastic materials were 
powdered, producing particles with a size ≤ 1 mm. PS (C8H8) is 
a synthetic aromatic hydrocarbon polymer, which is hard, 
rigid, solid at room temperature and transparent. This 
polymer is an appropriate material for the food container and 
for the packaging of industrial products. Mercury chloride 
(HgCl2) (Riedel-de Haen) (99.9%) was used in all Hg-containing 
assays. The bacterial culture was maintained in Mueller-
Hinton (MH) (Biokar diagnostics) medium, a testing medium 
recognized as standard by NCCLS [4].

Sediments and Water Samples Collection
According to previous studies, a contaminated area of Tagus 
estuary was selected for this study-Barreiro (Lat: 38.664500, 
Long: -9.078600) (Figure 1). This specific area of Tagusestuary 
is a well-known highly impacted area with an intensive 
industrial activity (e.g., metal-mechanical and textile activities) 
since the 1960 decade. Although Hg has been phased out from 
industrial activities, a high level of Hg contamination still 
exists.

Figure 1: Tagus estuary sampled area (Lat: 38.664500, Long: 
-9.078600) and schematic representation of bioassay set up 
to evaluate the effect of Polystyrene Microplastics (PS-MPs) 
on microbial-mediated Hg-reduction. Two highly Hg-33 
resistant strains isolated from Tagus estuary were used (PWBL 
and PWLO) in the assays 3, 4 and 5. Assay 1 was performed as 
Hg control and assay 2 was performed to investigate the 
interaction between Hg and PS-MPs. The endpoint evaluated 
was the pH, HgT, toxicity test and PS-MPs-associated DNA.

Sediment samples (3 cm-deep) were collected to sterile 
centrifuge  tubes in  triplicate at the intertidal zone, during  the
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spring season at low tide. Water samples were collected in 
triplicate near the shoreline directly into a sterile centrifuge 
tube (50 ml). The tubes containing both water and sediment 
samples were sealed and stored in a refrigerated chamber 
and transported to the laboratory. The sediments were 
centrifuged at 16,582 × g for 2 minutes and the pore water 
was collected and stored for microbial community isolation.

Bacteria Isolation and Mercury Susceptibility Testing
Bacteria were isolated from the water and pore water 
samples. Eighteen inoculums were prepared by diluting 1 ml 
of each triplicated water sample into 9 ml of distilled sterile 
water. To isolate Hg-resistant/tolerant bacteria, 500 μl of each 
inoculum were plated on MH agar media with and without 
Hg2+ selective pressure (5.0 µM) and incubated at room 
temperature [5]. After three days of incubation, the different 
bacterial colonies observed were isolated into a new plate 
with the same Hg selective pressure. A total of 12 pure 
colonies were isolated and stored in a refrigerated 
environment.

The Hg-resistance levels of each isolate were inferred from 
the Minimal Inhibitory Concentration (MIC) determination, 
using a modified micro-dilution broth method described by 
clinical laboratory standards institute. Briefly, bacteria 
cultures in MH broth at a concentration of approximately 108 
Colony-Forming Units (CFU)/ml were diluted in MH broth to 
obtain 106 CFU/ml. In a sterile 96-well micro-plate, 100 µl of 
this bacterial suspension were placed and afterward, 100 µl of
aqueous HgCl2 solution were added into the wells of the first 
column. Then, sequential dilutions (1:2) were performed in 
the following column until eleventh column to obtain 
concentrations ranging from 0.10 to 500 µM Hg2+. Bacterial 
suspension in the absence of Hg (twelfth column) was used as 
a negative control [6]. Duplicate samples were performed for 
each concentration tested. After incubation at room 
temperature in the dark, for 24 h and under aerobic 
conditions, the presence or absence of bacterial growth was 
observed. The MIC was defined as the minimum 
concentration of test compound that inhibited visible growth. 
All data points represent the mean ± Standard Deviation (STD) 
of 3 independent determinations (each one performed with 
duplicates).

Bioassay Setup
Among the Hg-resistant isolates, two highly resistant strains 
(PWBL and PWLO) were selected to study their Hg2+ removal 
capacity and the effect of PS-MPs on this process. To 
investigate the correlation between microbial-mediated Hg-
removal and the effects of PS-MPs on this process, a setup of 
the assay with five conditions was designed: (1) Hg; (2) PS plus 
Hg (Hg: PS-MPs); (3) The selected strains plus Hg (PWBL: Hg 
and PWLO: Hg); (4) The selected strains in Hg and PS-MPs 
spiked medium (PWBL: Hg: PS-MPs and PWLO: Hg; PS-MPs) 
and (5) the selected strains in PS spiked medium (PWBL:PS-
MPs and PWLO:PS-MPs) (Figure 1).

