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Abstract

The pollution of the environment with microplastics (MPs) is affecting aquatic organisms worldwide, and yet intensive
research, has thus far failed to deliver an adequate understanding of the detrimental effects of MP ingestion by fish.
Investigations using established health and performance parameters are often insufficient to determine MP toxicity,
especially when considering MPs in environmentally relevant concentrations. In the present study, label-free quanti-
tative (LFQ) proteomics of liver tissue was combined with gene expression analysis in order to investigate the long-
term effects of MP exposure on rainbow trout (Oncorhynchus mykiss). With the help of a specially designed diet, two
groups of fish were exposed for 120days to environmentally relevant concentrations of MPs (on average 13 particles
per fish, every 2 days) and to slightly increased levels representing those expected in the near future (on average 73
MP particles per fish, every 2 days). Both groups were compared to a control. The results provide evidence that long-
term exposure to MPs has a dose-dependent negative effect on the performance of rainbow trout. No differences in
blood glucose level, hematocrit level or lipid peroxidation were observed between treatments. The proteomic analysis
revealed 6071 unigue proteins, but no significant change in hepatic protein concentrations compared to their match-
ing controls, although certain proteins appear to have been up- or down-regulated multifold and should be consid-
ered in continuing experiments. When comparing highly regulated proteins with the levels of their respective mRNA
transcripts, a good correlation was observed just for “differentially regulated trout protein 1, encoded by drtp1. This
may therefore be a suitable biomarker for future studies with trout. Several hypotheses were put forward to explain
the observed differences in growth: nutrient dilution, caused by increased amounts of non-digestible material in the
diet, and growth effects due to differences in diet quality could be excluded. Physical interference of MPs with the
gastrointestinal tract are also unlikely, as fish are regularly exposed to particulate matter in natural environments and
previous studies did not find evidence of such interferences. Instead, indirect detrimental effects of MPs, either due to
their hydrophobic surface properties or the presence of certain additives, could cause allergic reactions, microbiota
dysbiosis or general stress responses. Although no clear cause for the reduced growth was identified, the current
study demonstrates the potential utility of omics approaches when dealing with such a complex question. Future
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studies should extend analyses to the gastrointestinal tract and associated tissues. It should be ensured that the MP

exposure is realistic and that the duration of the experiments covers several months. Direct evidence of a significant
negative influence of long-term exposure to realistic and near-future MP concentrations on fish highlight the impor-
tance of measures to prevent a further increase of MPs in the environment.

Keywords: Liver proteome, Omics, Health effects, Freshwater, Specific growth rate, Food conversion rate, Oxidative

Introduction
Pollution with microplastics (MPs) is widely recognized
as an emerging threat to the global environment [1], with
longevity in the environment and an exponential increase
in plastic production over the last eight decades com-
bined [2], resulting in a rapid accumulation of MPs in
rivers, lakes and the ocean [3, 4]. The myriad pathways
by which these pollutants enter the environment are not
completely understood but are known to include direct
inputs via wastewater [5] and via the mechanical and
chemical degradation of larger debris [6, 7]. MPs are usu-
ally defined as particles of plastic smaller than 5mm [8],
and are therefore small enough to be ingested by a wide
range of aquatic organisms [9]. Numerous studies have
shown that MPs are taken up by a variety of fish species
in both freshwater and marine systems, where they are
primarily detected in the gastrointestinal tract [10, 11].
MPs are ingested either accidentally when foraging or
indirectly with other food already containing plastic par-
ticles [12]. In some cases, MPs are also mistaken for nat-
ural food [13]. Research has addressed the detrimental
effects of MPs on fish early in the history of MP pollution
studies. However, the results obtained so far are often
contradictory, with some studies failing to demonstrate
any negative impact, while others highlight a variety of
adverse health effects for fish (for a review, see: [10, 14]).

A major issue when evaluating potential adverse health
effects of MP in laboratory experiments is that the con-
centrations of MPs applied tend to be much higher than
those occurring routinely in the environment. Often the
discrepancy is greater than two orders of magnitude,
sometimes as many as seven, making it difficult to extrap-
olate the results and inferences of such studies to natural
conditions are potentially leading to biased conclusions
[15, 16]. The size of the particles also plays a decisive role.
Very small particles, for example can pass through the
intestinal wall, migrate into organs like the liver [17, 18]
and therefore cause a different pathology to larger parti-
cles restricted to the intestinal passage. These and other
factors make it difficult to assess the actual harmfulness
of microplastics to fish [19].

A variety of different approaches have been applied
to study the detrimental effects of pollutants on aquatic
organisms. Generic baseline parameters such as growth

and mortality [20], are often considered alongside other
established stress parameters such as levels of cortisol or
heat shock proteins or evidence for lipid oxidation [21,
22]. However, conflicting findings to date suggest that
these parameters might not be sensitive enough to indi-
cate the physiological effects of MP concentrations cur-
rently found in the environment. For this reason, recent
studies have begun to adopt more sophisticated molecu-
lar biological approaches, including omics techniques
[23, 24]. A striking advantage of mass spectroscopy when
searching for a needle in a haystack is that the tech-
nique permits simultaneous identification of thousands
of proteins in a sample, up to the analysis of the entire
proteome [25]. The identities and abundances of the vari-
ous proteins may then suggest pathways by which, for
example, particular concentration differences, have come
about, and may thus provide important insights into the
effects of short- and long-term MP exposure.

To date, proteomic approaches have been used only
sporadically when investigating the effects of MP expo-
sure on aquatic organisms. A recently conducted prot-
eomic analysis of blue mussels (Mytilus edulis) exposed
to MPs for 52days identified 40 differentially regulated
proteins in the haemolymph compared to a control group
[26]. These were involved in immune regulation, detoxi-
fication and other vital biological processes. Another
proteomic study on zebra mussels (Dreissena polymor-
pha) suggested a threshold exposure level beyond which
stimulation with MPs began to modulate the proteome in
the short-term and furthermore pointed to high sensitiv-
ity of proteomic analyses [27]. So far, this approach has
not been used to address potential MP impacts in fish.
However, several studies have evaluated transcriptomic
alterations in aquatic organisms exposed to MP and
produced greatly varying lists of differentially regulated
genes [28-30].

