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H I G H L I G H T S

• Corbicula fluminea up takes
microplastics and florfenicol from the
water.

• Microplastics (0.2 mg/l) inhibited ChE
activity by 31%.

• Florfenicol ≥1.8 mg/l inhibited ChE ac-
tivity (≈32%).

• Toxicological interactions between
microplastics and florfenicol were
found.

• Mixtures with high or low components
concentrations caused different effects.
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Microplastics and antimicrobials arewidely spread environmental contaminants andmore research on their tox-
icity is needed. The uptake and effects of the antimicrobial florfenicol, microplastics, and their mixtures on Cor-
bicula fluminea were investigated. Bivalves were exposed for 96 h to florfenicol (1.8 and 7.1 mg/l),
microplastics (0.2 and 0.7 mg/l), or mixtures of the two substances. After 96 h, all bivalves exposed to antimicro-
bial treatments had florfenicol in their body (e.g. 2 ± 1 μg/g). Microplastics were found in the gut, lumen of the
digestive gland, connective tissue, hemolymphatic sinuses, and gills surface of animals. Florfenicol caused a sig-
nificant inhibition of cholinesterase (ChE) activity (~32%). Animals exposed to 0.2 mg/l of microplastics showed
ChE activity inhibition (31%), and no other significant alterations. Mixtures caused feeding inhibition (57–83%),
significant ChE inhibition (44–57%) and of isocitrate dehydrogenase activity, and increased anti-oxidant enzymes
activity and lipid peroxidation levels. Overall, the results indicate that C. fluminea take up florfenicol and
microplastics from the water and accumulated or at least retained it in their body for some time; both florfenicol
(low ppm range) and microplastics (ppb range) were toxic to C. fluminea, with mixtures containing florfenicol
and microplastics being more toxic. Thus, the risk of exposure and toxic effects of florfenicol to C. fluminea and
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other bivalves, and its predators increase in ecosystems contaminated with the antimicrobial and microplastics,
as well as to humans consuming contaminated species from these ecosystems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Threemajor challenges resulting from the accelerated human popu-
lation growth are to increase food production and availability, produce
and use cost-effective materials, and protect environmental quality
(Godfray et al., 2010; Galgani et al., 2014; Steinmetz et al., 2016) that
is essential to human health and to the sustainability of life on earth. In-
creasing food production, a better management of the exploration of
wild species traditionally included in the human diet, the promotion
of the consumption of less used ones, and starting the consumption of
species not typically used as food for humans (globally, regionally or lo-
cally) are crucial measures to increase food availability.

Antimicrobials are widely used nowadays in animal production to
prevent and treat infectious diseases, in addition to other applications,
including in veterinary and human medicine and several industries
(Kim et al., 2008; Manzetti and Ghisi, 2014; ECDC/EFSA/EMA, 2015;
DuJuan et al., 2017). The most used antimicrobials have relatively low
acute and chronic toxicity to aquatic organisms (Ferreira et al., 2007;
FDA, 2011; Martins et al., 2013; Wolfe et al., 2015). However, concerns
regarding their effects over generations on wild populations, the capa-
bility of several of them to induce resistance in both target and non-
target species, the potential of toxicological interactions induced by
complex mixtures of environmental contaminants occurring in natural
ecosystems, among other potential adverse effects exist (Kim et al.,
2008; Martins et al., 2013; Manzetti and Ghisi, 2014; ECDC/EFSA/EMA,
2015; Wolfe et al., 2015; Fonte et al., 2016; DuJuan et al., 2017).

Microplastics are worldwide dispersed environmental contami-
nants. They can be ingested and/or up taken by other ways by organ-
isms and cause adverse effects that have been intensively studied in
the last years mainly in marine species and systems (e.g. Browne
et al., 2008; von Moos et al., 2012; Oliveira et al., 2013; Galgani et al.,
2014; Avio et al., 2015; Luís et al., 2015; Fonte et al., 2016; Wardrop
et al., 2016; Andrady, 2017; Leslie et al., 2017; Ribeiro et al., 2017).
Moreover, microplastics present in the environment may contain very
toxic additives and environmental contaminants which can be released
to the biota after microplastics ingestion and cause toxic effects
(Wardrop et al., 2016). Furthermore, microplastics interfere with the
toxicity and/or uptake of other environmental contaminants to aquatic
species, such as metals (Khan et al., 2015; Luís et al., 2015), polycyclic
aromatic hydrocarbons (Oliveira et al., 2013; Avio et al., 2015; Karami
et al., 2016; Ma et al., 2016), and antimicrobials (Fonte et al., 2016).
The paradigm of microplatics contamination and its effects on freshwa-
ter species and ecosystems started to be investigatedmore recently. The
studies published so far indicate that microplastics are present in differ-
ent types of freshwater ecosystems (Eriksen et al., 2013; Free et al.,
2014; Lechner et al., 2014; Eerkes-Medrano et al., 2015; Imhof et al.,
2016; Lebreton et al., 2017; Leslie et al., 2017). As for marine species,
microplastics and nano sized plastics called nanoplastics can induce dif-
ferent types of adverse effects on freshwater organisms, including
microalgae (Bhattacharya et al., 2010), crustaceans (Besseling et al.,
2014; Au et al., 2015; Ma et al., 2016; Rehse et al., 2016), bivalves
(Rist et al., 2016), among other (Chae andAn, 2017;Nel et al., 2018). De-
spite the studies performed in the last years, several important ques-
tions related with microplastics fate in organisms and ecosystems, and
toxicological and ecological effects remain open. Thus, more research
is needed, especially regarding freshwater ecosystems due to the limit-
ed number of studies performed so far and the crucial services that
these ecosystems provide to the human society.

Investigating the combined effects of antimicrobials and
microplastics is of particular interest for several reasons. For example,

both xenobiotics are common pollutants especially in industrialized, ur-
banized and food production areas (Kim et al., 2008; Zong et al., 2010;
Galgani et al., 2014; Peters and Bratton, 2016; Steinmetz et al., 2016;
DuJuan et al., 2017; Lebreton et al., 2017), and therefore the biota of
these ecosystem is likely exposed to them simultaneously. Moreover,
in the environment, microplastics are able to sorb antimicrobials, and
the knowledge regarding the sorption of antimicrobials to
microplastics, possible release of antimicrobials from microplastics in-
side organisms, and combined effects of these xenobiotics is scarce
(Fonte et al., 2016;Wu et al., 2016). Furthermore, the presence of envi-
ronmental contaminants, including antimicrobials and microplastics, in
seafood and other species of human consumption is of high concern re-
garding food safety and public health (Galgani et al., 2014;
Vandermeersch et al., 2015; Fonte et al., 2016). Thus, the main goal of
the present study was to investigate the individual and combined ef-
fects of the antimicrobialflorfenicol andmicroplastics on the freshwater
bivalve Corbicula fluminea.