The incubation medium was 1:1 proportion of sterile river 
water  and 50% of MH broth. This  medium was  spiked  with 2

µM of inorganic Hg ([Hg2+]>EC50 (0.64 ± 0.02 µM)) (a 
preliminary result of this study). The PS-MPs were adjusted to 
40 mg/L, as the reference concentration, taken from the 
highest MPs concentration used in a bioassay by Prata, et al. 
The assay was carried out in duplicate, at room temperature 
[7]. Three independent assays were performed. After 
incubation for up to 5 days, 5 ml of culture medium were 
centrifuged at 16,582 × g for 1 min to separate the 
supernatant from the cell pellet. The supernatant was used for 
determination of Total Hg (HgT), pH measurement and 
Microtox analyses. The pellet was used for HgT measurement. 
PS-MPs were also collected from each treatment through 
suspension filtration using a 200 μm filter for DNA extraction.

Determination of HgT in the Collected Samples
The concentration of HgT was determined in both water and 
pore water samples collected from the sampled area 
(Barreiro) and in the supernatant and pellet samples collected 
from the bioassays. The measurement was performed via 
atomic absorption spectrometry, using a silicon Ultraviolet 
(UV) diode detector LECO AMA-254 as previously described. 
Precision, expressed as the relative standard deviation of 3 
replicate samples (2 measurements for each one), was 2.4%
[8]. Spiked Hg solution (5.0 µM) was used to ensure the 
accuracy of the procedure and the obtained value was 4.90 ± 
1.16 µM (not statistically different). Media plus Hg was used 
as the negative control of the bioassay. Three independent 
assays were performed and data are expressed as Hg variation 
relative to the negative control.

pH Analysis
The pH of each supernatant samples collected from the 
bioassay was measured with a benchtop pH/mV/℃ meter, 
phenomenal® pH 1100L, calibrated with technical buffers pH 
4.01 and pH 7.00 (VWR).

Microtox Analyses
The evaluation of the toxicity associated to the 5-days old 
supernatant samples was carried out according to a standard 
ISO toxicity laboratory method, 11348-3: 2007, the Microtox 
acute toxicity test. This test was used to evaluate the 
bioluminescence inhibition of Allivibrio fischeri after exposure 
to the supernatant samples [9]. Microtox test is a rapid, simple, 
cost-effective and generally as sensitive as fish and 
invertebrate toxicity assays approach that uses freeze-dried 
bacteria and allows determining the ECx (Effect Concentration) 
of a compound or environmental sample. The analyses were 
carried out using a Microtox Model 500 toxicity analyzer 
system (Modern Water) and the procedure was following the 
MicrotoxOmni software (version 4.3, 1995, Los Angeles, CA, 
USA). The resulting data was used to calculate EC20.

DNA Extraction and Bacteria Identification
Bacterial DNA associated with the PSMPs and from pure 
colonies isolated from pore water were extracted by using the
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DNeasy power water kit (Qiagen) according to manufacturer’s 
instructions. The DNA was quantified by a nano-drop 
spectrophotometer and expressed as ng/µL [10].

For the identification of isolates, the 16SrRNA gene was 
amplified using 16SV1-V3 primers (F28-
GAGTTTGATCNTGGCTCAG/R519-GTNTTACNGCGGCKGCTG). 
Polymerase Chain Reaction (PCR) reactions were carried out 
in 25 µl volume containing 12.5 µl of PCR master mix (50 mM 
Tris-HCl, pH 9, 50 mM NaCl, 2.5 mM MgCl2, 200 µM of each 
dNTP and 0.2 U/µl of NZYTaq DNA polymerase), 8.5 µl of 
nuclease-free water, 0.1–1 µM of primers and 0.05–0.5 µg of 
template DNA. PCR mixtures were amplified by initial holding 
at 98°C for 30 s and then 20-35 cycles of denaturing at 98°C 
for 10 s, annealing at 58°C for 30s and extension at 72°C for 
30s and a final extension at 72°C for 10 min. The sizes of 
amplicons were confirmed by gel electrophoresis. PCR 
products were purified using the NZYGelpure kit (NZYTech), 
following the protocol instructions. Sequencing was 
performed by STAB-Vida (Lisbon, Portugal), using the same 
primers used for amplification.