In the present study, a proteomic approach was trialed
alongside established methods in an investigation of fish
experiencing long-term exposure to environmentally
relevant concentrations of MPs. Two groups of rainbow
trout (Oncorhynchus mykiss), a widely used model organ-
ism for ecotoxicological studies [31], were exposed to MP
concentrations and sizes currently encountered in wild
fish and an increased concentration, expected to occur
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in the near future [3, 32]. These groups were compared
to a control group maintained in MP free conditions.
The plastic was administered in a controlled manner
using a specially designed diet. In addition to a selec-
tion of typical performance and stress parameters, the
liver proteome was examined using a label-free quan-
tification (LFQ) approach [33]. Proteins that exhib-
ited obvious shifts in regulation were selected, and gene
expression analysis was used to confirm and extend the
results at the transcript level. Based on the results, dif-
ferent hypotheses on the impact of microplastics on fish
were developed and possible biomarkers for future stud-
ies were considered.

Materials and methods

Husbandry, MP particle characteristics and experimental
setup

Juvenile rainbow trout were acclimatized for 3 weeks in
nine tanks (100 fish per tank, tank size: 50 x 55 x 55 cm)
and fed twice a day with a commercial dry feed (Inicio,
BioMar, Brande, Denmark) and an experimental diet
(Gesellschaft fiir Marine Aquakultur mbH, Biisum, Ger-
many; for more details, see: [34]). All fish were held in a
flow-through system (8 L/min water exchange rate) with
an average water temperature of 8°C and oxygen lev-
els between 8 and 12mg/L. Light intensity was around
3001x, with 12h illumination and 30 min transition peri-
ods simulating dawn and dusk. Water parameters were
monitored continuously, and tanks were cleaned several
times a day.

In the MP exposure experiment the fish were divided
into three groups, two of which received the experimen-
tal diet modified to contain different concentrations of
polymethylmethacrylate (PMMA) particles. PMMA is a
widely used plastic with a variety of applications and is
routinely present in the environment [35-37]. In order
to simulate a realistic exposure situation in which irregu-
lar shaped fragments are a frequently occurring particle
shape and the number of particles increases exponen-
tially with smaller size [38], fluorescent PMMA granules
(Glow-Side, Kretz, Germany) were crushed in a mortar
grinder (Pulverisette 2, Fritsch, Germany) and then wet
sieved to exclude particles smaller than 20 pm and larger
than 1000 um. The resulting fragments (Fig. 1 (A)) were
then incorporated into the experimental feed matrix.

Two pellet sizes of the diet were used in the exposure
experiment. The MP concentration was 2729 £+ 1639 par-
ticles per gram diet (particle weight: 0.004+0.003g per
gram diet) for the 2 millimetre pellets and 35264966
particles per gram diet (particle weight: 0.010+0.009g
per gram diet) for the 4 millimetre pellets. Particle sizes
ranged from 27 to 778 um (mean=standard deviation
(SD)=149+128um, Fig. 1 (B)). The MP dose delivered
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Fig. 1 Shape and size distribution of microplastic particles used in
the exposure experiments. (A) Microscopic image of fluorescent
polymethylmethacrylate (PMMA) particles. (B) Accumulative
histogram of the equivalent circular area diameter (ECAD) of all
PMMA particles detected in 10 pellets of the experimental diet

to the low exposure group was 19mg MP diet per fish,
while the high exposure group received feed dosed with
85mg MP per fish respectively. The portion of the experi-
mental diet containing MP particles (hereafter: MP diet)
was thus modified after each sampling event in order to
maintain the same dose. The MP diet was provided sepa-
rately before the untreated diet every 48h to ensure an
even uptake of the MP and to allow the majority of par-
ticles to pass the gastrointestinal (GI) tract prior to the
next exposure, as shown in previous exposure experi-
ments with rainbow trout [34]. Generally, the quantity
of food supplied was equivalent to 1.5% of fish body
weight and was dispensed within the same hour each
day, 6 days a week. After 10weeks, the pellet size of the
diet was changed from two to 4 mm and the food ration
was increased to 1.8% of fish body weight. A third group
served as a control and fed the experimental diet without
MPs. For all treatments three replicates were performed,
resulting in nine experimental groups.
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Sampling and tissue preparation

The experimental fish were treated for 17 weeks and sam-
pled on a regular basis. At the start and the end of the
experiment, all individuals were weighed to the near-
est 0.1g and total length was measured to the nearest
0.1cm. During the exposure experiment, sampling took
place on three consecutive days, with three tanks being
sampled per day. An overview of the sampling time
points is given in Fig. 2. Five individuals per time point
and treatment were anaesthetized with clove oil (0.1 mL
per L water, Euro OTC Pharma, Boenen, Germany), the
wet weight and total length was measured and the cau-
dal fin was ablated. A blood sample was taken for further
analysis (see below). Subsequently, the fish were eutha-
nized with a cut at the gills and stored on ice until further
examination.

To prepare tissue samples for further analysis, for
each individual the liver and intestine was dissected and
cleaned with 1x PBS (phosphate-buffered saline). The
liver was also weighed to calculate the hepatosomatic
index (see below). The tissues were then dried with a
cloth and stored in 1.5 mL Eppendorf tubes at —80°C.

Additional sampling events took place after two and
7 weeks of exposure, in order to compare MP concen-
trations in experimental fish fed the 2mm MP diet und
4mm diet respectively (Fig. 2). After anaesthetization
and euthanization, the whole gastrointestinal tract was
removed and MP concentration was determined accord-
ing to [34]. Briefly, the tissue samples were digested
using a combination of sodium hydroxide (NaOH,
1mol/L, Chemsolute, Th. Geyer, Germany) and nitric
acid (HNO3, 65%, Chemsolute, Th. Geyer, Germany),
and filtered on a cellulose-nitrate filter (47mm, 8 pum

pore size, Sartorius Stedim Biotech, Germany). MP par-
ticles recovered on the filter were counted and measured
using a digital microscope (Keyence VHX700, Keyence,
Japan), a black-light lamp and the on-board software of
the microscope.

All experiments were conducted according to the Ger-
man Animal Welfare Act (TierSchG) and approved by
Referat Tierschutz of Regierungspriasidium Tibingen
(LAZ 2/16, AZ 35/9185.81-4).

Measures to prevent contamination during the experiment
Fish were kept in a flow-through system to reduce the
risk of exposure to microplastics through contamina-
tion. The tanks were covered with a lid, which was only
opened for feeding and cleaning. Since the water used in
the experiments is natural lake water, pre-treatment was
performed by default to ensure that no relevant contami-
nation is introduced. Cleaning the tanks several times a
day ensured that the chance of re-exposure to MP from
the faeces was low. The fluorescent properties of the
PMMA particles ensured that these could be clearly dis-
tinguished from possible background contamination
when determining the MP concentration in the experi-
mental fish. During digestion of the tissue samples, estab-
lished protective measures to reduce contamination (as
described in [39]) were followed.