2. Material and methods

2.1. Chemicals

Florfenicol was selected for this study because is widely used in an-
imal production, including in aquaculture (Kim et al., 2008;
Kołodziejska et al., 2013; ECDC/EFSA/EMA, 2015). Moreover, it has
been detected in naturalwaters, sediments and organisms at concentra-
tions up to the low ppm range (Zong et al., 2010; Na et al., 2013; DuJuan
et al., 2017), and is able to induce toxic effects on freshwater organisms
in this range of concentrations (Kołodziejska et al., 2013; Martins et al.,
2013). Also, bacteria colonizing C. fluminea able to cause human intoxi-
cationswere found to be sensitive to this antimicrobial (Lee et al., 2013).
The florfenicol used in the present study was analytical standard (CAS
number 73231-34-2; lot number: SLBG9262V), purchased from
Sigma-Aldrich (U.S.A.). Microplastics were red fluorescent polymer mi-
crospheres (Cospheric Innovations in Microtechnology, U.S.A., lot num-
ber: 4-1006-1053, 1–5 μm diameter, 1.3 g/cm3 density, excitation and
emission wavelengths of 575 nm and 607 nm, respectively; according
to the estimate provided by the manufacturer for an average diameter
of 2 μm, 1 mg of the product contains ~1.836E+8 spheres). Acetone,
used as solvent in the bioassays due to the limited solubility of
florfenicol in water, was pro analysis (p.a.), 99.8% pure (Merck
Germany, CAS number: 67-84-1; lot number: K44911814338).
Chemicals used for biomarkers determinations were purchased from
Sigma-Aldrich (U.S.A.) or Merck (Germany). The Bradford reagent
used for protein determination was from Bio-Rad Laboratories
(Germany). Chemicals used for samples preparation and florfenicol
analysis were from Merck (Germany), Fisher Scientific (U.K.) and
Chem Lab NV (Belgium), and ultra-pure (u.p.) water was obtained
through a Elga-Veolia Water Technologies purification system
(France). Further details are provided in the Supplementary material
(Section S2).

2.2. Bivalves collection and acclimatization

C. fluminea was selected as test organism because is an exotic inva-
sive species in Europe and other areas of the world able to colonize di-
verse types of freshwater ecosystems (Sousa et al., 2008). Moreover, it
is used as food for humans (Lee et al., 2013) in several regions and its
consumption may be stimulated in others contributing to control its in-
vasions and increase food availability. Additionally, it has a high
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filtration rate (Viergutz et al., 2012) potentially increasing the risk of up
taking microplastics present in the water, is a suitable bioindicator and
test organism (Sousa et al., 2008; Damásio et al., 2010; Oliveira et al.,
2015a,b), and in several polluted ecosystems is likely exposed to
microplastics and antimicrobials through thewater, sediments and con-
taminated prey. C. fluminea specimens (25–33 mm shell length) were
collected in the Minho River, NW of the Iberian Peninsula (~42°03′
20.12″N, 8°32′30.42″W), using a hand-operated rake (Oliveira et al.,
2015a). The bivalveswere transported to the laboratorywithin the low-
est time possible, in thermally isolated boxes with water from the col-
lection site. In the laboratory, a sample of 10 animals, hereafter
indicated as field group, was sacrificed (~4 h after collection in the
field) and the whole soft body (hereafter indicated as body) from each
animal was isolated and frozen individually at −80 °C until being
used for determinations of their florfenicol content. The remaining ani-
mals collected were kept in water from their collection site and gradu-
ally adapted to dechlorinated tap water for human consumption
(continuous air supply was provided), in a temperature (water temper-
ature: 18 °C± 1 °C) and photoperiod (16 h light: 8 h dark, light provid-
ed by lamps Arcadia® (30 W, solar spectrum light type, 850 lm)
controlled room for 14 days in conditions comparable to those de-
scribed in a previous study (Oliveira et al., 2015b). During this period,
animals were feed daily with a mixture of microalgae cells (Chlorella
vulgaris and Chlamydomonas reinhardtii, 50%: 50% cells/cells) in total
ratio of 8 × 105 cells/animal/day. Bivalves were observed at least once
per day and nomortality was recorded during the acclimatization peri-
od. After 14 days, 10 animals were sacrificed (hereafter indicated as ac-
climatization group) and the body of each animal was isolated and
frozen individually at −80 °C for further determination of their
florfenicol body burden.

2.3. Experimental design and exposure conditions

The bioassay was carried out for 96 h in a controlled temperature
room (18 ± 1 °C) and photoperiod (16 h light: 8 h dark, light provided
by lamps Arcadia® 30W, solar spectrum light type, 850 lm). Test medi-
um was dechlorinated tap water for human consumption, hereafter in-
dicated as testmedium. The experimental design included the following
treatments: control (test medium only); solvent-control (test medium
containing 0.9 ml/l v/v of acetone, similar to the acetone concentration
in the treatment containing the highest concentration of florfenicol);
1.8 mg/l of florfenicol; 7.1 mg/l of florfenicol; 0.2 mg/l of microplastics;
0.7 mg/l of microplastics; 1.8 mg/l of florfenicol +0.2 mg/l of
microplastics; 1.8 mg/l of florfenicol +0.7 mg/l of microplastics;
7.1 mg/l of florfenicol +0.2mg/l of microplastics; 7.1 mg/l of florfenicol
+0.7 mg/l of microplastics. The florfenicol concentrations indicated
(1.8 and 7.1 mg/l) are the mean of actual concentrations in test media
of treatments containing the lowest and highest florfenicol concentra-
tions, respectively, determined as indicated in Section 2.5.

The microplastics concentrations indicated are the estimated expo-
sure concentrations calculated from the actual concentrations of
microplastics determined in test media as indicated in Section 2.6. Thir-
ty test beakers (1500 ml glass beakers filled with 1000 ml of test solu-
tion) were used per treatment: 3 without animals and 27 with
animals (1 animal per test beaker, randomly assigned). Supplementary
air was continuously supplied and all test beakers were covered to pre-
vent evaporation. To prepare treatments containing florfenicol alone, a
stock solution was prepared by dissolving 280 mg of florfenicol in
30 ml of acetone; after shaking, ultra-pure (u.p.) water was added
until completing 1000 ml. Treatments with florfenicol only were pre-
pared by dilution of this stock solution with test medium to obtain the
final test solutions. For the preparation of treatmentswithmicroplastics
only, a stock solution with a concentration of 30 mg/l was prepared in
u.p. water. This solution was diluted with test medium to obtain the
final treatments. Mixture treatments (containing both test substances)
were prepared by pipetting the appropriate volumes of microplastics

and florfenicol stock solutions to a glass balloon containing test medi-
um, and adding test medium until filling the balloon volume. In all bea-
kers, test media was renewed at each 24 h, no food was provided, and
animals were observed at least twice a day during the exposure period.