All sequences were subjected to BLAST search for comparison 
with published sequences. Multiple alignments with the 
known 16S rRNA gene sequence from GenBank were 
performed by the CLUSTAL W2 algorithm.

Statistical Analysis
All the data are presented as mean ± standard deviation (n=3 
independent assays). Differences between experimental 
groups were determined by applying the Fisher Test and t-test 
for independent samples, considered significant at a p-value 
<0.05. ANOVA PostHoc-Dunnett test was as well applied (p-
value <0.05) [11].

Statistics were performed using the software SPSS (IBM SPSS 
Statistics 25). In order to calculate the ECx of A. fischeri 
bioluminescence inhibition, the datasets were fitted to a 3-
parameter logistic dose-response model.

In this equation, Y is the A. fischeri bioluminescence, Ymax is 
the Y maximal, x is the percentage of the effect, f is the 
percentage of the supernatant sample, the ECx is the effect 
concentration for x and b is the slope. The calculations were 
performed using SPSS (IBM SPSS statistics 25).

RESULTS

HgT in Water and Pore-water Samples of Tagus Estuary
The HgT concentrations in water and pore-water samples are 
presented in Table 1. Both samples showed similar levels of 
Hg, 0.42 µM and 0.65 µM, respectively.

Hg-resistant Isolates
The number of colonies resulting from the inoculums of water 
and pore-water samples spread into the medium with and 
without Hg selective pressure (5.0 µM Hg2+) is shown in 
Supplementary Table 1. Medium with selective pressure 
showed a higher number of colonies and porewater samples 
exhibited more colonies in both conditions, compared with 
the water samples (Supplementary Table 1) however, there is 
no significant difference between them (p <0.05). In terms of 
diversity (different colonies), eleven different colonies were 
found on water samples and seven different colonies were 
found on pore-water samples (Supplementary Table 1). The 
presence of Hg decreased the diversity on pore-water samples 
(Shannon index for media without Hg>Shannon index for 
media with Hg) but not for water (Shannon index for media 
without Hg ≈ Shannon index for media with Hg) (Table 1) [12]. 

Samples HgT (µM) Shannon H index MIC values (µM)

w/o Hg w/ 5 µM Hg

Water 0.42 ± 0.02a 1.94 1.95 4.00-31.4b

Pore-water 0.65 ± 0.01a 1.26 0.65 85.8-125b

A total of twelve different colonies were found in media 
containing 5.0 µM Hg2+ (Supplementary Table 1), from both 
water and pore-water samples. From these, a total of four 
different colonies (two from water and 2 from pore-water 
samples) were selected for the subsequent experiment, 
according to their dominance in the medium (Supplementary 
Table 1). The  MIC values for these  four selected  bacterial

strains ranged from 4.0 to 125 µM (Table 1). In general, the 
pore-water isolates showed higher MIC values, in comparison 
with the homologous water sample isolates, in particular the 
PWBL strain with a MIC value as high as 125 µM. Therefore, 
due to its greater resistance to Hg, the pore-water isolates 
(PWBL and PWLO) were selected to be used in the assays to
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Table 1: Total Hg concentration (HgT) in water samples of Tagus Estuary (Barreiro) and diversity index of Hg-resistant bacteria colonies isolated 
from these samples. The minimal inhibitory concentration (MIC) reflects the Hg-resistance level of each isolate.
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assess their Hg-reduction potential and the influence of PS-
MPs in this process [13].

The selected microorganisms were identified through 16S 
rRNA gene amplification. All the isolates correspond to the 
genus Pseudomonas with 99-100% of identity (Table 2). The 
DNA extracted from PS-MPs after  five days of incubation with 

the selected microorganisms was quantified and the trend 
was PWLO: PS-MPs (2.50 ng/µL) >PWBL:PS-MPs (0.70 ng/µL). 
The amplified 16S rRNA genes sequence obtained from this 
DNA had a 99-100% match with the genus Pseudomonas 
(Table 2).

DNA extracted from Isolates Identification based on
16SrRNA

% identity Accession no.

