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A B S T R A C T

Bivalve filter feeders, such as oysters, filter large volumes of water and are particularly exposed to microplastics
(MP). Consequently, these animals digest and assimilate high levels of MP in their bodies that may likely impact
their physiology, and potentially affect shellfish stocks, benthic habitats and, indirectly, the health status of the
marine ecosystem and human consumers. In this study we exposed juvenile oysters, Crassostrea gigas, to 3
different MP concentrations (104, 105 and 106 particles L�1), represented by 6μm Polystyrene (PS) microbeads,
compared to a control treatment receiving no MP. The study ran for a period of 80 days to test for the impacts of
MP on growth, Condition Index and Lysosomal Stability. From histological analysis, microbeads were detected in
the intestines of exposed oysters and in the digestive tubules, but no cellular inflammatory features were observed
over time. Weight and shell length remained comparable between the different treatments and control. We found
that Condition Index in the highest concentration increased initially but significantly reduced over time. The
oysters in the highest MP exposure also showed the lowest mean Lysosomal Stability score throughout the
experiment. Lysosomes play a vital role in the cells defense mechanisms and breakdown of constituents, crucial
for the oysters’ wellbeing. Most importantly, we detected an increased mortality in those oysters who were
chronically exposed to the highest loads of MP.
1. Introduction

It is well established that the marine environment is widely polluted
with MPs (<5 mm) and that this issue poses a serious threat to marine
biota [1, 2]. Bivalve filter feeders living in coastal waters, such as oysters,
are particularly exposed to MPs because of their feeding mode and
enormous filtration capacity; individual oysters can filter ~5–25L of
seawater h-1 [3, 4, 5], making them likely to ingest MPs [4, 6]. Many
specimens have been found to contain high loads of MPs in the field [1].
Microplastics in oysters are directly related to the population density
within the watershed. Hooded oysters, Saccostrea cucullata, along the
Pearl River Estuary (China) near urban areas contained statistically
significantly more MPs than those near rural areas [7]. Bivalves ingest
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and assimilate high levels of MPs in their bodies that may likely impact
their physiology, and potentially affect both shellfish stocks, habitats
and, indirectly, the health status of the marine ecosystem and human
consumers [3, 8, 9, 10, 11]. Bivalves are recommended as ideal sentinel
species in several marine monitoring programmes, including those sup-
ported by international bodies such as ICES and OSPAR [12]. As a result,
bivalves have been recommended as a bioindicator for monitoring MP
pollution [13]. They are typically chosen for exposure experiments due to
their important role in the economy and the ecosystem. Several experi-
mental studies have shown cellular responses (e.g. loss of lysosomal
membrane integrity, oxidative stress, DNA damage) or negative effects
on feeding, growth and reproduction of adult bivalves, such as oysters,
mussels and clams, after exposure to relatively high concentrations of
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certain types of MPs, mostly PS spheres [6, 14, 15, 16, 17]. Yet another
study found no statistically significant effect on development or feeding
capacity of Pacific oyster larvae (Crassostrea gigas) after ingestion of
micro- and nanoplastics [18]. More evidence is needed, as previous
studies mostly used acute and subchronic treatments and exposure con-
centrations exceeding environmental concentrations, and thus being of
indirect relevance [1, 19]. The Pacific oyster is the most cosmopolitan of
all oyster species and a successful aquaculture species. They have a wide
global distribution, are hardy and grow rapidly, and thrive in tempera-
tures ranging from 8-22 �Cwith a salinity between 24 and 28 ppt [20]. As
a result, the Pacific oyster has also become the leading species in world
shellfish culture, with an estimated production of 573 617 t in 2016 [21].
They are relatively straightforward to culture and handle in the labora-
tory and bioaccumulate toxins by filtration, making them an ideal species
for studying biological processes. In this study, we tested the hypothesis
that a model MP (fluorescently stained spherical PS; 6 μm) impacts the
physiology and health of juvenile Pacific oysters during their growing
phase. To detect impacts of 6 μm PS microplastics in juvenile oysters we
opted for three different MP concentrations and a long-term treatment of
80 days. To demonstrate exposure to and effects of PS microbeads, a set
of generic biomarkers and endpoints, showed to be responsive in earlier
laboratory studies with bivalves, were used. These were: Condition Index
(CI), Lysomal Stability (LMS) and growth. In addition, we performed a
histological analysis to identify the distribution of PS microbeads in
digestive tissues and to screen for potential pathology.