Water temperature, dissolved oxygen, conductivity and pH were
measured with a multi-parametric probe (Multi 340i/Set,
Wissenschaftlich-Technische Werkstätten GmbH, Germany), at the be-
ginning of the bioassay and at each 24 h intervals in freshly prepared
(hereafter indicated as fresh medium) and old medium (test medium
after 24 h). At the time of test media renewal, samples of fresh and
old media from treatments containing florfenicol, microplastics and
both substances were collected for determination of actual exposure
concentrations of both substances. Samples for microplastics determi-
nations were analysed immediately after collection as indicated in
Section 2.6. Water samples for florfenicol analysis were frozen (−20
°C) for latter determinations of their florfenicol concentrations as indi-
cated in Section 2.5. At the end of the exposure period, the body of 9 an-
imals per treatment was isolated and frozen individually at−80 °C for
florfenicol chemical analyses (Section 2.5). The body of 9 other animals
was isolated and put individually in 10% buffered formaldehyde for his-
topathology (Section 2.4). The remaining 9 animals per treatment were
used for post-exposure feeding (hereafter indicated as feeding) and
other biomarkers determinations as described in Section 2.4.

2.4. Feeding inhibition, histopathology and other biomarkers

The biomarkers used as effect criteria were: feeding inhibition (de-
termined in each organism alive); histopathological alterations in the
digestive system and gills; the activity of the enzymes cholinesterases
(ChE) and lipid peroxidation (LPO) levels determined in the adductor
muscle; LPO levels and the activity of the enzymes isocitrate dehydroge-
nase (IDH) and octopine dehydrogenase (ODH) in the foot; LPO levels
and the activity of the enzymes glutathione S-transferases (GST), gluta-
thione reductase (GR), glutathione peroxidase (GPx) and catalase (CAT)
determined in both gills and the digestive gland. Feeding inhibitionwas
select as effect criterion for this study because feeding is crucial for ani-
mal fitness and is also an indicative of predator-prey relationships that
are most important for ecosystem functioning. Moreover, at doses
higher than those recommended for therapeutic use in fish, administra-
tion of florfenicol through the food was reported to reduce food con-
sumption by tilapia (Oreochromis sp.) (Gaikowski et al., 2013), and
microplastics were found to reduce fish (Pomatoschistus microps) pred-
atory performance (Fonte et al., 2016). Histopathological alterations in
the digestive system and gills were selected as effect criteria because
these tissues are primary exposure ones in aquatic animals exposed to
environmental contaminants though the water of ecosystems where
they live. The enzymes used as biomarkers were selected because they
are involved in most important physiological functions that are of
great importance for the survival and performance of animals, namely:
ChE in neuro- and neuro-muscular functioning; IDH andODH in cellular
energy production, and IDH activity is also crucial tomaintain cell redox
balance; GST in biotransformation and anti-oxidant defences; CAT, GR
and GPx in anti-oxidant defences (Lima et al., 2007; Oliveira et al.
2015a,b). LPO levels were selected as indicative of lipid oxidative dam-
age. Moreover, previous works showed that in some species
microplastics cause ChE inhibition, and oxidative stress (Oliveira et al.,
2013; Avio et al., 2015; Ribeiro et al., 2017).

The feeding of C. fluminea specimens exposed to different treatments
was assessed immediately after the exposure period for each animal in-
dividually. For this, each animal was transferred to one beaker contain-
ing 1000 ml of fresh test medium with continuous air supply, and
C. vulgaris and C. reinhardtii (50%: 50% cells/cells) in a total concentra-
tion of 8 × 105 cells/l in test medium. After gentle agitation, a sample
of test medium was collected and its absorbance at 440 nm was read
(A0). After 1 h, the absorbance was read again at 440 nm (A1). The feed-
ing of each animal per h was calculated (A0 − A1) and expressed in
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optical density units (OD). After feeding determination, bivalves were
put back in their original test solutions and left resting for 2 h before
being used for sub-individual biomarkers determinations. Then, ani-
mals were sacrificed on ice. From each animal, the following tissues/or-
gans were isolated on ice: adductor muscle for ChE activity and LPO
levels determination; foot for IDH and ODH activity and LPO levels anal-
ysis; digestive gland and gills (separately) for GST, CAT, GR and GPx ac-
tivity, and LPO levels quantifications.

All samples were prepared as indicated in a previous study with
C. fluminea (Oliveira et al., 2015b), and kept individually at −80 °C
until further determinations.

In the day of analysis, the protein content of samples was quantified
(Bradford, 1976; Guilhermino et al. 1996) and standardized to
0.3mg/ml (samples for ChE activity) or to 0.9mg/ml (all the other sam-
ples for enzymatic analysis). ChE activity was determined by the
Ellman's technique (Ellman et al., 1961) adapted to microplate
(Guilhermino et al. 1996), using acetylthiocholine as substrate at
412 nm. IDH activitywas determined, usingNADP+ as substrate and ab-
sorbance readings at 340 nm (Ellis and Goldberg, 1971; Lima et al.,
2007). ODH activity was determined using NADH as substrate and ab-
sorbance readings at 340 nm (Livingstone et al. 1990, Lima et al.,
2007). GST activity was determined using reduced glutathione as sub-
strate and absorbance readings at 340 nm (Habig et al., 1974; Frasco
and Guilhermino, 2002). CAT activity was quantified accordingly to
Clairborne (1985), following the degradation of hydrogen peroxide at
240 nm. GR activity was determined as described in Carlberg and
Mannervik (1985), following the decrease in nicotinamide adenine di-
nucleotide phosphate at 340 nm. GPx activity was determined accord-
ing to Mohandas et al. (1984), using hydrogen peroxide as substrate,
at 340 nm. LPO levels were determined through the determination of
thiobarbituric acid-reactive substances (TBARS) at 535 nm (Ohkawa
et al., 1979; Bird and Draper, 1984; Filho et al., 2001; Torres et al., 2002).

After determinations, the protein concentration of the samples was
determined again (Bradford, 1976; Guilhermino et al., 1996) and used
to express enzymatic activities and LPO levels. The activity of ChE,
IDH, ODH, GST, GR and GPx enzymes was expressed in nano moles of
substrate hydrolyzed per minute per mg of protein (nmol/min/mg pro-
tein), and CAT activitywas expressed inmicromoles of substrate hydro-
lysed per minute per mg of protein (μmol/min/mg protein). LPO levels
were expressed in nano moles of TBARS per mg of protein (nmol
TBARS/mg protein). A spectrophotometer microplate reader
(PowerWave 340, BioTek Instruments, Inc., USA) was used for protein,
ChE, IDH, ODH, GST, GR and GPx determinations, and a spectrophotom-
eter (Jasco V-630, Japan)was used for CAT and LPO determinations, and
all analyses were made at 25 °C.