Liquid media PWBL Pseudomonas sp. 99 MK478928

PWLO Pseudomonas sp. 100 AM778697

Microplastics PWBL Pseudomonas sp. 100 AM778697

PWLO Pseudomonas sp. 99 MK729053

Bacterial-Mediated Hg-Removal
The HgT concentrations were determined in the supernatant 
and cell pellet fractions after 24 h of incubation, to evaluate 
bacterial-mediated Hg-removal [14]. Figure 2 portrays the 
mass balance of HgT (Figure 2) and the fold change relatively 
to the control (HgT in the supernatant), after 24 h of 
incubation of both selected strains with 5.0 µM of Hg2+. On 
the first day of incubation (24 h of incubation), the medium 
containing the isolates and Hg (PWBL: Hg and PWLO: Hg) 
showed a clear decrease in HgT concentration (Figure 2A). 
Compared with the control (medium containing solely Hg), the 
HgT in PWBL: Hg and PWLO: Hg supernatant are statistically 
significant (p-value <0.05). Considering the mass balance, it 
can be observed that 57 and 38% of Hg were missing after the 
first day of incubation with these two strains (PWBL and 
PWLO strains, respectively). No significant differences were 
found between the two strains (p-value <0.05).

Figure 2: Mass balance of Total Hg (HgT) (A) and the variation 
of Total Hg (HgT) measured on the supernatant (B), after 24 h 
of incubation at room temperature. (A) HgT was measured on 
cell pellet and supernatant samples collected after one day of 
incubation of the strains PWBL and PWBL with 5.0 µM of 
Hg2+. The results are presented as a percentage of Hg control 
(% of control). (B) Fold change from the Hg control (medium-
plus 5 µM Hg2+) of total Hg (HgT) measured on the 
supernatant samples of 6 conditions: Hg, Hg plus PS-MPs 
(Hg:PS-MPs), PWLO strain plus Hg and plus Hg and PS-MPs 
(PWLO:Hg and PWLO:Hg:PS-MPs) and PWBL strain plus Hg 
and plus Hg and PS-MPs (PWBL:Hg and PWBL:Hg:PS-MPs). The 
culture medium (1:1 river water and MH broth) was spiked 
with 5 µM Hg2+ and 40 mg/l of PS-MPs Ø <1 mm. The data are 
expressed as the mean ± standard deviation of three 
independent assays. (*) indicate significant differences in 
comparison with Hg control (p-value <0.05).

Effects of PS-MPs on Hg Removal

The HgT of the supernatant was determined after 24 h and five 
days of incubation for conditions Hg:PS-MPs, PWBL:Hg:PS-MPs 
and PWLO:Hg:PS-MPs. Figure 2 shows the obtained results for 
24 h. All three conditions are statistically different from the 
control (p-value<0.05), exhibiting Hg-removal from the culture 
medium. The presence of PS-MPs decreased the Hg removal 
mediated by the strain PWLO, being that the remaining HgT 
concentration in the supernatant of PWLO:Hg:PS-MPs 
condition was slightly higher than the PWLO:Hg, however this 
difference are not statistically significant (p-value<0.05) [15].

After five days of incubation, the trend of HgT concentrations was: 
PWLO:Hg:PS- MPs>Hg:PS-MPs>PWLO:Hg>PWBL:H>PWBL:Hg:PS-
MPs (Figure 3). The PWBL:Hg:PS-MPs supernatant exhibited the 
lowest HgT concentration (0.23 ± 0.01 µM), with a significant 
difference from the Hg:PS-MPs (p-value<0.05), while PWLO:Hg:PS-
MPs supernatant exhibited the highest HgT concentration 
(0.57 ± 0.02 µM), with a significant difference from Hg:PS-MPs 
and PWLO:Hg (p-value<0.05) (Figure 3). Significant differences 
were found between the two strains (p-value<0.05) (Figure 3). 
Lower than for the PWLO:Hg samples, the dose-response 
curves are not statistically different (p-value<0.05).
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Table 2: Identification of bacteria isolates based on 16SrRNA, there percentage 701 identity and accession numbers.
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Figure 3: Variation of Total Hg (HgT) measured on the 
supernatant samples of Hg:PS-MPs, PWLO plus Hg and plus 
Hg and PS-MPs (PWLO:Hg and PWLO:Hg:PS-MPs) and PWBL 
strain plus Hg and plus Hg and PS-MPs (PWBL:Hg and 
PWBL:Hg:PS-MPs), after five days of incubation at room 
temperature. The culture medium (1:1 river water and MH 
broth) was spiked with 5 µM Hg2+ and 40 mg/l of PS-MPs Ø <1 
mm. The values are expressed as fold change from the Hg 
control (medium-plus 5 µM Hg2+). (*), (**) and (#) indicates 
significant differences in comparison with Hg control, Hg:PS-
MPs and with the homologous supernatant of the strain plus 
Hg, respectively and (a) and (b) indicates differences between 
the two strains (p-value<0.05).