Calculation of performance and health parameters

To determine the performance of the experimental fish,
all fish at the beginning of the experiment (» =300 for all
three treatments) and all remaining fish at the end of the
experiment (control: n =127, low exposure: n =122, high
exposure: n=125) were considered. Specific growth rate
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(SGR, in % per day) for fish in each treatment was calcu-
lated using the mean weight of all fish at the start and end
of the experiment according to the formula:

In (mean initial weight [kg]) — In (mean final weight [kg])

SGR = .
length of the experiment [days] (1)

The feed conversion rate (FCR) describes the amount
of food needed in order to produce 1 kg of fish. It was cal-
culated at the end of the experiment, using the formula:

amount of feed [kg]

FCR =
weight gain [kg]

(2)

The hepatosomatic index (HSI) was calculated for each
sampling event, using the formula:

_ liver weight [g]

HST = fresh weight [g]’ ®)

The following health parameters were determined indi-
vidually at each sampling point for five randomly selected
fish in each treatment. In order to determine haematocrit
levels, two haematocrit capillaries (sodium heparinized;
75mm; Hettich, Tuttlingen, Germany) were filled with
blood, centrifuged for 10 min at 14000 xg in a haemato-
crit centrifuge (HAEMATOCRIT 210, Hettich, Tuttlin-
gen, Germany) and the mean haematocrit value of both
capillaries was determined. Blood glucose concentrations
were measured using a standard blood glucose meter
(ACCU-Chek Aviva, Roche, Mannheim, Germany).

A TBARS (thiobarbituric acid reactive substances)
assay kit (TCA method; Cayman Chemical, Ann Arbor,
USA) was used to test for increases in lipid peroxida-
tion (LPO) resulting from oxidative stress [40]. The
assay detects malondialdehyde (MDA), which is gener-
ated by membrane oxidation and damage [22], and was
performed according to the manufacturer instructions.
Briefly, 100mg of liver tissue was blended using a tissue
homogenizer (Bead Ruptor 4, OMNI International, Ken-
nesaw, USA). The homogenized sample was centrifuged
at 1600 xg for 10min and the supernatant mixed with
thiobarbituric acid (TBA). After boiling for 1 hour, the
TBARS formation was quantified using a plate reader
(BioTek ELx 800, BioTek Instruments GmbH, Germany)
at a wavelength of 540 nm.

Protein extraction and digestion using pressure cycling
technology (PCT)

The samples were prepared by measuring 0.2 to 1.1 mg
of tissue into a 150 uL FEP (fluorinated ethylene propyl-
ene) MicroTube (Pressure BioSciences Inc., South Eas-
ton, USA) with 30 uL of freshly prepared lysis buffer (8 M
Urea; Sigma-Aldrich, St. Louis, USA). 0.1 M ammonium
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bicarbonate (Sigma-Aldrich, St. Louis, USA), 1x com-
plete protease Inhibitor (Roche, Basel, Switzerland) were
then added and the tubes sealed using a PTFE (polyte-
traflouroethylene) MicroCap (50uL, PBI). Tubes were
placed in the Barocycler (NEP2320; Pressure BioSciences
Inc., South Easton, USA) and pressure alternated for
60cycles according to the following plan: high pressure
(45,000 psi) for 505s followed by ambient pressure for 10s.
The temperature of the reaction chamber was maintained
at a steady 33°C using a circulating water bath. The
MicroTubes were sonicated for 20s in a water bath soni-
cator (VWR, Radnor, USA). The MicroCap was removed
and Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP; Sigma-Aldrich, St. Louis, USA) and iodoaceta-
mide (IAA; Sigma-Aldrich, St. Louis, USA) were added to
a final concentration of 10mM and 40 mM, respectively.
The solutions were mixed by pipetting up and down and
the tubes were then sealed with the MicroCap and incu-
bated for 30min at 25°C in a Thermo Shaker (Eppen-
dorf, Hamburg, Germany) at 600rpm. The samples were
diluted to 6 M Urea with 0.1 M ammonium bicarbonate
and Lys-C (FUJIFILM Wako Chemicals Europe GmbH,
Neuss, Germany) was added in an enzyme to protein
ratio of 1:40 w/w. The tubes were placed in the Barocy-
cler and pressure in the tube was alternated for 45 cycles
of high pressure (20,000 psi) for 50s followed by ambient
pressure for 10s, again at 33 °C. The samples were diluted
to 1.6 M Urea with 0.1 M ammonium bicarbonate and
Trypsin (Promega) in an enzyme to protein ratio of 1:50
w/w. The tubes were sealed using a 150 pL. MicroCap and
placed in the Barocycler. Pressure in the tube was alter-
nated for 90cycles of high pressure (20,000 si) for 50s
followed by ambient pressure for 10s, at 33°C. The sam-
ples were transferred to a fresh 1.5mL Eppendorf tube
and acidified with trifluoroacetic acid (TFA; Honeywell,
Charlotte, USA) to a final concentration of 0.5%. Peptides
were cleaned with C18 Stagetip (selfmade). The samples
were dried and re-solubilized in 3% acetonitrile (ACN;
Merck, Darmstadt, Germany) and 0.1% formic acid (FA;
Sigma-Aldrich, St. Louis, USA) for MS analysis and the
peptide concentration was normalized by with Nan-
odrop (DS-F11 FX+; DeNovix, Wilmington, USA; Abs at
280nm).

Liquid chromatography-mass spectrometry analysis

Mass spectrometry analysis was performed on a Q
Exactive HF-X mass spectrometer (Thermo Scien-
tific, Waltham, USA) equipped with a Digital PicoView
source (New Objective, Littleton, USA) and coupled to
a M-Class UPLC (Ultra-Performance Liquid Chroma-
tography; Waters, Milford, USA). Solvent compositions
in the two channels were 0.1% formic acid for channel



Roch et al. Microplastics and Nanoplastics (2022) 2:14

A and 0.1% formic acid, 99.9% acetonitrile for chan-
nel B. For each sample, 3L of peptides were loaded on
a commercial MZ Symmetry C18 Trap Column (1004,
5um, 180pum x 20mm; Waters, Milford, USA) followed
by nanoEase MZ C18 HSS T3 Column (100]\, 1.8 um,
75um x 250 mm, Waters, Milford, USA). The peptides
were eluted at a flow rate of 300nL/min by a gradient
from 8 to 27% B in 85min, 35% B in 5min and 80% B
in 1 min. Samples were acquired in a randomized order.
The mass spectrometer was operated in data-dependent
mode (DDA), acquiring a full-scan MS spectrum (350—
1400 m/z) at a resolution of 120,000 at 200m/z, after
accumulation to a target value of 3,000,000, followed by
HCD (higher-energy collision dissociation) fragmen-
tation on the 20 most intense signals per cycle. HCD
spectra were acquired at a resolution of 15,000 using a
normalized collision energy of 25 and a maximum injec-
tion time of 22ms. The automatic gain control (AGC)
was set to 100,000 ions. Charge state screening was ena-
bled. Single, unassigned, and charge states higher than
seven were rejected. Only precursors with intensity above
250,000 were selected for MS/MS. Precursor masses pre-
viously selected for MS/MS measurement were excluded
from further selection for 30s, and the exclusion window
was set at 10 ppm. The samples were acquired using inter-
nal lock mass calibration on m/z 371.1012 and 445.1200.
The mass spectrometry proteomics data were handled
using the local laboratory information management sys-
tem (LIMS; [41]) and have been deposited to the Pro-
teomeXchange Consortium via the PRIDE [42] partner
repository with the dataset identifier PXD033331.