2. Material & methods

2.1. Tested organism

The oysters were supplied from Guernsey oyster hatchery and were
considered healthy and uncontaminated by biological agents other than
normal flora. The oysters were sent directly from the hatchery and
transferred in crates to Cefas’ Weymouth laboratory. To avoid biological
contamination, the study was conducted in a room where no further
studies with other bivalve species were taking place. The seed oysters
were held in 15L flow-through glass tanks. Oysters were rinsed and
acclimatised for 1 day prior to the start of the study. All oysters were fed a
diet consisting of live algae (Tetraselmis suecica & Isochrysis galbana
mixture from Guernsey Sea Farms delivered weekly) supplemented with
artificial food (SD1800 - Shellfish Diet 1800 from Reed Mariculture) at
predefined feeding times. They were dosed with 6 μm PS microbeads
once daily. The uptake of the microbeads was optimised by feeding the
oysters algae mixtures within a similar size range as the microbeads.
During weekdays, oysters were fed twice a day, once with the live algae
mixture supplemented with preserved algae (SD1800) and once with
pure preserved algae (SD1800). During the weekend, oysters were fed
only once a day, with a mixture of live and preserved algae. Food con-
centrations were calculated as: 5% wet weight of live algae and 8% dry
weight of preserved algae per g dry weight of oyster tissue. The body
weight used in this feeding calculation was increased weekly, with 5% as
a measure of predicted growth in the absence of real data during the first
10 days and revised body weight predictions after each sampling point
using collected data.

The tanks in the study were bespoke glass aquaria, semi static 15 L
tanks, all of which could be easily emptied via a bottom valve. Daily, the
seawater in the tanks was drained and refilled with clean seawater. All
used seawater was UV treated and filtered via a series of three sequential
ceramic filter units (20μm, 10μm, 0.2μm – Deltaqua International). The
PS microbeads were added to the tanks and then corresponding live algal
suspensions were added. Further details of the feeding regime can be
found in the supplementary material.
2

2.2. Tested MP

The MPs used in this study are chemically inert 6μm Red Fluorescent
PS Microbeads (Fluoresbrite Polysciences Cat #19111-2 Lot 653002 (day
0–58) & Lot # 660155 (day 59–80)). Fluoresbrite particles are routinely
used in a wide range of applications, including as tracer particles and in
phagocytosis assays. The initial stock solution, 1 � 106 particles L�1, was
made according to Table A (see supplementary material) using the
manufacturer's supplied solution. The MPs stock, as supplied by the
manufacturer and stored in the fridge, was removed in the morning and
sonicated in a water bath for 5 min prior to use to disperse any aggregates
formed. Solutions for the 1 � 105 and 1 � 104 particles L�1 were pre-
pared by serial solutions (1:10) of the stock solution in reverse osmosis
water (rH2O). PS microbeads were added to filtered seawater and sus-
pended in the water column by using a filtered air lift.

At two different stages, water samples were taken during one full
cycle (0h, 1h, 4h, 12h& 24h) from tanks with different concentrations to
improve our understanding of the actual exposure conditions and pro-
cesses involved within the tanks. These samples were analysed for PS
microbead concentrations using a fluorescent cytoflow counter. Two
additional tests were run in duplicate tanks, one set containing seawater
and PS microbeads, the other set containing seawater, PS microbeads and
algae. A 1 � 10�4 dilution of the Fluoresbrite polychromatic 6.0 μm
Microspheres (Polysciences) was prepared to identify the position of the
bead cluster on the cytogram. This cluster reference was used in further
analysis to identify the number of beads in the samples. Each water
sample was placed in an ultrasonic bath for 10 min and homogenised
before being passed through a 200 μmmesh and a 20 μmmesh, removing
excessive organic matter prior to the flow cytometer analysis. Each
sample was run using the following cytoflow counter settings: Forward
scatter; Trigger level of 25mV; Maximum flow speed; 10-minute runtime.
Forward scatter was selected as trigger level and used to remove noise
from the cytogram. Ten minutes of runtime was allocated to analyse the
maximum number of beads/volume.

2.3. Experimental design and treatment

In this study we exposed C. gigas to 3 different concentrations of MPs
(104, 105 and 106 particles L�1; PS microbeads; 6μm) compared to a
control treatment receiving no plastics for a period of 80 days, to test for
the impacts of MP on growth, CI and LMS. We reviewed available
microplastic field concentrations [22] in combination with model out-
puts [23, 24] to select three concentrations for this size of microplastics,
representing potential short-term and long-term environmental exposure
scenarios. Histology was conducted at the start and during the sampling
points to locate the PS microbeads in the oyster tissue. Samples (growth,
CI, LMS and histology) were taken on days 0, 10, 20, 40 and 80.

Each of the 4 treatments was replicated 12 times (48 tanks in total)
(Figure 1). Each tank contained 30 oysters, 2 glass strips to which 15
juvenile oysters were attached. All 1440 oysters were weighed and
measured at the start. At each sampling day (10, 20, 40 and 80) all the
animals were removed from the 3 replicate tanks for each treatment and
processed (Table B – see supplementary material).

The water temperature was dependent on ambient air temperature,
around 18 þ/- 2 �C throughout. The oysters were acclimatised in the
experimental tanks, under these conditions, for a minimum of 1 day
before the start of the study. The following parameters were logged to
ensure consistency between the tanks during the entire experiment:
temperature (daily), pH (twice weekly; AM Monday & PM Friday), DO2
(twice weekly; AM Monday & PM Friday), Salinity (twice weekly; AM
Monday & PM Friday). Light levels were set on a 12h day cycle and total
Lux was measured at the end of the study.