PH Variation on the Supernatant
The pH values of the supernatant after five days of incubation 
are shown in Figure 4. A change in the pH values would 
indicate that the chemical additives present in PS-MPs would 
be dissociating from it to the suspension.

The presence of PS-MPs on the medium led to a slight drop on 
the pH value (0.039 units) in comparison with the Hg control, 
however, without significant differences (p-value<0.05) [16]. 
Regarding media containing the bacteria strains, in both 
conditions with Hg and with Hg:PS-MPs, the pH values 
increased in comparison with the Hg control with significant 
differences (p-value<0.05) (Figure 4). No significant differences 
were found between the supernatants containing the isolates 
strains with and without PS-MPs.

Figure 4: The variation of pH values of the supernatant 
containing Hg control, Hg:PS-MPs, Hg:PWBL, Hg:PWLO, 
Hg:PWBL:PS-MPs and HgPWLO:PS-MPs, after three and five 
days of incubation at room temperature. The data are 
expressed as the mean ± standard deviation of three 
independent assays. (*) indicates significant differences in 
comparison with Hg control (medium-plus 5 µM Hg2+) (p-
value <0.05).

DISCUSSION
In the present study, the effect of PS-MPs on the Hg-removal 
potential of two Hg- resistant Pseudomonas isolated from an 
Hg-contaminated estuarine ecosystem was evaluated.

Highly Hg-resistant bacteria were isolated from water and 
pore-water samples of the Tagus estuary (Barreiro). This 
estuary and particularly this area on the south line, is known 
for its moderate-to-high levels of Hg contamination as a result 
of intensive past industrial activity. In fact, the results 
reported here for HgT on the two-sampled matrices (0.42 µM 
on water and 0.65 µM on pore-water) are higher than those 
reported by Canario et al. and Figueiredo et al., for pore-
water of the north channel (range 1.8–79 pM) and saltmarsh 
(mean 12 pM) areas of this estuary. This corroborates the 
higher Hg contamination found in this area [17].

The two selected Hg-resistant bacteria strains (PWLO and 
PWBL) are two Pseudomonas sp. exhibiting Hg-removal 
potential. Among them, the PWBL strain displayed a higher 
Hg removal capacity from the culture medium. However, the 
mass balance showed a higher Hg loss for the PWLO (57.4 ± 
2.57 %), after 24 h of incubation, compared with the 44 ± 5.44 
% for PWBL [18]. The lower Hg concentration in the medium 
inoculated with PWBL may be explained by the higher Hg
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uptake by cell fraction. The Hg-removal potential is likely the 
result of the higher Hg-resistance displayed by this strain. 
Previous studies conducted by Figueiredo, et al., reported the 
existence of highly Hg-resistant bacteria in Tagus Estuary, 
particularly in the sediment of the sampled area (Hg2+ MIC 
values ranging from 0.80 to 698 µM. These Hg-resistant 
bacteria were mostly Bacillus sp. and were found to perform 
Hg-reduction with subsequent volatilization of Hg0. It is 
plausible that a similar mechanism exists in these 
Pseudomonas sp. strains, thus explaining the consistent 
decrease of HgT observed in the supernatant.

On the other hand, when PS-MPs were added to the culture 
medium, the concentration of HgT in the supernatant was 
lower than the Hg-control, after 24h of incubation, but higher 
after 5 days of incubation. This may be related to the PS-MP 
absorption affinity to Hg, which may create a dynamic of 
absorption followed by desorption in Hg:PS-MPs. This result 
points that PS-MPs can interfere with the Hg-removal by 
decreasing the bioavailability of Hg to be reduced by bacteria 
in the culture medium. For instance, HgT in medium 
containing PWLO was higher when PS-MPs were added.