Protein identification and label-free protein quantification
The acquired raw MS data were processed using Max-
Quant (version 1.6.2.3), followed by protein iden-
tification using the integrated Andromeda search
engine [43]. Spectra were searched against a Uniprot
Oncorhynchus mykiss reference proteome (taxonomy
8022, version from 2018 —(09-03), concatenated to its
reversed decoyed fasta database and common protein
contaminants. Carbamidomethylation of cysteine was
set as a fixed modification, while methionine oxidation
and N-terminal protein acetylation were set as vari-
ables. Enzyme specificity was set to trypsin/P allowing
a minimal peptide length of 7 amino acids and a maxi-
mum of two missed-cleavages. MaxQuant Orbitrap
default search settings were used. The maximum false
discovery rate (FDR) was set to 0.01 for peptides and
0.05 for proteins. Label-free quantification was ena-
bled and a 2min window for matches between runs
was applied. In the MaxQuant experimental design
template, each file is kept separate in the experimental
design to obtain individual quantitative values.
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Gene expression analysis

Based on the proteomics analysis, proteins exhibit-
ing substantial up- or downregulation (> 110l) were
selected to determine whether their different expres-
sions was also evident at the transcript level. Addition-
ally, four genes involved in general immune and stress
responses were analysed: complement component C3
(isoform 3; ¢3-3); immunoglobulin mu (heavy chain,
membrane-bound form; ighm); interleukin-1p (i/1b);
and hepcidin antimicrobial peptides (hamp). Finally,
the gene 60S ribosomal protein L7 (rpl7) was added
to the gene expression analysis as an additional refer-
ence gene, which was also upregulated in the proteomic
analysis. The primer design was performed using the
Pyrosequencing Assay Design software v.1.0.6 (Biotage,
Uppsala, Sweden), subject to the condition that either
the sense or antisense primer was placed on an exon—
exon boundary. The oligonucleotide primers listed in
Table S1 were tested via standard PCR and the result-
ing PCR products were sequenced. The quality of the
PCR products was assessed by gel electrophoresis and
melting-curve analysis.

RNA was isolated from the liver samples of treated
and control rainbow trout (n=4 per treatment and
time point) in separate tubes using TRIzol (Thermo
Fisher Scientific, Bremen, Germany) and subsequently
purified with the ISOLATE II RNA Micro Kit (Bio-
line/Meridian Bioscience, Luckenwalde, Germany).
RNA concentration and quality was assessed using
the NanoDrop 1000 spectrophotometer (NanoDrop
Technologies/Thermo Fisher Scientific, Wilmington,
USA). RNA specimens from week 4 (low exposure) did
not meet the criteria and were excluded from further
investigations. For cDNA synthesis, 1ug of RNA was
reverse-transcribed in a total volume of 150 uL using
the SensiFAS cDNA Synthesis Kit (Bioline/Meridian
Bioscience, Memphis, USA).

Quantitative real-time expression (qPCR) analysis
was performed using the LightCycler 96 System (Roche,
Basel, Switzerland). The LightCycler 96 protocol was
optimized for a 12-pL-reaction volume using 6 uL Sensi-
FAST SYBR No-ROX Mix (Bioline/Meridian Bioscience,
Memphis, USA), 1L primers and a total cDNA equiva-
lent of 50ng RNA. The qPCR program included an ini-
tial denaturation (95°C, 5min.), followed by 40cycles of
denaturation (95°C, 5min.), annealing (60°C, 15s) and
elongation (72°C, 15s) steps and fluorescence measure-
ment (72°C, 10s).

Statistical analysis

A series of linear models were utilized to analyse MP
concentrations in fish stomachs, as well as perfor-
mance and health parameters obtained throughout the
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exposure experiment. The models were generally con-
structed as follows:

yi ~ Bo + Bix1 + - + Bixi + &, (4)

where y; is the dependent variable, S, is the intercept, f5;
is the regression coefficient, «; is the predictor variables,
and ¢; is the random residual error. Further details of the
models used and associated model effects are summa-
rized in Table S2. Data for fish weights at the start and
end of the exposure experiment, FCR, SGR and mortality
for each tank were tested for differences between treat-
ments using a contrast test [44]. The statistical analyses
were performed using JMP Pro 15 (Vers. 15.1.0, SAS
Institute Inc., Cary, USA).

In order to analyse the results of the LFQ, protein
fold changes were computed based on the peptide
intensity values reported by MaxQuant, using linear
mixed-effects models [45]. The reported peptide inten-
sities were pre-processed as follows: all proteins with
only one identified peptide and intensities equal to zero
were removed. Non-zero intensities were log, trans-
formed and modified using robust z-score transforma-
tion (using the median and median average deviation).
For each protein, a linear mixed-effects model was fit-
ted to the peptide intensities:

medpolish ~ Sampling time % Exposure level (5)

Fold changes and p-values for each contrast were
computed using the R package IlmerTest [46] and fil-
tered for Benjamini-Hochberg false discovery rate
(FDR [47];) to adjust p-values (hereafter referred to as
g-value). An overview of all computed contrasts is pro-
vided in Table S3.

To estimate fold-changes for proteins to which a
mixed-effects model could not have been fitted because
of an excess in missing measurements, the mean inten-
sity of all peptides for each condition was computed
first. For proteins with no measurements in that condi-
tion, peptide intensities were imputed using the mean
of the 10% smallest average peptide intensities calcu-
lated in step one. Afterward, the contrasts (differences
between conditions) for each peptide were computed.
Finally, the median of the peptide estimates was used to
provide a per protein fold change estimate (pseudo esti-
mate). Only proteins with a conservative fold-change
value > 12| were considered as “differentially expressed”
This value is an established threshold in proteomic and
transcriptomic studies and was also selected because
the sample size was small, the variability in the data was
expected to be high and the aim was to identify (robust)
biomarkers to examine the effects of MP exposure [48—
51]. The selected proteins (with unique UniprotIDs)
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were re-annotated using the Basic Local Alignment
Search Tool for amino-acid sequences (BLASTP) toler-
ating only > 80% sequence coverage and identity.