Figure 1. a. Individual tank setup with 30 juvenile oysters. b. Experimental setup showing the 48 tanks and the PS microbead concentrations, the green tanks
represent the stock preparation made daily for each exposure concentration (MP þ Algae). All seawater was UV treated and ran through three sequential ceramic
filtration units (20μm, 10μm, 0.2μm) before use.

Figure 2. Oyster number and sampling procedure, length and wet weight were
measured for all oysters, before the experiment and at all sampling points. The
abbreviations stand for: LMS ¼ wet weight, shell length, flesh removed and
cryopreserved for further lysosomal stability analysis. G- CI ¼ Wet weight,
length, dry shell weight, dry tissue weight for Condition Index determination.
Histo ¼Wet weight, shell length, shell removed and tissue fixed in Davidsons for
further histology analysis.
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All tanks were covered during the entirety of the experiment, access
to the laboratory was limited and appropriate laboratory ware (cotton)
was worn to avoid contamination from the air. The tanks were manually
cleaned on day 22, 44 and 66. Biofilm scrapes from the side of the tank
and pseudofaeces were collected and smeared on microscopic slides to
determine microbead presence. The wastewater was sand filtered and
treated by the facility Ozone plant before discharge. Any other whole
animal or tissue waste was discharged as clinical waste and incinerated.

2.4. Sampling procedure

A specific bench area in the biocontainment experimental tank fa-
cility was prepared and cleaned before and after sampling. Sampling of
oysters was done inside this area to avoid contamination. Oysters were
weighed and measured prior to fixing them onto the glass rods. On the
selected sampling dates (10, 20, 40 and 80) the oysters were weighed and
measured again, after which CI was determined on a subset of 15 oysters
(Figure 2). Another sub-selection of 10 oysters was taken to determine
LMS (Figure 2). Live samples were taken to the postmortem room and
prepared for biomarker assays on site. Tissues were frozen for biomarker
analysis, fixed for histology or dried for final dry weight. The digestive
gland was removed, embedded in OCT in cryotomes and frozen in liquid
nitrogen, after which the blocks were stored at -80C for later analysis.
The remaining 5 oysters were used for histology (Figure 2); for this,
8–10μm soft tissue slides were made and stored at -80C.

2.5. Biological parameters, biomarkers and histology

2.5.1. Shell length & weight
Shell height, the maximum dimension from hinge to growth edge, is

commonly referred to as shell length, which will be used to describe this
dimension here. The shell length of every oyster was measured to the
nearest mm. Additional dimensions were measured to account for
irregular oyster shapes (e.g., long and thin). All measurements (�1.0
mm) were taken using a digital calliper system that enabled the rapid
recording of data. In the weighing technique, oysters were air dried at
room temperature for 5 min and weighed to the nearest 0.0001g. Oyster
3
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meat was oven dried to constant weight (68C for 48 h) and then meat and
shell were weighed separately to the nearest 0.0001g, after a short
cooling period.

2.5.2. Condition index
The CI of bivalves is measured by relating either the weight or volume

of the meat to some aspect of the shell. In the current study, oyster shell
length and weight measurements were standardized using the following
formula: Condition Index¼ (dry meat weight in g) * 100/(shell weight in
g). This widely-used condition index, because of the nature of the mea-
surements involved, is easily standardized and is thus used globally [25].
In addition, the use of dry tissue weights eliminates the bias due to water
content fluctuations of whole tissue. A low value for this index indicates
that a major biological effort has been expended, either as maintenance
energy under poor environmental conditions or disease, or in the pro-
duction and release of gametes. Thus, as an indicator of stress, or sexual
activity, this index gives meaningful information about the physiological
state of the animal [26].

2.5.3. Lysosomal membrane stability
A series of solutions and reagents were used to test LMS. A lysosomal

membrane labilising buffer (Solution A) was made with 0.1M Na-citrate
Buffer - 2.5% NaCl w:v (pH 4.5). The substrate incubation medium
(Solution B) consisted of 20 mg of N-Acetyl-β-hexosaminidase (Sigma,
N4006) or Napthol AS-BI phosphate (Sigma N2125), dissolved in 2.5 mL
of 2-methoxyethanol (Merck, 859) and made up to 50 mL with solution
A. This solution contained 3.5 g of collagen-derived polypeptide (POL-
YPEP, P5115 Sigma) as low viscosity polypeptide to act as a section
stabiliser. This solution was prepared 5 min before use. The diazo-
niumdye (Solution C) contained 0.1M Na-phosphate buffer (pH 7.4)
containing 1 mg mL�1 of diazonium dye Fast Violet B salts (Sigma,
F1631). The fixative (Solution D) was made from Baker's calcium formol
containing 2.5% NaCl (w:v). An aqueous mounting medium (Vector
Laboratories H1000, Kaiser glycerine gelatine, Difco, Sigma) was used.