C. fluminea specimens for histopathology analyses were de-shelled
by excisingmantle andmusculature from the nacre with aid of a scalpel
and then immersed and fixed in 10% neutral buffered formalin
(McElwain and Bullard, 2014). After 48 h, they were dehydrated in a
graded series of ethanols and xylenes, and infiltrated with paraffin
using an automated tissue processor (ShandonHypercenter XP, Life Sci-
ence International, UK), and embedded in paraffin wax (Histoplast
SHANDON, Life Science International, UK). Three micrometer paraffin
sections were cut using a rotary microtome (Jung Biocut 2035, Leica,
Germany), mounted on glass slides and routinely stained with hema-
toxylin and eosin (HE) for microscopic examination. Slides were evalu-
ated under a microscope (Nikon Eclipse E 600, Japan) and digital
photomicrographs of each section were taken (Nikon 4500 Coolpix,
USA).

2.5. Determination of florfenicol concentrations in test media and in
C. fluminea

The detailed description of sample preparation and florfenicol deter-
minations is included in the Supplementarymaterial (Section S2). Brief-
ly, all water samples were filtered into auto sampler injection vials for

HPLC analyses. The extraction of florfenicol from C. fluminea body was
based on the procedure described by Fang et al. (2013) with adapta-
tions. The concentrations of florfenicol in test medium and organisms
were quantified using a Nexera X2 (Shimadzu, Japan) HPLC system,
with a LC-30AD pump, a SIL-30 AC autosampler, a CTO-20 AC cartridge
oven, a RF-20AXS spectrofluorimeter detector, a RP-18 Mediterranean
sea 18 column (Spain) with 5 μm 25 mm × 0.46 mm. All raw data ob-
tained were analysed with LabSolutions® version 1.0.4961 (Shimadzu,
Japan). Chromatographic conditionswere based in previously described
procedures (Pouliquen andMorvan, 2005; Mistiri et al., 2012) with ad-
aptations. The method limit of detection (LOD) of florfenicol in water
was 1.80 μg/l and the method limit quantification (LOQ) was 5.44 μg/l.
In C. fluminea samples themethod limit of detection (LOD) of florfenicol
was 0.01284 μg/g and the limit of florfenicol quantification (LOQ) was
0.03890 μg/g. The recoveries for the various florfenicol concentrations
assayed were 102.09% with a 0.24 relative standard deviation value in
water and 96.74%, with a 0.20 relative standard deviation value in
C. fluminea samples. The repeatability of peak response was ≤0.25%
with five replicates. The overall means of actual florfenicol concentra-
tions determined in treatments containing the lowest and the highest
concentrations of the antimicrobial (Supplementary material,
Table S1) were considered the lowest and the highest actual exposure
concentrations of florfenicol during the bioassay, respectively (see also
Section 3.1).

2.6. Determination of microplastics concentrations in test media

The detailed description of microplastics determinations in test
media procedure is included in the Supplementary material (-
Section S3). Briefly, the actual concentrations of microplastics in fresh
and old test media during the bioassay were determined by
spectrofluorimetry (Spectramax® M2, USA) following previously de-
scribed procedures (Luís et al., 2015) with small modifications regard-
ing test media and the properties of the microplastics used (excitation
and emission wavelengths of 575 nm and 607 nm, respectively). The
linear regression model adjusted to the calibration curve was:
microplastics concentrations (mg/l) =−0.023 + 0.007 × fluorescence
(F units), R=99.6% (Fig. S1). The deviation (%) of actual concentrations
relatively to nominal ones was calculated as: module of 100 − (actual
concentration × 100 / nominal concentration) (Luís et al., 2015; Fonte
et al., 2016). The decrease of microplastics concentration in test media
along 24 h (time of medium renewal) hereafter indicated as
microplastics decay, was calculated from the fluorescence values as:
microplatics decay (%) = 100 − (mean of old test media fluorescence
× 100 / mean of fresh test media fluorescence) (Luís et al., 2015). Be-
cause a decay of microplastics higher than 20% occurred during the in-
terval of test media renewal in most of the treatments containing
animals (Table S2), the estimated exposure concentrations during the
bioassay were calculated as: (mean of microplastics actual concentra-
tion in fresh media of treatment X−microplastics actual concentration
in old testmedium of each replicate of the treatment X) / 2. Themean of
the values obtained in treatments containing the lowest concentration
ofmicroplastics, and themean of the values obtained in treatments con-
taining the highest concentration of microplastics were considered the
lowest and the highest estimated exposure concentrations during the
bioassays, respectively (more information in Section 3.1).

2.7. Statistical analyses

In the text, Figures, Tables and Supplementary material results are
indicated as the mean ± standard deviation or mean (SD) ± standard
error of the mean (SEM). Each data set was tested for homogeneity of
variance (Levene's test) and normal distribution (Kolmogorov-Smirnov
test). When these assumptions of Analysis of Variance (ANOVA) were
not full field, data transformationsweremade (Zar, 1999). If ANOVA as-
sumptions could not be achieved even after data transformation, the
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non-parametric Kruskal-Wallis test was used, followed by a nonpara-
metric multiple comparisons test corresponding to the parametric
Tukey's test (Zar, 1999) when significant differences were found. This
was the case of the following data sets: LPO levels in the adductor mus-
cle and GST activity in the digestive gland. The other data sets were
analysed through ANOVA, followed by the Tukey multiple comparisons
test when statistical significant differences were found. The following
data setswere analysed by one-wayANOVA (1-ANOVA) to compare dif-
ferent treatments: florfenicol concentrations in C. fluminea and all the
biomarkers except LPO levels in the adductor muscle and GST activity
in the digestive gland. Data sets analysed through two-way analysis of
variance with interaction (2-ANOVA) to investigate potential interac-
tions between microplastics and florfenicol were: fluorescence of fresh
testmedia;florfenicol concentrations in C. flumineabody and all the bio-
markers except LPO levels in the adductor muscle and GST activity in
the digestive gland. Data sets analysed by three-way ANOVAwith inter-
actions (3-ANOVA): florfenicol actual concentrations in test media and
microplastics actual concentrations in old test media. The SPSS version
22.0 statistical package was used for all analyses, except for the non-
parametric multi-comparison test (calculated following Zar, 1999),
and the significance level was 0.05.

3. Results

3.1. Acclimatization, bioassay general conditions and test substances actual
concentrations

During the bioassay, the water temperature variation in individual
beakers was lower than 1 °C, the water pH variation was b1 pH units,
and the water dissolved oxygen was all ways higher than 9 mg/l. As
highlighted in Table 1, florfenicol was not detected in the body of ani-
mals from the field and acclimatization groups, and no mortality oc-
curred during the acclimatization period. No florfenicol and no
mortality were recorded in the control and solvent-control groups
(Table 1).