QPCR data for the target genes was analysed using
the LightCycler 96 analysis software v.1.1 (Roche, Basel,
Switzerland) and normalized against the geometric
mean of the eeflal and rpsS transcript values [52, 53].
One sample (week 1, low exposure) was excluded from
any further statistical analysis, as the normalization fac-
tor (0.120) deviated extremely from the expected value
of 1.0. A linear model was then utilized to investigate
factors influencing RNA concentrations in experimen-
tal fish (Table S2). If statistically significant differences
between treatments were detected, a Dunnett’s test [54]
was performed to compare the mean of the low and
high exposure groups against the mean of the control
group. Finally, a regression analysis [55] was conducted
and an analysis of variance (ANOVA) was performed in
order to evaluate the correlation between differential
protein concentrations and gene expression.

Results

Microplastic exposure level

The number of particles in the gastrointestinal tract of
the experimental fish, and thus the average exposure
level for each treatment, is summarized in Table 1. The
linear model (p<0.0001; Table 2) revealed statistically
significant differences between treatments (p <0.0001).
However, differences between food pellet sizes were not
apparent (p>0.05) and there was no significant influ-
ence of the interaction between exposure level and pel-
let size (p >0.05).

General performance and health parameters

An overview of the relationship of total length to wet
weight of all sampled fish shown in Fig. 3 (A). When
considering all fish at the start and the end of the

Table 1 Mean microplastic concentration in the experimental
fish for each treatment. n=number of examined fish.
SD = Standard deviation

Food pelletsize  Treatment n Mean particle
concentration+SD
[number per fish]
2mm Control 15 0
Low exposure 15 15+16
High exposure 15 61447
4mm Control 5 0
Low exposure 15 12+16
High exposure 15 86447
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Table 2 Results of utilized linear models to analyse the microplastic concentration in fish, as well as the performance parameters,
health parameters and gene expression, obtained from the exposure experiment. n=number of observations. df=degrees of

freedom

Parameter n df Model effect F-value p-value

Microplastic concentration 90 5,84 051132 <0.0001*
Exposure level 54.863 <0.0001*
Pellet size 0.0 1.0000
Exposure level x pellet size 2.0846 0.1312

Start weight 900 2,897 0.1073 0.8983

End weight 374 2,371 4.2307 0.0152*
Exposure level 8.2067 0.0044*

Specific growth rate (SGR) 9 2,6 49084 0.0546
Exposure level 9.7445 0.0205*

Food conversion rate (FCR) 9 2,6 6.41268 0.0232*
Exposure level 88,148 0.0250*

Mortality 9 2,6 0.8571 04705

Blood glucose level 315 6,308 0.1033° 0.0201*
Exposure level 1.1565 0.3243
Sampling time 42788 0.0394*
Fish total length 0.6181 04324
Exposure level 21262 0.1213
x fish total length

Hematocrit 315 6,308 -0.1403° 0.2310
Exposure level 0.6617 0.5212
Sampling time 0.0264 0.8710
Fish total length 0.0580 0.8099
Exposure level 1.0487 0.3518
x fish total length

Hepatosomatic Index 315 6,308 0.3366° <0.0001*
Exposure level 0.1808 0.8352
Sampling time 04921 04835
Fish total length 8.3918 0.0040*
Exposure level 0.9471 0.3891
x fish total length

TBARS Assay (liver) 133 4,128 0.0945° 0.0914
Exposure level 0.0919 0.7707
Sampling time 7.8470 0.0059*
Fish total length 8.0589 0.0053*
Exposure level 0.0156 0.9008
x fish total length

TBARS Assay (intestine) 0.2483 0.0010*
Exposure level 0.2423 0.6374
Sampling time 8.5565 0.0041*
Fish total length 45318 0.0352*
Exposure level 0.1893 0.6642

x fish total length

@ = adjusted r*-value. * = statistically significant differences (p <0.05)

experiments, it is revealed that start weight did not dif-
fer statistically between the treatments (p >0.05, Table 2).
Overall mean wet weight (+ SD) and total length (+
SD) were 21.1+3.6g and 12.6+£0.7cm respectively. In

contrast, for end weight, SGR and FCR, contrast tests
revealed statistically significant dose dependent dif-
ferences between treatments (end weight: p=0.0044;
SGR: p=0.0205; FCR: p=0.0250; Fig. 3 (C-E); Table 2).
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Mortality ranged from two to five individuals per tank
during the course of the experiment but did not differ
between treatment groups (p > 0.05, Table 2).

For the blood glucose levels, the utilized linear model
(p=0.0201; Fig. 4 (A); Table 2) revealed significant dif-
ferences over the course of the experiment (p =0.0394).
However, there were no statistically significant differ-
ences between treatments (p>0.05), for fish total length
(p>0.05) or the interaction of fish total length and treat-
ment (p>0.05). Haematocrit levels showed no statisti-
cally significant change over time, between treatments
and for fish total length (p>0.05; Fig. 4 (B); Table 2). For
the HSI (p<0.0001; Table 2), statistically significant dif-
ferences were revealed between fish of differing total
length (p =0.0040; Fig. 4 (C)), but not for any of the other
variables (treatment: p >0.05; sampling time: p >0.05; fish
total length x exposure level: p>0.05).

Analysis of liver MDA concentrations (Fig. 4 (D))
revealed statistically significant differences with sampling
time (p=0.0041) and total length of fish (»=0.0352).
However, model effects did not reveal a statistically sig-
nificant influence on the overall response (p=0.0914;
Table 2). MDA concentrations in the intestine were
strongly elevated during the first week compared to other
sampling occasions (p=0.0010; Fig. 4 (E); Table 2). There
were statistically significant differences for the factors

total length (»p=0.0352) and time (p=0.0041), but not
for treatments (p >0.05).