The lysosomal membrane stability was cytochemically determined
using N-Acetyl-β-hexosaminidase [27, 28, 29]. Cryostat sections were cut
at 8–10μm (in duplicate on the same slide) and left in the cryostat
chamber until just before use. Seven slides were prepared in this manner.
Solution A was placed into a water bath at 37 �C to acclimatise. The slides
were placed into pre-treatment solution A so that each slide had a
different pre-treatment time of 30, 25, 20, 15, 10, 5, and 2 min i.e. slide 7
¼ 30 min, slide 6 ¼ 25 min, slide 5 ¼ 20 min, etc. Following
pre-treatment, slides were transferred to solution B for 20 min at 37 �C in
a staining jar in a shaking water-bath. The slides were rinsed with a saline
solution (3.0% NaCl) at 37 �C for 2–3 min. The slides were then trans-
ferred to solution C at room temperature for 10 min. Following this,
slides were rinsed rapidly in running tap water for 5 min. Sections were
fixed for 10 min in Solution D pre-cooled to 4 �C. Finally, slides were
rinsed in distilled water, mounted in aqueous mounting medium and
analysed.

The labilisation period (LP) is the time of pre-treatment required to
labilise the lysosomal membranes fully, resulting in maximal staining
intensity for the enzyme being assayed. The staining intensity was
assessed visually using microscopic examination. The labilisation period
can be effectively measured by microscopic assessment of the maximum
staining intensity in the pre-treatment series, a microdensitometer is not
completely necessary for accurate determination. All assessments were
carried out on duplicate sections for each digestive gland at each pre-
treatment time. Lysosomes will stain reddish-purple due to the reac-
tivity of the substrate with N-acetyl-β-hexosaminidase. The LP for each
section corresponds to the average incubation time in the acid buffer that
produces maximal staining reactivity. LP for the other replicate is simi-
larly obtained. Finally, a mean value of LMS of the sample was calculated
utilizing the data obtained from the 10 animals analysed [27].
4

Determination of the LP is usually quite straightforward, but a
complicating situation occasionally arises in which the pre-treatment
series shows two peaks of staining intensity, possibly due to differen-
tial latent properties of the subpopulations of lysosomes. In this situation,
the first peak of activity was used to determine labilisation period, as it is
the most responsive to staining [27].

2.5.4. Histology
Histological analyses were conducted on paraffin-embedded tissues

sectioned at 8–10μm thickness and stained using a pentachrome staining
procedure to determine the prevalence and intensity of the fluorescent PS
microbeads by histological examination. Slides were examined using a
Nikon Eclipse E800 microscope equipped with fluorescent filters. Images
were captured using the Lim Lucia G Screen Measurement™ image
analysis system (Nikon, UK) and Nikon DXM1200F video camera. The
microbeads used in this experiment are suitable for fluorescence micro-
scopy and yield intense fluorescence. Microscopic viewing using a
475–490nm filter shows an extremely bright red fluorescence, while use
of a 545–610nm filter yields a yellow fluorescence with excitation
maxima of 491nm and 512nm and emission maxima at 554nm. The main
aimwas to confirm the uptake and presence of the microbeads but, where
possible, the occurrence and extent of tissue pathologies, and the in-
tensity of anomalities were recorded using quantitative or semi-
quantitative measures. Measures of prevalence or occurrence, however,
do not give a true indication of the health of an organism [30].

2.5.4.1. Statistics. The statistical importance of the apparent difference
of Condition Index, Shell Length and Shell Weight were tested by fitting
linear mixed models. These were fitted using the lmer function in the R
package lme4. Details of the precise models fitted are shown in the Re-
sults section. When investigating the dead oysters, because of the low
numbers, the deaths were not modelled with mixed models as above.
Instead, Fisher's exact test [31] was used based on two-way contingency
tables of treatments vs the control.

Mixed models, as used for the CI analysis, were not used for the LMS
data because the LMS scores could take only one of eight different values
(including zero for the dead ones). In addition, oysters within a tank
often had similar LMS scores and so a normally distributed random error
– or indeed a tank random effect - wasn't appropriate. A priori, a central
interest is in comparing the LMS for the control and the treatment groups.
Thus, we performed our comparisons by comparing the tankmeans of the
control against each of the three treatment levels. This allowed us to
compare groups where each contained ten tank means. We performed
two-sided, non-parametric randomisation tests of the mean levels, using
the permute.groups function in the R library emon [32].

3. Results

3.1. PS MP concentrations

All experimental parameters remained stable and within acceptable
limits for optimal oyster cultivation over the entire period: daily tem-
perature (18 þ/- 2 �C), pH (8.1), DO2 (~7.0 mg L�1) and Salinity
(32–35‰). Light levels mimicked a normal day cycle. All the collected
water samples, biofilm glass tank scrapes, pseudofaeces and faeces con-
tained PS microbeads. Microplastic concentrations in the water column
appeared to be much lower than expected (1 � 104 particle L�1, 1 � 105

particle L�1, 1 � 106 particle L-1). On average, the detected concentra-
tions of microplastics in the water were a factor 10 lower from the start
onwards and dropped to about 1000 times lower 24 h later across all
exposures. A similar effect, although much lower, was observed in the
tanks containing no oysters (concentration dropped on average with a
factor 100 after 24 h) and almost no difference was observed in the tanks
containing only seawater and PS microbeads (concentration dropped on
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average with a factor 10 after 24 h). These concentrations drops are most
likely the result of the removal via the oysters, algae and biofilms and the
static interaction between microbeads. Microbeads were clearly present
in the scrapes from the glass ware and in the pseudofaeces and faeces.
3.2. Uptake of PS microbeads