Other hypotheses for the interference of PS-MPs on the 
microbial-mediated Hg-removal may rely on the fact that 
microorganisms can attach to the PS-MPs surface. This is most 
likely in the case of strain PWLO. Indeed, the DNA quantity 
extracted from PS-MPs incubated with PWLO was almost four 
times higher  than  the concentration of  PWBL:PS-MPs-associated 

DNA, indicating a higher ability of PWLO to be attached to the 
PS-MPs surface. The hydrophobic characteristic of PS-MPs 
promotes forces of attraction between microorganisms and 
this polymer surface, which may enable microorganisms to 
attach themselves to the polymer’s surface and to move from 
water to this subtract.

This is a significant result since it shows that the association 
between MPs and Hg-resistant bacteria compromises the 
detoxification process of a medium containing Hg, by 
reducing the available number of microorganisms to perform 
this process.

The interference of PS-MPs with Hg-removal may also affect 
the resulting toxicity. For instance, after five days of exposure, 
the toxicity of supernatant samples collected from the 
PWLO:Hg:PS-MPs treatment was higher than the PWLO:Hg 
supernatant. Despite there being no significant differences on 
a laboratory scale, one cannot be sure in the environmental 
scale and in long- term toxicity. In the opposite, the presence 
of PS-MPs did not interfere with the

Hg removal capacities of the PWBL strain. This strain showed 
a higher and faster Hg-removal capacity by accumulating Hg in 
cell pellet. This observation reveals that the effect of PS-MPs 
on bacterial-mediated Hg-removal will depend on the 
mechanisms involved in this process (Table 3) [19].

Supernatant samples EC20 (% of supernatant)

Hg control 2.5 (0< -8.4)

Hg:PS-MPs 11.9 (1.0-22.8)

PWBL:Hg (n.d)1

PWLO:Hg 1.0 (0.1-1.3)

PWBL:Hg:PS-MPs (n.d)1

PWLO:Hg:PS-MPs 0.9 (0< -3.0)

Concerning the pH variation, no significant variation was 
observed up to five days of incubation, when comparing the 
supernatant of medium with PS-MPs and without PS-MPs 
(Figure 4). This may indicate that the chemical additives 
present in PS-MPs were not dissociated from it to the 
suspension. The release of compounds with basic or acid 
properties would translate into an increase or decrease of the 
pH value, respectively. However, for a more conclusive result, 
the pH variation must be assessed for a longer exposure time. 
For instance, Auta, et al., reported a continuous increase in pH 
after 40 days of incubation of polypropylene with Bacillus sp. 
strain 27 and Rhodococcus sp. strain 36. The same was 
reported by Habib, et al., for the same period of incubation of 
polypropylene with Pseudomonas sp. ADL15 and Rhodococcus

sp. ADL36. The authors suggested that this increase in pH
towards a more alkaline state is related to the synthesis of
bacterial exo-enzymes involved in the polymer deterioration
[20].

CONCLUSION
This study is the first evidence of PS-MPs interference in Hg-
removal mediated by aquatic microorganisms. This evidence
was shown by using Pseudomonas sp. strains isolated from a
Hg-contaminated area of Tagus estuary.

The analysis of water and pore-water samples collected from
this historic industrial area proved that such contamination
persists in the present time and that Hg contamination is still
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Table 3: Effect concentration EC20 (with 95% confidence intervals) of the 5-days older supernatant samples collected from the 
bioassay. The EC20 is the effect concentrations causing 20% of inhibition of A. fischeri bioluminescence, after 25 minutes of 
exposure of to the supernatant samples. The effect concentrations were obtained by the calculations using several dilutions of 
the supernatant (expressed as the percentage).
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a problem in this estuary. Hg-resistant microorganisms were 
found to exist both in the water and pore-water samples of 
this area. The two Hg-resistant Pseudomonas sp. strains 
isolated from pore-water samples showed potential to 
remove Hg2+ from liquid medium up to 50%, which reinforces 
the detoxification potential of Tagus estuary’s 
microorganisms. However, the presence of PS-MPs may 
interfere with this process. Thus, it is important to know if this 
interference may increase the persistence of Hg in the aquatic 
systems and affect the methylation process. In this way, this 
study emphasizes the importance of future studies to assess 
the quantity and species of Hg adsorbed to MPs and the 
kinetics of adsorption and desorption of Hg and MeHg with 
MPs. In the context of environmental risk assessment, the 
impact of MPs on Hg bio-transformations, i.e., in the 
methylation, demethylation and reduction processes, taking 
part in an Hg-contaminated aquatic system, are needed.
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