Proteomic analysis
In total, 6071 unique proteins were identified in the pro-
teomic analysis. An overview of the LFQ results are
presented as a heat map based on protein intensity cor-
relation among samples (Fig. 5 (A)). The number of statis-
tically significant up- or downregulated proteins (g-value
<0.05) for each computed contrast is summarized in
Fig. 5 (B). When considering protein intensities in general,
the variability in the dataset was relatively high (Fig. S1).
The pairwise comparison of the datasets from low or
high MP exposure versus control groups revealed no pro-
teins with a statistically significant regulation (q<0.05)
and a fold change > |2| respectively (Fig. 6 (A)). In some
cases, however, considerable differences in concentration
were apparent (Fig. 6 (B)). For instance, in livers of rain-
bow trout exposed to the lower MP concentration for 1
week, the level of otopetrin-3 (otop3) was 44-fold higher
(log, fold change=5.47, 95% CI [3.06, 7.88]) than in
control fish (Fig. 6 (B)). Concomitantly, the hepatic level
of the bile salt export pump abcbll was 68-fold (log,
fold change=—6.09, 95% CI [—7.19, —4.99]) reduced.
After 1 week of exposure to the higher MP concentra-
tion, levels of collagen (collal) increased by 30-fold
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(log, fold change=4.90, 95% CI [—3.08, 12.89]), while
those of the mhc2 antigen decreased by 13-fold (log, fold
change=—3.68, 95% CI [—6.47, —0.89]) relative to the
controls. Likewise, levels of other proteins were markedly
altered after 4 and 17 weeks of exposure, when compar-
ing both low and high MP treatments with the control
(Fig. 6 (B)).

In contrast to the pairwise comparisons between treat-
ments, comparisons between sampling points identified
a number of statistically significantly regulated proteins.
Of particular note were the pairwise comparison of data-
sets from week 17 versus week 1, which highlighted sta-
tistically significant (g < 0.05) differences in concentration
for the low MP exposure (180 proteins, — 7.0 to 3.9-fold)
and high MP exposure (239 proteins, — 12.5 to 4.9-fold)
groups (Fig. 6 (B)). Comparisons between Week 17 and
week 4 revealed significantly different concentrations
for 11 proteins (q<0.04, —3.5 to 1.7-fold) between the
control and low-exposure group only. These three data-
sets share significantly modulated levels of the enzyme
formimidoyltetrahydrofolate cyclodeaminase and the
hormone insulin-like growth factor 2 (Fig. 7 (A)). How-
ever, if only variable proteins with a log, fold change >
|2| are considered, the large majority of candidates are
eliminated leaving just two in the low exposure group
and three proteins in the high exposure group exhibiting

significant differences in concentration over time, in both
cases when comparing week 17 and week 1 (Fig. 6 (B)).

Gene expression analysis

Based on the list of proteins exhibiting differential regu-
lation in response to low or high MP exposure (Fig. 5
(B)), the transcript levels of 11 genes were profiled in the
liver samples of respective treatment groups. The gene
mthfdl was also analysed, as it was upregulated 12-fold
in the proteomic analysis (week 1: low exposure vs. high
exposure). However, it was not found among the top
three regulated proteins and therefore does not appear
in Fig. 6 (B). This list was extended to four genes (c3-3,
ighm, il1b, and hamp) with vital roles in stress responses
and immunity. The concentrations of three transcripts
coding for krt13, mthfdl and otop3 (derived from the list
of differentially regulated proteins), as well as i/1b and
hamp (derived from literature research), were very low
and were therefore excluded.

The results of the linear models used to analyse individ-
ual effects on gene expression are summarized in Fig. 8
and Table S5. The model effect “exposure level” had a
statistically significant effect on the expression of collal,
ighd, rpl7 and c3-3 (Fig. 8). Dunnett’s tests showed
that for collal (p=0.0227), ighd (p=0.0159) and rpl7
(p<0.0001), the low exposure group differed significantly
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Fig. 6 Results of the linear mixed-effects models of the label-free proteomics quantification (LFQ). (A) Volcano plot showing g-values plotted
against log, fold changes. (B) Table of the top three regulated proteins identified by contrast analysis for each contrast. Information about the
general function of the listed proteins can be found in Table S4
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from the control, whereas for ¢3-3 (p>0.05) no differ-
ences were apparent between the control and either of
the exposure groups. The model effects “sampling time”
and “total length” had a statistically significant effect on
the expression of tmem63b only (Fig. 8). Finally, the inter-
action of sampling time and exposure level had a statisti-
cally significant effect on ctrl, tmem63b and c3-3 (Fig. 8).

The modulation of protein levels correlated only mar-
ginally with that of transcription (df=1, 12, F=11,339,
p>0.05), with an r? of 0.0863 (Fig. 9). However, particu-
lar changes in transcription did reflect those observed at
protein level. After 1 week of exposure to high MP con-
centrations, the levels of drtpl increased 8.6-fold (log,
fold change=3.1; p=0.2), corresponding with a 7.8-fold
(log, fold change=2.9) higher concentration of drtpl
proteins. After 4 weeks’ exposure to high MP concentra-
tions, the levels of abcb11b and ctrl decreased approxi-
mately 3-fold (p<0.05) matching with the below 6-fold
elevated levels of the respective proteins.

Discussion

The negative effects of MPs on fish are part of a com-
plex issue that, despite intensive research, remains far
from fully understood [19]. The many confounding fac-
tors, including a lack of standardization in experimental
setups (fish species, age, length) and the sheer variety of
different types, sizes, concentrations of plastic and sec-
ondary contaminants involved, have led to widely vary-
ing results [16]. A major shortcoming of several studies
is the obvious discrepancy between concentrations of
MP seen in the environment and those applied in expo-
sure experiments [15, 16]. In the present study, the aver-
age concentration of 13 particles in the gastrointestinal
tract per fish (equivalent to an MP particle weight of
0.14mg per diet portion) in the “low exposure” group
are comparable to those frequently detected in environ-
mental fish samples [10, 56, 57]. Furthermore, the use
of consistent MP concentrations, and a reduced expo-
sure schedule (every 2 days), ensured that the present
experiments reflected natural conditions as closely as
possible. In the “high exposure” group, MP values were
increased to an average of 73 particles per fish (equiva-
lent to an MP particle weight of 0.66 mg per diet portion)
in order to examine dose dependent effects and simulate
increases in environmental MP concentrations expected
in the near future. The global volume of plastic waste is
expected to triple by 2060, assuming no drastic measures
are taken in waste reduction [58]. Everaert et al. [3] calcu-
lated that the risk to marine ecosystems of floating MPs
at the ocean surface layer will increase almost 10-fold by
the year 2100, assuming a worst-case scenario of plastic
discharge. A study of preserved fish samples from the
Chicago region (USA) between 1900 and 2017 revealed a
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correlation between plastic production and microplastic
contamination of fish [59]. It is therefore to be expected
that the contamination of fish with microplastics will
continue to increase in line with plastic production in the
near future [32].