From histological analysis, microbeads were detected in the intestines
of exposed oysters (Figure 3a) and in the digestive tubules (Figure 3b).
No cellular inflammatory features, including granulomas were observed
in exposed animals. No microbeads were observed in control oysters.
3.3. Effects of exposure to PS microbeads

The effects of a range of microbead concentrations on growing ju-
venile oyster across the 80-day period were determined using various
measurements and endpoints: Condition Index, Shell Length, Weight,
Lysosomal Membrane Stability and Mortality.
3.4. Condition index

Four observations were excluded because of missing information.
This left 716 observations. Of these, 22 were for dead oysters and 694 for
live ones. For the first part of the analysis below, only the live oysters
were used. The numbers of dead oysters were analysed separately.

The mean CI was plotted by treatment and day. This is shown in
Figure 4a. The plot suggests that there is little noticeable difference be-
tween the means for the control and two lowest MP exposure concen-
trations. However, the mean of the highest exposure concentration is
initially the highest (days 10 and 20) but then becomes the lowest (days
40 and 80). This is perhaps even more clearly illustrated in Figure 4b,
which has the CI transformed by square root (this transformation will
downplay the influence of some of the extreme, high CI values).

The statistical importance of the apparent difference between the
highest exposure concentration and the other ones was tested by fitting
linear mixed models. Initially, the full model was fitted

SCI¼ αþ TREAT þDAY þ TREAT:DAY þ TANKþRODjTANK þ ε (1)

where SCI ¼ CI0.5, TREAT is a factor representing a fixed effect of
microbead concentration, DAY is a factor representing a fixed effect due
to the duration (0, 10, 20, 40, 80 days) of the experiment, TANK is a
random effect and ROD|TANK is a random effect of ROD, nested within
TANK. For model comparisons, parameter estimates were obtained by
maximum likelihood.

A new treatment factor (TREAT2) was created which contained a
single value if the treatment was Control, 104 particles L�1 or 105 par-
ticles L�1 and a second value if it was 106 particles L�1. Thus, the new
factor has two levels: 106 particles L�1 and ‘the other exposure concen-
trations’. A similar model to (1) was fitted of the form
Figure 3. Histology slides of the oyster intestines (a) and digestive tubules (b)
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SCI¼ αþ TREAT2þDAY þ TREAT2:DAY þ TANKþRODjTANK þ ε

(2)
but with TREAT2 replacing TREAT.When comparing the fit of models (1)
and (2) using a likelihood ratio test we obtain a p-value of 0.88, sug-
gesting little difference between the models. Thus, our modelling sug-
gests that the lowest three levels of MP are behaving similarly.

We now turn to assessing whether the two treatment levels defined by
TREAT2 are different. We do this by fitting a model without a treatment
effect

SCI¼ αþDAY þTANKþRODjTANK þ ε (3)

and then comparing its fit with model (2). That is, how important is it to
distinguish the two treatment levels or can we assume that there is no
difference between the treatments? When models (2) and (3) are
compared using a likelihood ratio test we get a larger difference in the
log-likelihood than before and a p-value of 0.006. Thus, this gives sta-
tistical evidence that highest exposure (106 particles L�1) is acting
differently to the other exposures. From observation of Figures 4a and 4b,
this difference manifests itself in increased growth for the highest
exposure treatment for days 10 and 20 but then reduced growth for days
40 and 80.

The analysis above was done on oysters that were alive, however, we
also found some dead oysters at the different sampling points. Table 1
below shows the number of deaths by day and treatment. It should be
noted that these numbers are all relatively small compared to the 716
oysters analysed for CI. However, the results are interesting in that they
show that there were more deaths for the highest MP concentration and,
perhaps not surprisingly, there were more deaths on day 80 than the
other days.

Because of the low numbers, we did not model the deaths with formal
models as above. However, we did consider two-way contingency tables
of highest MP concentration vs the control (Table 2a) and highest con-
centration vs the other treatments (Table 2b). As with the modelling
above, we need to be careful with implicit multiple comparison tests
because we have, to some extent, used the data to guide our testing.
Having said that, a priori, we might expect to be comparing the highest
levels of MP against either the control or the lower treatment levels.