The actual concentrations of florfenicol determined in testmedia are
summarized in Table 1 and presented in more detail in Table S1. The
means (±SD) of actual concentrations of florfenicol determined in
fresh media of treatments containing the lowest concentration of the
antimicrobial ranged from 1.6 ± 0.3 mg/l to 1.9 ± 0.2 mg/l, whereas
themeans (±SD) of actualflorfenicol concentrations in treatments con-
taining the highest nominal concentration of the antimicrobial ranged
from 6.8 ± 0.6 mg/l to 7.7 ± 0.4 mg/l (Table 1). The corresponding
means (±SD) in old media, ranged from 1.4 ± 0.5 mg/l to 2.1 ±

0.1 mg/l, and from 6.9 ± 0.9 mg/l to 7.7 ± 0.7 mg/l, respectively
(Table S1). The 24 h decay of florfenicol actual concentrations in differ-
ent treatments ranged from 0% to 11% (Table S1). Moreover, the inte-
grated analysis of florfenicol actual concentrations in test media (3-
way ANOVA, fixed factors: medium, florfenicol nominal concentrations,
microplastics concentration) indicated significant differences (p ≤ 0.05)
between the lowest and the highest florfenicol concentrations, no sig-
nificant differences (p N 0.05) between treatments with different con-
centrations of microplastics, no significant differences (p N 0.05)
between fresh and old test media, and no significant interactions
(Table S1). Thus, in corresponding treatments, animals were exposed
to comparable concentrations of florfenicol either in presence or ab-
sence of microplastics, and no significant degradation of the antimicro-
bial over 24 h occurred. The overall mean (±SD) of the lowest and of
the highest florfenicol concentrations tested were 1.8 ± 0.3 mg/l and
7.1 mg/l ± 0.5 mg/l, respectively. These concentrations were taken as
the actual exposure concentrations of the antimicrobial during the bio-
assay in treatments containing the lowest and the highest concentra-
tions, respectively.

In fresh media, the mean (±SD) of actual concentrations of
microplastics determined in treatments containing the lowest concen-
tration of these particles ranged from 0.21 ± 0.04 mg/l to 0.23 ±
0.04 mg/l, whereas in treatments containing the highest concentration
they ranged from 0.79 ± 0.07 mg/l to 0.80 ± 0.07 mg/l (Table S2). In
fresh media, significant differences of fluorescence between treatments
containing distinct concentrations ofmicroplastics, no significant differ-
ences between treatments with and without florfenicol, and no signifi-
cant interaction between the two factors (i.e. microplastics
concentrations and florfenicol presence) were found (2-ANOVA,
microplastics: F(1, 292) = 9007.002, p b 0.001; florfenicol: F(1, 292) =
2.833, p N 0.05; interaction: F(1, 292) = 1.712, p N 0.05). Thus, the
spectrofluorimetry usedwas able to discriminate treatments containing
the lowest concentration of microplastics from those containing the
highest one. Moreover, these results indicate that florfenicol did not in-
fluence fluorescence readings. In old media, the means (±SD) of
microplastics actual concentrations ranged from 0.11 ± 0.03 mg/l to
0.18 ± 0.07 mg/l in treatments containing the lowest concentration of
the particles, and from 0.41 ± 0.16 mg/l to 0.72 ± 0.07 mg/l in treat-
ments containing the highest one (Table S2). The statistical analysis of
microplastics concentrations in old testmedia indicated: significant dif-
ferences (p ≤ 0.05) between treatments with the highest and the lowest
concentrations of these particles; no significant differences (p N 0.05)
between treatments containing florfenicol and those not containing
this substance; significant differences (p ≤ 0.05) between beakers with

Table 1
Florfenicol (FLO) actual concentrations determined in freshly prepared (0 h) and old test media (24 h) and in the whole soft body of Corbicula fluminea (w.w.) shortly (≈4 h) after col-
lection in thefield (Field), after 14 days of acclimatization (acclimat.) and after 96 h of exposure to different treatments of the bioassay, and results of statistical analyses. The values are the
mean ± standard deviation (SD). N1, N2 and N3 – number of test media samples analysed. N4 – number of animals analysed. Conc – concentration. MP Exp Conc – Total means of esti-
mated exposure concentration of microplastics in test media during the bioassay in test beakers with animals containing the lowest and the highest concentrations of microplastics. (-) –
not analysed. Not detected – florfenicol not detected. Different letters after the mean ± SD indicate statistical significant differences among treatments of the bioassay containing
florfenicol (ANOVA and Tukey's test, p ≤ 0.05).

Animals group N1 FLO
Conc
0 h
(mg/l)

N2 MP
Exp
Conc
(mg/l)

N3 FLO
Conc
24 h
(mg/l)

N4 C. fluminea
FLO
96 h
(μg/g)

Tukey's test

Field − − − − − 10 Not detected
Acclimat. − − − − − 10 Not detected
CTR 6 0 36 0 3 Not detected 9 Not detected
S-CTR 6 0 36 0 3 Not detected 9 Not detected
MP-L 6 0 34 0.18 ± 0.03 3 Not detected 9 Not detected
MP-H 6 0 36 0.65 ± 0.08 3 Not detected 9 Not detected
FLO-L 6 1.8 ± 0.2 34 0 3 1.9 ± 0.1 7 0.5 ± 0.3 a
FLO-H 6 6.9 ± 0.4 36 0 3 7.3 ± 0.4 8 1.6 ± 0.3 b, c
FLO-L + MP-L 6 1.9 ± 0.2 34 0.18 ± 0.03 3 1.9 ± 0.2 9 0.8 ± 0.4 a
FLO-L + MP-H 6 1.6 ± 0.3 36 0.65 ± 0.08 3 1.4 ± 0.5 9 0.9 ± 0.5 a, b
FLO-H + MP-L 6 7.7 ± 0.4 34 0.18 ± 0.03 3 6.9 ± 0.9 9 1.8 ± 0.5 c
FLO-H + MP-H 6 6.8 ± 0.6 36 0.65 ± 0.08 3 7.7 ± 0.7 9 2.1 ± 1.4 c
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and without animals; significant (p ≤ 0.05) interactions between
microplastics and florfenicol, between microplastics and animals, and
among microplastics, animals and florfenicol; and no significant (p N
0.05) interaction between florfenicol and animals (Table S2). The
decay of actual microplastics concentrations in old media was between
13% and 49% in beakers containing C. fluminea, and between 9% and 50%
in beakers without animals (Table S2). Because the decay of
microplastics concentrations during the interval of test media renewal
was considerable, the estimated exposure concentration of
microplastics in each beaker of each treatment was calculated
(Table S2). The total mean (±SD) of microplastics estimated exposure
concentrations during the bioassay in beakers containing animals and
the lowest concentration of microplastics tested was 0.18 ± 0.03 mg/l,
whereas the total mean of microplastics estimated exposure concentra-
tions in beakers with animals and the highest concentrations of the par-
ticles tested was 0.65 ± 0.08 mg/l (Table S2). Thus, 0.2 mg/l and
0.7 mg/l were taken as the lowest and highest estimated exposure con-
centrations of microplastics during the bioassay, respectively.