There are many different approaches to studying the
impact of pollutants on fish. Performance parameters,
such as growth and mortality, are regularly considered in
ecotoxicological studies, as they serve as an integrative
proxy for the fitness or stress exposure of an individual
[60]. While the present study agrees with other investi-
gations in suggesting MP exposure for 120days has no
significant effect on mortality [10, 61], it does reveal a

significant negative effect on fish growth. There was a
dose dependent effect between MP concentration and
weight at the end of the experiment, with the “high expo-
sure” group being 3.5% underweight compared to the
control group. These differences were mirrored in signifi-
cantly reduced SGR values and an increased FCR for this
group. Exposure experiments carried out in other studies
have revealed significantly reduced growth rates but the
scale of the effect varies, presumably as a result of differ-
ences in the duration of studies, in the age of fish and the
type of MP particle used [62, 63], while some failed to
record any effect at all [64, 65]. This lack of consistency
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in the literature reinforces the urgency of establishing a
sound experimental framework for such studies [66].

In principle, there are several possible mechanisms of
action by which increased MP concentrations can lead
to the observed impairments in performance. Nutrient
dilution, caused by increased amounts of non-digestible
material in the diet, can affect growth in fish [67]. How-
ever, such an effect due to the presence of MP can be
excluded in the present study, as MP particles constituted
only a fraction of the weight of the diet (see calculations
in Table S6). Even at the beginning of the experiment,
when the proportion of microplastic in the diet was
highest, it accounted for less than 0.15% of the total diet
weight. Previous studies on non-digestible feed supple-
ments clearly show that those supplements, when applied
below 0.3% weight, have no influence on the growth of
salmonids [68]. Similar results have been reported in
experiments where markers such as chromic oxide, have
been used in digestibility studies [69].

Growth effects due to differences in diet quality are
also rather unlikely in the current context, as the diet
used was produced specifically for this study and sub-
jected to strict quality controls (for more details about
the diet composition, see [34]). Furthermore, the MP diet
was provided alongside the untreated experimental diet
supplied to all groups. At the beginning of the exposure
experiments, when the proportion of the MP diet was
highest, the proportion in the “high exposure” group
comprised on average <22% of the total diet weight. As
the experiment progressed, the proportional weight of
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the MP diet decreased continuously, as MP concentra-
tions were kept steady throughout the experiment.

Another potential factor could be physical interference
with the gastrointestinal tract by MPs. The available lit-
erature on the topic is ambivalent with regard to MPs.
Lei et al. [70] demonstrated significant histopathological
damage in the gut of zebrafish (Danio rerio) and Ahrendt
et al. [71] found an impact of MPs on gut integrity in
Girella laevifrons. However, comparable studies failed to
confirm such physical damage and attributed the findings
to incorrect sample preparation and post-mortem autol-
ytic processes which can easily lead to misinterpretation
of histopathologic results [18, 72, 73]. Generally, a direct
physical effect seems implausible in this respect, as fish
are exposed to a variety of different non-digestible inert
materials in the wild, which they routinely ingest [74,
75]. Similarly, wild fish experience regular exposure to
large quantities of fine sediment, e.g. due to flooding [76]
which does not appear to cause physical damage, e.g. to
the gills [77, 78].

A more likely scenario seems to be an indirect detri-
mental effect of MP, either due to their hydrophobic sur-
face properties or the presence of certain additives in the
particular plastic used in the experiments. In humans, the
addition of bran-like plastic particles to the diet led to a
laxative effect and a higher water content in the stool [79,
80]. It was suggested that it was not the amount of parti-
cles that was responsible for the observed changes, but
that certain sizes and shapes may cause a tactile stimula-
tion of the enteric nervous system [79]. Similar effects are
also observed with plant-based diets in salmonid fish and
result in reduced lipid digestibility [81]. Furthermore, the
gastrointestinal tract of fish can react very sensitively to
certain substances, potentially leading to an allergic reac-
tion and subsequently reduction in lipid digestibility [82].
Such reactions are regularly observed with the alternative
plant-based protein sources increasingly used in diets for
carnivorous fish. For example, saponins in soybean meal
trigger inflammation processes in the intestine in several
fish species [83, 84]. No allergic reaction or histamine-
mediated inflammation was observed in different human
cell types exposed to several polystyrene concentrations
(0.5-1000 pg/mL) and sizes (0.46—100um). However,
there was some evidence of local inflammation caused
by small MPs in high concentrations [85] and exposure
to polypropylene particles (size: 20-200 um) may cause
hypersensitivity at elevated concentrations [86]. Trans-
posing mammalian results to fish is problematic, since
there are fundamental differences in the nature of intes-
tinal immune responses, especially regarding associated
antibodies and cell types [87, 88]. However, the influence
on the intestinal microbiota is of interest, as such distur-
bances are known to impact the immunity and health
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of fish [89, 90]. For example, Jin et al. [91] reported that
in adult zebrafish when exposed to polystyrene parti-
cles (concentration: 1000 ug/L, size: 0.5 and 50 um) for
14 days, the abundance of Bacteroidetes and Proteobac-
teria decreased significantly, while the abundance of Fir-
micutes increased. A similar microbiota dysbiosis was
found in a further study where zebrafish were exposed
to three different shapes (fibers, fragments, beads) of
MP [92]. Lastly, some additives, including plasticizers,
flame retardants and antioxidants routinely used in the
production of plastics are known to be harmful to fish
[93, 94]. Although the leaching of such substances from
MPs has so far been considered a rather minor issue for
fish compared to other sources of environmental pol-
lution [95, 96], additives remain a potential hazard for
aquatic organisms [97]. Notably, the majority of studies
conducted to date use virgin plastics, and rarely is a dis-
tinction made between the effects of MP particles alone
versus potentially associated substances [66]. In the pre-
sent study, the influence of specific additives on the per-
formance of the fish cannot be excluded, as the plastic
particles used were not tested for the presence of such
compounds.

Finally, it may be that the presence of MPs in the diet
could trigger a general stress response that influences the
performance of exposed fish, for example by reducing
feed conversion efficiency via increased energy consump-
tion or the disruption of metabolic processes [98—100].
Various stress markers are regularly used as indicators of
fish health status, as they provide clues to the presence of
a disturbance [101, 102], which may be chemical, physi-
cal and perceptual [103]. So far, stress markers have been
used only sporadically in studies on the impact of MPs on
aquatic organisms. In adult water fleas (Daphnia magna),
expression levels for two stress response genes (heat
shock protein (HSP) 60 and 70) were significantly altered
after exposure to a mixture of different MP types (around
30 particles per individual, size: 40 pm [104];). Cortisol,
another frequently used biomarker for stress in fish, was
detectable in early life stages of sea trout (Salmo trutta)
exposed to polystyrene particles but not in the control
group [105]. However, the number of examined samples
was low, so results must be treated with caution.