For the two-way contingency tables, Fisher's exact test was used to
investigate whether there were more deaths from the 106 particles L�1

concentration than there were from the (i) control and (ii) control, 104

particles L�1, 105 particles L�1 treatments (Tables 2a and 2b). For com-
parison (i), p ¼ 0.13 if we assume an alternative hypothesis that 106

particles L�1 is different to the control and p ¼ 0.07 if we assume that 106

particles L�1 would result in greater deaths than the control. For (ii),
corresponding p-values are 0.004 and 0.002 respectively. Thus, whilst
there is a suggestion that there are more deaths for 106 particles L�1 than
for the control, the small numbers mean that any difference is not quite
statistically significant. However, when comparing the 106 particles L�1

with the larger group of treatments, we easily attain the 5% level of
showing the fluorescent PS microbeads (yellow) excited at 491 & 512nm.



Figure 4. a. Plot of CI means by treatment and day; b. Plot of CI means of square root CI, by treatment and day.

Table 1. Number of deaths by day and treatment (out of 716 oysters).

Treat DAY

10 20 40 80 Total

Control 2 0 1 2 5

104 particles L�1 1 0 2 0 3

105 particles L�1 0 1 1 0 2

106 particles L�1 1 3 1 7 12

Total 4 4 5 9 22

Table 2a. Number alive and dead by treatment 106 particles L�1 and control.

106 particles L�1 Control Total

Dead 12 5 17

Alive 167 174 341

Total 179 179 358

Table 2b. Number alive and dead by treatment 106 particles L�1 and the other
three treatments.

106 particles L�1 Control, 104 particles L�1, 105 particles L�1 Total

Dead 12 10 22

Alive 167 527 694

Total 179 537 716

M. Thomas et al. Heliyon 6 (2020) e03103
statistical significance – suggesting a greater probability of death at 106

particles L�1 than for the other three treatments.
Overall, analysis of the CI data provides strong evidence that the

highest PS microbead concentration is having a different/adverse effect
on oysters.

3.5. Analysis of shell length and weight

Only live oysters were analysed. There were originally 2,873 data
points, 1,440 length and weight values from the oysters at the start of the
experiment and 360 data values for the length and weight of the oysters
at each of days 10, 20, 40 and 80 (7 values were excluded due to data
oddities). At the end of the experiment, 27 oysters were found dead and
1,406 alive.
6

The plot of the shell length means is shown in Figure 5a. There is no
obvious pattern amongst the treatments – apart from a reduction for the
mean shell length for the highest concentration at day 40, but this is not
continued at day 80. Using mixed models of the form in (1) and with the
square root of shell length as the dependent variable, likelihood ratio
tests confirm that there is no statistically significant interaction between
DAY and TREAT (p ¼ 0.18), that there is a statistically significant effect
of DAY (p < 0.001) and the effect is close to statistical significance for
TREAT (p ¼ 0.052).

The plot of the weight means by day and treatment is shown in Figure
5b. Formal statistical modelling suggests that both the DAY by TREAT
interaction, the DAY effect and the TREAT main effect are statistically
significant (p ¼ 0.007, p < 0.001 and 0.015 respectively).
3.6. Analysis of lysosomal membrane stability

An LMS score was obtained for 342 out of the 480 oysters, there were
14 dead oysters and 124 oysters for which no LMS score could be ob-
tained due to sampling or analytical issues. If we consider that the 14
confirmed dead oysters should have a score of 0, then there are scores for
356 oysters.

Figure 6a shows the mean LMS scores for the 342 alive oysters by
treatment and day. There is no obvious pattern with respect to treatment
dose here. It is interesting to see that the mean for the highest microbead
exposure is always less than the control mean and that the mean for the
highest microbead exposure has the lowest mean for the first three
measured periods. Figure 6b shows a similar plot to that in Figure 6a,
except that in Figure 6b the dead oysters are included, with their LMS
scores of 0. This figure perhaps creates a clearer picture in that the mean
for the highest MP exposure has the lowest mean score throughout the
experiment, tentatively suggesting that the higher dose of microbeads is
having a detrimental effect on the lysomal membrane stability.

For the analysis excluding and including the dead oysters, the com-
parison results are shown in Table 3. These confirm the impression given
by Figure 6, that the tanks with the highest MP concentration have lower
LMS scores than the control tanks (p-value ¼ 0.017).

4. Discussion

Our results showed that oysters will accumulate MPs from the water
column. Shellfish containingMPs consumed whole not only pose concern
for human exposure [3, 9, 11, 13, 33], but also for the animals them-
selves. The highest PS microbead concentration in our study has been
found to increase mortality amongst juvenile oysters. Other studies have



Figure 5. a. Plot of means of shell length by treatment and day; b. Plot of means of weight by treatment and day (the figures are for survivors only).

Figure 6. a. Mean LMS score of survivors by day; b. Mean LMS of all oysters (dead & alive) by day.

Table 3. P-values for comparing LMS score tank means for control and each level
of treatment dose. Comparisons have been done twice, without and with the 14
dead oysters.