3.2. Uptake of florfenicol and microplastics by C. fluminea

Florfenicol was not found in animals of the control, solvent-control,
0.2 mg/l of microplastics alone and 0.7 mg/l of microplastics alone
groups, andwas found in animals exposed to all the treatments contain-
ing the antimicrobial (Table 1). Significant differences among animals of
treatments containing the antimicrobial were found (ANOVA, F(5, 45) =
10.007, p b 0.001), with animals exposed to treatments containing
7.1 mg/l of florfenicol in test media having higher concentrations of
the antimicrobial in their body than those exposed to 1.8 mg/l of
florfenicol (Table 1). The highest florfenicol concentration was found
in animals exposed to themixture containing the highest concentration
of both florfenicol and microplastics (Table 1), but with no significant
differences in relation to other treatments containing the highest con-
centration of the antimicrobial (with or without microplastics). The
overall mean (±SD) of florfenicol in animals also exposed to
microplastics (1.4 ± 1.0 μg/g w.w.) was higher than the overall mean
(±SD) of animals exposed to florfenicol only (1.1 ± 0.7 μg/g w.w.)
but the differences were not statistically significant, neither the interac-
tion between florfenicol concentration and microplastics presence (2-
ANOVA, florfenicol concentration: F(1, 47) = 44.184, p b 0.001;
microplastics presence: F(1, 47) = 3.446, p N 0.05; interaction: F(1, 47)
= 0.543, p N 0.05). The concentrations of florfenicol in old test media
were all ways higher than those found in the body of animals (Table 1).

Microplastics were detected by both light and fluorescence micros-
copy in the digestive tract of all animals exposed to treatments contain-
ingmicroplastics alone (representative images in Fig. 1A and B), namely
in the digestive tract lumen, with slightly more particles present in the
gut of animals exposed to 0.7 mg/l (Fig. 1D) than in those exposed to
0.2 mg/l (Fig. 1C), in the lumen of the digestive gland (Fig. 1E and F),
in the connective tissue and hemolymphatic sinuses (Fig. 1G and H),
and stuck in the mucus on the outer side of the gills epithelium.
Microplastics were also detected in all animals exposed to mixture
treatments (in tissues and organs as indicated for microplastics alone),
except in two bivalves exposed to one of the mixtures (0.2 mg of
microplastics + 7.1 mg of florfenicol) that were in an advanced state
of autolysis indicating death of the animals before the end of the expo-
sure period and that were not possible to analyse.

3.3. Effects of florfenicol and microplastics alone and in mixture

With the exception of the presence of microplastics already indicat-
ed (Section 3.2) in animals of treatments containing these particles, no
histopathological alterations were found in the analysed tissues of the
animals. Regarding the effects of florfenicol and microplastics alone
and in mixtures on the other biomarkers analysed, no significant (p N
0.05) differences among animals exposed to different treatments were

found for CAT activity (in both gills and in the digestive gland), gill
GPx activity and gill LPO levels (Table S3). Significant differences
among treatments were found for feeding (F(9, 80) = 11.185, p b
0.001, Fig. 2A), ChE activity (F(9, 80 = 11.670, p b 0.001, Fig. 2B), and
all the biomarkers shown in Table 2. For all the biomarkers, no statistical
significant differences between the control group and the acetone-
control group were found (Fig. 2; Table 2). Relatively to the control
group, animals exposed to florfenicol alone had significantly decreased
ChE activity (21 and 33%, Fig. 2B) and no other significant changes
(Table 2), despite having 17–23% of feeding inhibition (Fig. 2A). In rela-
tion to the control group, bivalves exposed to microplastics alone
showed significant ChE activity inhibition at the lowest concentration
tested (31%) but not at the highest one (despite having 19% of enzymat-
ic activity reduction, Fig. 2B), and no significant differences in any of the
other biomarkers (Table 2). Although not significant, bivalves exposed
to 0.7mg/l ofmicroplastics had 17% of feeding inhibition (Fig. 2A). In re-
lation to the control group, the mixture containing the lowest concen-
trations of both florfenicol and microplastics caused a significant
reduction of feeding (60%, Fig. 2A), ChE activity (46%, Fig. 2B) and foot
IDH activity (28%, Table 2), and significant increases of foot LPO levels
(1.7 folds) and gill GST activity (2.7 folds) (Table 2). Bivalves exposed
to this mixture also had significantly higher gill GST activity than
those exposed to florfenicol or microplastics alone, whereas for the
other parameters no significant differences were found (Fig. 2;
Table 2). Themixture containing the lowest concentration of florfenicol
and the highest concentration of microplastics caused significant de-
creases of feeding (60%, Fig. 2A), ChE activity (44%, Fig. 2B) and IDH ac-
tivity (56%), and significant increases of gill GST activity (2.1 folds),
digestive gland GST activity (2.6 folds) and digestive gland GR activity
(1.4 folds) (Table 2). In relation to the control group, bivalves exposed
to the mixture containing the highest concentration of florfenicol and
the lowest concentration of microplastics showed significant inhibition
of feeding (57%, Fig. 2A) and ChE activity (44%, Fig. 2B), and significant
induction of GST activity (2.3 folds) in gills and in the digestive gland
(2.1 folds) (Table 2). Themixture containing the highest concentrations
of florfenicol and microplastics caused: significant reduction of feeding
in relation to the control group (83%) and to all the treatments testing
the substances alone (Fig. 2A); significant reduction of ChE activity in
relation to the control group (57%) and to treatments testing the sub-
stances alone, except the lowest concentration of florfenicol (Fig. 2B);
significant reduction of IDH activity in relation to the control group
(49%) and to all the other treatments except the two mixtures contain-
ing the lowest concentration of florfenicol (Table 2). The 2-ANOVA car-
ried outwith each biomarker data set (Table S4) to investigate potential
interactions between microplastics and florfenicol indicated significant
interaction in feeding (F(4, 81) = 4.587, p b 0.001), foot ODH activity
(F(4, 74) = 3.065, p b 0.05), foot LPO levels (F(4, 81) = 2.632, p b 0.05),
gill GST activity (F(4, 81) = 5.043, p b 0.01) and gill GR activity (F(4, 70)
= 2.768, p b 0.05). No significant interaction (p N 0.05) was found for
the other parameters except adductor muscle LPO levels and digestive
gland GST activity that were not tested because the ANOVA require-
ments could not be achieved (Table S4).

4. Discussion

As discussed in more detail in the corresponding sub-sections,
microplastics were found in the digestive system (digestive tract
lumen, lumen of the digestive gland, connective tissue and
hemolymphatic sinuses) and stuck in the mucus on the outer side of
the gills epithelium of animals exposed to treatments containing these
particles, but no inflammatory reaction was observed. Florfenicol
(1.8mg/l, 7.1 mg/l) caused feeding inhibition (17–23%, not significantly
different from the control group), significant inhibition of ChE activity
(≈32%, not concentration-dependent), and no significant changes in
the other biomarkers.Microplastics caused no significant feeding reduc-
tion (17% at 0.7 mg/l), significant ChE inhibition (31% at 0.2 mg/l, not
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concentration-dependent) and no other significant alterations. All
microplastics-florfenicol mixtures caused significant feeding inhibition
(57–83%), neurotoxicity through ChE inhibition (44–57%), and some
also caused significant IDH inhibition, oxidative stress and damage.