Comparison p-value: Alive oysters only p-value: Alive and 14 dead oysters

Control vs Dose 4 0.86 0.74

Control vs Dose 5 0.29 0.35

Control vs Dose 6 0.34 0.017

M. Thomas et al. Heliyon 6 (2020) e03103
shown that exposure to relatively high densities of MPs alter the respi-
ration rates, immunology, reproductive capacity and filtration rates of
bivalves [15, 34, 35, 36, 37]. Owing to their role as ecosystem engineers
(e.g. reef formation, benthic – pelagic coupling, biodepositioning), such
effects are likely to permeate beyond the individual organism into
benthic and pelagic food webs [36]. If MPs alter the ability of these filter
feeders, there may be wider impacts on their associated communities and
on the functioning of coastal ecosystems [35]. More studies are urgently
needed to determine the effects of MPs on these key marine species and
habitats.
7

In this study, the MPs deployed were hard and smooth microbeads;
however, actual MPs can have any form or shape. To date, there are few
peer-reviewed publications on suspected microbeads collected in the
field. We could not immediately observe a practically meaningful effect
of PS microbeads on the length and weight of the individual oysters. In
the same way, Cole et al. [38] found no measurable effects on the
development or feeding capacity of oyster larvae exposed to plastic
concentrations exceeding those observed in themarine environment. The
condition index data provided evidence that the highest PS microbead
concentration resulted in lower mean CI levels when compared to the
lower treatment levels. These data also showed that a disproportionate
number of oysters in the highest dose group die compared to the other
groups.

Our results also indicate that the highest dose of microbeads is having
a detrimental effect on the lysomal membrane stability. Lysosomes are
responsible for the breakdown of all the constituents of the cells and
macromolecules derived from the extracellular space via endocytosis
[39]. They are also involved in cell defense mechanisms, in the protec-
tion against the toxic agents and infection by viruses and bacteria [39,
40]. The physicochemical modifications which lead to the loss of the
integrity of the membranes of diverse components of the lysosomes are
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almost always associated with cellular dysfunction, inflammatory and
degenerative diseases as well as apoptosis and cell death [39, 41]. These
findings suggest that environmental concentrations of MPs are harmful to
the wellbeing of oysters in the long term.

We found no histological evidence of damage to the digestive tissue
structures, suggesting that these low concentrations of PS microbeads do
not provoke any inflammatory reactions. It is difficult to define the exact
underlying mechanisms from the selected endpoints in this study, but
other studies have highlighted that PS microbeads in high-dose, short-
term experiments caused feeding modifications and reproductive
disruption in oysters, with significant impacts on offspring. Dynamic
energy budget modeling, supported by transcriptomic profiles, suggested
a significant shift of energy allocation from reproduction to structural
growth, and elevated maintenance costs in exposed oysters, which is
thought to be caused by interference with energy uptake. Molecular
signatures of endocrine disruption were also revealed, but no endocrine
disruptors were found in the biological samples [15]. In a study by
Ribeiro et al. [16] the effects of PS MPs were assessed in tissues of the
clam Scrobicularia plana. Clams were exposed for 14 days to 4 particles
mL�1, comparable to our lowest (104 particles L�1) concentration, fol-
lowed by 7 days of depuration. The results revealed that MPs caused
reduced antioxidant capacity, DNA damage, neurotoxicity and oxidative
damage [16]. A two-month study of the black-lip pearl oyster, P. mar-
garitifera, has shown that environmental concentrations of PS microbeads
significantly impact the assimilation efficiency and more broadly the
energy balance, with negative repercussions on reproduction. Gonads
may have provided the missing energy to maintain animals’ metabolism
through the production of metabolites derived from germ cells phago-
cytosis [17].

Our data shows little noticeable difference between the CI of the
oysters in the control and those in the two lowest MP concentrations (104

particles L�1 & 105 particles L�1). Similar results were observed in other
bivalve studies using low concentrations of PS microparticles (4 particles
mL�1), where no statistically significant changes were observed between
control and exposed clams (S. plana) after 14 days and in the 7day
elimination period. A low value for this index indicates that a major
biological effort has been expended, either as maintenance energy under
poor environmental conditions. The oysters dosed with the highest
concentrations (106 particles L�1) were, however, in a better condition
than the oysters in all other treatments for days 10 and 20 but then their
condition plummeted for days 40 and 80. We can only speculate on the
reasons for this. Initially, the oysters seem to be boosted by MPs and it is
only later in time that adverse health effects due to the high MP diet may
manifest. This might be related to a higher filtration rate. The European
flat oyster, O. edulis, exposed for 2 h per day to MPs filters more algae h-1
than without MPs [36]. Likewise, an increase in filtration rates of the
Pacific oyster was found in response to constant exposure to 6 μm PS
microbeads [15]. This suggests that oysters filter more in response to
plastic particles.

A study in clams, Atactodea striata, has shown that ingestion and
retention of MPs were limited by the production of pseudofaeces and
faeces [42]. We detected similar stress effects and found pseudofaeces
containing high amounts of microbeads, a mechanism known to be a
cleaning mechanism, preventing the gills being blocked by particulate
matter [43], and as a rejection mechanism for inedible particles [44]. We
found rather low amounts of PS microbeads in the faeces. In a similar
study, the detoxification of PS MPs in clam tissues was inefficient for the
7 day duration tested [16]. Although this indicates that oysters have the
ability to egest MPs via faeces, there is still potential for accumulation
and trophic transfer [16, 45] and/or effects of long-term exposure [46].

Continuous augmented filtration without improved food uptake may
lead to biomass losses in the long term. Green et al. [35] reported that the
biomass of the peppery furrow shell clam, Scrobicularia plana was ~1.5
times lower in mesocosms with the high dose of MPs compared to con-
trols. This indicates that repeated exposure to high concentrations of MPs
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may lead to “MP fatigue” in oysters, altering the condition of important
ecosystem engineers and the formation of benthic assemblages.

All polymer particles with a diameter between 0.1 μm and 5mm are
defined as microplastics. This creates several issues in relation to
microplastic sampling, analytical and reporting procedures. Most field
studies include only particles in a narrower range as microplastic, often
determined by their sampling methodology or the detection limit of
devices they used [24]. A commonly used lower limit due to mesh size
lies between 300 – 800 mm, while the upper limit is often set between
2.16 and 4.75mm or up to 5mm [47]. Likewise, studies differ as to
whether all particle shapes are included, distinguishing between frag-
ments, spheres, sheets, pellets, ropes and fibers [24]. The present liter-
ature also reports highly variable metrics of concentration, such as
averages, medians, maximum averages, average maxima and maxima
[24]. To make matters worse, several studies report microplastics in
different units. Microplastic concentrations are variably reported as mass
or as particle numbers per mass, per volume or per surface area of water
or sediment, or even per study site [24]. These differences in units and
lack of complete quantification make it difficult to determine realistic
concentrations. It makes comparisons between field observations very
difficult and limits their usefulness for ecotoxicological experiments.
Globally, the highest reported microplastic concentrations in the water
column using a mesh size of ~300 μm is 102 particles L-1 [24,48],
measured near a harbour, close to a polymer production plant. Up to 100
000 times higher concentrations of small plastic fibres were retained on a
80μm mesh compared to a 450μm mesh [48]. Estuarine studies in South
Korea reported high MP concentrations up to 23 particles L�1 between
0.2 and 1 mm in contaminated regions [49]. Applying smaller mesh sizes
will retain a larger fraction of MPs [50]. The limits set in these field
studies thus result in microplastic numbers being underestimated
compared to the definition. Furthermore, concentrations of microplastics
in the water column are known to be very heterogenous and variable
[51]. For example, the abundance of plastic particles in the water column
increased 6-fold shortly after a storm in California coastal waters [52].
Taking into account that amounts of microplastic are also under-
estimated by up to a factor of 30 when based on surface sampling [53],
microplastic concentrations, especially the smallest fraction, might be
much higher in reality and present a risk to the most sensitive species at
hotspot locations in near-shore regions. Microplastics in sediment are
also expected to affect organisms feeding in the water column, via
resuspension or transfer through the food chain [24]. Due to increased
water turbulence or defouling, originally settled plastic particles are ex-
pected to become resuspended in the water column (especially in shallow
and near shore environments) and lead to exposure of organisms feeding
of the water column [54]. Considering size distributions of particles, it is
clear that abundance increases with a decrease in size probably due to
fragmentation processes [55]. Just based on mass conservation princi-
ples, fragmentation of spherical microplastic particles with a size of >0.1
μm – 5mm into 100nm nanoplastic particles would lead to particle
concentrations that are ultimately >1014 times higher than the currently
found microplastic particle concentrations [24]. Detecting these smaller
fractions of microplastics (<10μm) proves rather problematic and costly
with current methodologies and are thus often overlooked and
unreported.

Considering the above, we exposed juvenile oysters for almost three-
months to what the authors believe to be a series of potential environ-
mental concentrations of a prototypical MP of that size. The concentra-
tions of 6 μmPSmicrobeads in this study, although seemingly high, could
well represent a range of potential scenarios for current, short-term and
long-term concentrations of microplastics to which invertebrates might
get exposed in the environment. Furthermore, the PS microbead con-
centrations in our tanks quickly dropped off, especially in the presence of
oysters (about a factor 1000 lower after 24h), leading to a steady state
concentration over 24h, the situation where the overall input of MPs is
fairly in dynamic equilibrium with their elimination via the oysters
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uptake and removal in the form of faeces and pseudofaeces, interaction
with algae and biofilms and/or static clumping.

Most importantly, we observed an increased mortality in oysters
exposed chronically for 80 days to 6 μm PS microbeads, dosed at con-
centrations of 106 particles L�1. Such concentrations are currently not
frequently reported in the marine environment but could be found near
inputs such as harbours [48], rivers [23], sewage outlets [56] or estuaries
[49]. The biological responses and increased mortality, however, seem
rather specific to MP and less distinguished in bivalves exposed to sus-
pended sediment plumes [57]. More research, detailing diverse experi-
mental setups, testing different endpoints in a wide range of marine key
species and ecosystems, including studies combining realistic mixtures of
polymer types and different stressors (e.g. temperature increase, ocean
acidification, contaminant & microbiological load) are all needed to
allow for future comparisons and greater insights.
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