4.1. Acclimatization, bioassay general conditions and test substances actual
concentrations

At the end of the acclimatization period animals were in adequate
conditions for being used in the bioassay because nomortality occurred
and no florfenicol was detected in animals of the field and

acclimatization groups. In the bioassay, the lack of mortality in the con-
trol groups, and abiotic parameters data indicate that the conditions
were adequate for animals, and the concentration of acetone used was
not toxic to C. fluminea. Moreover, the values of sub-individual bio-
markers are in the range reported in the literature for C. fluminea
(Mora et al., 1999; Damásio et al., 2010; Oliveira et al., 2015a, b).

The analysis of florfenicol concentrations in test media suggests
none or low interaction between the antimicrobial and microplastics,
and a low uptake and/or a rapid elimination of the antimicrobial by
C. fluminea. The analysis of microplastics concentrations in old test
media concentrations suggests that C. fluminea removed microplastics

a b 

c d 

e f 

g h 

Fig. 1.Microplastics found inCorbiculafluminea exposed tomicroplastics (indicated by arrowsor in yellow); a - gut cavity of one animal exposed to 0.7mg/l ofmicroplastics (hematoxylin-
eosin); b - same as a (fluorescence); c - gut cavity of one animal exposed to 0.2mg/l ofmicroplastics (hematoxylin-eosin); d – gut cavity of one animal exposed to 0.7mg/l ofmicroplastics
(hematoxylin-eosin); e -microplastics in digestive gland lumenof one animal exposed to 0.7mg/l (hematoxylin-eosin); f - same as e (fluorescence); g -microplastics in hemolymph sinus
of one bivalve exposed to 0.7mg/l (hematoxylin-eosin); h - Loose connective tissue in one bivalve exposed to 0.7mg/l ofmicroplastics (fluorescence). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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from the water, and that florfenicol sorbs to microplastics. Because a
considerable decay of microplastics concentrations was also found in
test media of beakers without animals, other factors must have been
contributed to decrease the concentrations of microplastics in test
media, such as particles aggregation and/or sedimentation and sorption
to beakerswalls (Luís et al. 2015; Fonte et al., 2016). The concentrations
of florfenicol and microplastics tested in the present study are higher
than those expected to be found generally in aquatic systems, but
water concentrations of 11 mg/l of florfenicol (Zong et al., 2010) and
of 102,550 particles/m3 of microplastics (Norén, 2007) were already re-
ported in polluted areas.

4.2. Uptake and accumulation of microplastics and florfenicol by
C. fluminea

The presence of microplastics in the digestive tract of animals ex-
posed to treatments containing these particles indicates that
C.fluminea ingestedmicroplastics, as foundpreviously for other bivalves
(Browne et al., 2008; von Moos et al., 2012; Avio et al., 2015; Rist et al.,
2016; Sussarellu et al., 2016; Ribeiro et al., 2017). Microplastics inges-
tion by C. flumineamay be a passive process or may be also due to con-
fusion with food because the microplastics used (1–5 μm) have size in
the range of microalgae that are common food for C. fluminea. If so,
the presence of low concentrations of microplastics in test medium
could have stimulate filtration by C. fluminea as suggested by the high
post-exposure feeding of animals exposed to 0.2 mg/l of microplastics.
Because no inflammatory reaction in response to the presence of the
particles was observed, one cannot be sure that the presence of the par-
ticles in the interstitial tissues and hemolymph sinus resulted from ab-
sorption/translocation from the digestive tract to the circulatory
system, as described inMytillus edulis (Browne et al., 2008), or if result-
ed from contamination during processing, particularly during the sec-
tion, due to the large amount of microplastics present in the lumen of

the digestive tract of animals. Nevertheless, the absence of inflammato-
ry reaction may have also occurred if the microplastics were absorbed
because they were spherical and had a regular surface. Small particles
with spherical surfaces may not be recognized as foreign bodies
(Sussarellu et al., 2016), and thus they may not all ways induce inflam-
matory responses as suggested in previous studies (Browne et al.,
2008), contrary to aged microplastic particles with irregular surfaces
for which inflammatory reactions have been more consistently de-
scribed (von Moos et al., 2012). Thus, the findings of histopathological
analysis per see are inconclusive regarding the translocation of
microplastics from the digestive system into the circulatory system
and internal tissues. However, the effects caused by treatments contain-
ing microplastics on other biomarkers indicate that absorption/translo-
cation of particles and interaction with internal targets occurred,
resulting in adverse effects. The presence of few particles observed in
the mucus on the outer side of C. fluminea gills epithelium were also
mentioned in previous studies with Mytillus spp. (Paul-Pont et al.
2016) and Carcinus maenas (Watts et al., 2016), and may affect oxygen
consumption (Watts et al., 2016).

C. fluminea did up take florfenicol from test medium and accumulat-
ed or at least retained it in the body for some time. However, the up take
must have been relatively low and/or the elimination efficient because
florfenicol concentrations in C. fluminea body were lower than the con-
centrations in test media. C. fluminea is able to maintain the shell closed
for considerable periods of time under adverse conditions, including
under exposure to contaminants present in the water (Mora et al.,
1999; Tran et al., 2007). Because shell closing for short periods of time
was observed in animals exposed to treatments containing florfenicol
and/or microplastics, this behaviour may have contribute to the rela-
tively low concentrations of florfenicol found in C. fluminea body. How-
ever, because shell closing was observed for short periods only and
C. fluminea has high filtration rates (Viergutz et al., 2012), likely animals
up take a considerable amount of florfenicol from the water when the
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shell was open. Thus, although shell closing behaviour may have con-
tributed to the low concentrations of florfenicol found in the animals
body, other processes seem to have been involved. In aquatic species,
despite variation in relation to several factors, florfenicol is in general
rapidly absorbed, metabolized and eliminated mainly in the parental
form (Fang et al., 2013; Botelho et al., 2015). Therefore, in the present
study, florfenicol up taken from test media was probably rapidly
absorbed by C. fluminea, unless the species has very efficient and un-
known regulation mechanisms preventing its absorption. Moreover,
the antimicrobial must have been also effectively eliminated mainly
without biotransformation because the concentrations of florfenicol in
test media did not decrease significantly over 24 h. Despite the lack of
significant differences, the high florfenicol concentration in the body
of animals exposed to themixture containing the highest concentration
of both substances suggest that microplastics presence may slightly in-
crease the uptake and/or decrease the elimination of florfenicol by
C. fluminea. One possibility is that ingested microplastics carried
florfenicol acting as an additional route of exposure. If so, florfenicol
could have been released from microplastics in the digestive system
where absorption of the free substance occurred and/or it could have
been translocated into the circulatory system bound to microplastics if
translocation of these particles occurred. Both processes could increase
the amount and retention time of florfenicol inside the body of animals.

4.3. Effects of florfenicol alone on C. fluminea

The lack of histopathological alterations in gills and digestive tract
tissues of animals exposed to florfenicol alone is in good agreement
with previous studies with other animals, such as larvae of the Chilean
scallop (Argopecten purpuratus) (Miranda et al., 2014) and the channel
catfish Ictalurus punctatus (Gaunt et al., 2003). Florfenicol caused neuro-
toxicity in C. fluminea though anticholinesterase effects, a most
concerning finding because neurotoxicity may affect a wide range of
physiological processes that are crucial for individual and populationfit-
ness such as behaviour, growth and reproduction. The anticholinester-
ase effects induced florfenicol found in the present study are in
agreement with the decrease of esterases activity in microalgae cells
after exposure to florfenicol (Seoane et al., 2014). Although not signifi-
cantly different from the control group, the treatments containing
florfenicol alone caused reduction of feeding, an effect that deserves at-
tention because adequate feeding is essential for both individual and
population fitness, and reduction of food consumption induced by
florfenicol was previously described in fish (Gaikowski et al., 2013).
No significant alterations in GST activity, anti-oxidant enzymes and
LPO levels were found in C. fluminea exposed to florfenicol alone, con-
trary to the changes reported in the crab Portunus trituberculatus (Ren
et al., 2017) and in the cyanobacterium Microcystis flos-aquae (Wang
et al., 2017). Differences in experimental conditions and in species sen-
sitivity to the antimicrobial are likely responsible for these distinct find-
ings. The concentrations of florfenicol that induced adverse effects on
C. fluminea in the present study are in the range of concentrations that
induced toxic effects in other freshwater animal species after short-
term exposure through test medium, such as genetic damage in juve-
niles of the fish Oreochromis niloticus (Botelho et al., 2015), and mortal-
ity in the crustaceanDaphniamagna (Kołodziejska et al., 2013; Carraschi
et al., 2015).

4.4. Effects of microplastics alone on C. fluminea

The microplastics-induced neurotoxicity through ChE inhibition in
C. fluminea is in good agreement with previous findings in the mussel
M. galloprovincialis (Avio et al., 2015), in the clam Scrobicularia plana
(Ribeiro et al., 2017), and in juveniles of the fish P. microps (Oliveira
et al., 2013). The higher ChE inhibition caused by 0.2 mg/l than by
0.7mg/l of microplasticsmay have been due tomore often ormore lon-
ger shell closing of animals at the highest concentration ofmicroplasticsTa
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to avoid exposure and uptake of particles present in a high concentra-
tion in test medium, and/or because the response is not
concentration-dependent in the range of concentrations tested, as
found in a previous study with P. microps juveniles (Oliveira et al.,
2013). The feeding inhibition caused by the highest concentration of
microplastics despite not being statistically significant is of concern be-
causemicroplastics were found to decrease the post-exposure predato-
ry performance of the fish P. microps (e.g. Luís et al., 2015, Fonte et al.,
2016) and microplastics-induced false food satiation is a well know ef-
fect in aquatic organisms that may lead to death.

4.5. Effects of florfenicol and microplastics mixtures on C. fluminea

The analyses of feeding inhibition and sub-individual biomarkers in-
dicate that toxicological interactions between florfenicol and
microplastics occurred in animals exposed to the mixtures resulting in
increased adverse effects. Regarding feeding inhibition, at high concen-
trations, the type of toxicological interaction is likely synergism because
the effect caused by the mixture containing the highest concentrations
of both microplastics and florfenicol was much higher (83%) than the
sum of the effects caused by the corresponding treatments containing
the substances individually (40%). In the case of ChE activity, the inhibi-
tion caused by this mixture (57%) was close to the sum of the effects in-
duced by the substances alone (50%) suggesting additive effects. The
mixture containing the highest concentration of both substances also
caused significant reduction of IDH activity relatively to the control
group, an effect that also suggests toxicological interactions between
microplastics and florfenicol because none of the substances alone in-
duced it. IDH inhibition may indicate reduction of energy obtained
through the aerobic pathway of cellular energy production and/or cell
redox impairment. Not excluding other processes that may have in-
volved, both ChE and IDH activity decrease may have contributed to
feeding reduction. For example, ChE inhibition in adductor muscle
may negatively interfere with shell opening and close and, if the neuro-
transmission in feeding-related muscles is cholinergic, the inhibition of
the enzyme may also decrease the capability of animals to uptake food
fromwater. IDH inhibitionmay have caused a decrease of energy avail-
able to functions such as feeding, an effect that may be particularly seri-
ous under chemical stress because animals need to allocate energy also
to respond to such stress. ChE and IDH activity inhibition were also
found in P. microps juveniles exposed for 96 h to a mixture of
microplastics and pyrene (Oliveira et al., 2013), where ChE inhibition
was also found in the treatments containing each of the substances
alone, whereas IDH inhibition was caused by the mixture only. In addi-
tion to feeding, ChE and IDH activity inhibition, the mixture containing
the lowest concentrations of both substances also caused significant in-
crease of gill GST activity and foot LPO levels indicating oxidative stress
and damage. Therefore, the magnitude and diversity of effects induced
by mixtures containing the lowest or the highest concentrations of
both substances were different.

5. Conclusions

The results of the present study indicate that C. fluminea is able to
uptake microplastics and florfenicol from the water, and accumulate
or at least retain them for some time in its body, a situation that may in-
crease the risk to its predators and humans consuming animals from
polluted ecosystems. All microplastics-florfenicol mixtures caused sig-
nificant feeding inhibition (57–83%), neurotoxicity through ChE inhibi-
tion (44–57%), and some also caused significant IDH inhibition,
oxidative stress and damage. Thus, the fitness of bivalves exposed to
the mixtures was considerably reduced. Evidences of toxicological in-
teractions between microplastics and florfenicol in C. fluminea were
found with the mixtures being more toxic than its components sepa-
rately. Thus, in ecosystems contaminated with high concentrations of
microplastics and florfenicol simultaneously, bivalves are at increased

risk of suffering adverse effects. The variety of effects caused by themix-
ture containing the lowest concentrations of both microplastics and
florfenicol and by the mixture containing the highest concentrations
of both substances was different. Considering the widespread contami-
nation of aquatic ecosystems by microplastics and antimicrobials, and
the likelihood of biota exposure to both substances simultaneously in
polluted areas, potentially resulting in toxicological interactions in-
creasing bioaccumulation and toxic effects to predators and humans
consuming contaminated species, further research on microplastics
and antimicrobials interactions is needed to secure ecosystem services
and improve human health and wellbeing though environmental
quality.
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