Beyond these theoretical considerations, the inves-
tigation of established health parameters in the present
study does not offer direct indication of the causes of the
observed differences in growth. The parameters blood
glucose, hematocrit and HSI varied significantly during
the course of the experiment, but differences between
the treatments were not apparent. A significant decrease
in HSI, with increasing fish length was also observed, in
line with previous studies [106]. No differences in LPO
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in the liver and intestine were found between treatments,
although MDA levels were significantly elevated in the
intestine after 1 week. Oxidative stress is often reported
as a response to MP exposure in fish, however, it seems to
be associated with high concentrations of MP: significant
increases in reactive oxygen species (ROS) levels in male
and female zebrafish gonads and livers were observed
after a 21-day exposure to polystyrene particle concen-
trations >100 ug/L [107]. Iheanacho & Odo [108] found
significantly increased LPO levels in the liver of juvenile
Clarias gariepinus after exposing them to polyvinyl chlo-
ride particles for 45 days (concentration: 0.5-3% of total
diet weight). Since the strong increase in the present
study was observed in both treatment groups and the
control, a connection with MP exposure seems unlikely.
Instead, it may be a general reaction to the experimental
diet [109]. In summary, the present results strengthen the
argument that more sensitive approaches are needed to
study the negative effects of MP exposure at environmen-
tally relevant concentrations [23].

Omics approaches are becoming a preferred method
by which to understand the complex interactions of MPs
and aquatic organisms [24, 110], but to our knowledge
have not yet been applied to salmonid fish in this con-
text. The rainbow trout data presented here indicates that
long-term exposure to both environmentally realistic and
increased MP concentrations did not induce any signifi-
cant change in hepatic protein concentrations compared
to their matching controls, although certain parameters
were regulated many times up or down. However, it must
be noted that the sample size in the current proteomic
analysis was generally small and the variability of pro-
tein intensities between replicates was rather large. As
comparable experiments do not yet exist, transcriptomic
studies may indicate the proteins and associated path-
ways affected. It is worth noting that a transcriptomic
study on the liver of adult zebrafish reported differential
expression in 147 and 201 genes, after 20-day exposure
to 100pg/l or 1000ug/l polystyrene and high-density
polyethylene respectively [111]. Regulated features in
common with the present list of differentially concen-
trated proteins include members of the abc transporter
family (abcalb/abcbllb), transmembrane channel pro-
teins (tmeml106bb/tmem63b) and keratins (krt96/krtl3,
krt33a). The first two groups are associated with trans-
port processes and their altered regulation might indi-
cate a pollution response [112]. Keratins provide barrier
functions [113] similar to the complement components
shown to exhibit differential expression in other fish
exposed to MPs [30, 114, 115]. Although the statistical
analysis does not suggest significantly different regulation
between treatments, the highly regulated proteins found
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in the present study should be considered as potential
biomarkers in future studies. When the changes in pro-
tein regulation over time were analyzed, a large number
of statistically significant changes were found. However,
most of these exhibited a fold change < |2| and there-
fore their biological relevance is questionable [48, 49]. In
the present study, liver tissue was chosen for proteomic
and subsequent transcriptional analysis, since MP expo-
sure has previously been demonstrated to induce toxic-
ity [116], metabolic disorders [117] and lesions [118, 119]
in the livers of several fish species. Furthermore, it has
been shown that the fish gut and liver act in collabora-
tion during intestinal inflammation [120]. As there was
no clear evidence of inflammation or stress in the liver
tissue and considering the above mentioned hypotheses
on the impact of microplastics on fish, an investigation of
the gut proteome would be a logical next step.

The small number of highly up- or down-regulated
proteins identified in the current study were selected
and examined at the transcript level. Generally, the cor-
relation between protein and RNA regulation was very
low. Still, a clear correlation was found for the differen-
tially regulated trout protein 1 encoded by drtpl when
comparing the high exposure group and control group at
week one of the experiment. This protein has been previ-
ously identified as a suitable biomarker for acute stress in
fish [121, 122]. Further studies should clarify whether this
marker is a suitable candidate for studying the effects of
MPs on trout. One reason for this otherwise low corre-
lation between protein and RNA regulation could be the
fact that the variations in levels of transcripts and their
associated proteins do not necessarily coincide in time
and also can vary dynamically in their association with
other factors [123]. Additionally, the small sample size,
and strong individual differences between sampled fish
[124, 125], could further disguise possible correlations.
No evidence of a negative influence of MPs on fish were
seen when analyzing several of the “established” genes
regularly used to investigate fish health [126, 127]. For
example, Il1b, an indicator of inflammation [128, 129],
was not detected in relevant concentrations. However,
the gene expression analysis did suggest that the duration
of exposure may be a key factor governing the effects of
MPs on fish. For example, the data indicates that for ctri,
tmem63b, and c3-3, gene expression increased signifi-
cantly more over time in the “high exposure” group than
in the other two groups. This should be a consideration in
future studies, as previous investigations have rarely used
exposure times longer than 2 months [16, 130]. Interest-
ingly, the gene expression results for collal, ighd and
rpl7 showed significantly lower expression in the “low
exposure” group, an observation for which there appears
to be no obvious biological explanation.
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Conclusion

The results presented here provide clear evidence that
long-term exposure to environmentally relevant MP con-
centrations has a dose-dependent negative effect on the
performance of rainbow trout, and highlight the impor-
tance of measures to prevent further increases of MPs in
the environment. With increasing concentrations, growth
was clearly inhibited, indicating a reduced feeding effi-
ciency. Several hypotheses could explain the observed
differences, of which nutrient dilution, quality differences
in the provided diet and physical interference MP parti-
cles in the intestine were considered improbable. More
likely explanations include an allergic reaction due to the
hydrophobic properties of MP or the presence of addi-
tives. Furthermore, it is suggested that MP exposure could
cause a general stress reaction and thus lead, for example,
to disruption of metabolic processes. Unfortunately, nei-
ther established approaches nor the combined proteomic
and gene expression analysis provide support for these
presented theories. One reason for this could be the use
of liver tissue in the analysis. An analysis of the intestine
proteome may provide further insights in the observed
effects. Despite these limited results, the study found sev-
eral highly regulated proteins, which should be considered
in future studies. Furthermore, drtpl was identified as a
potential biomarker for salmonid fish, demonstrating the
potential value of omics approaches in this complex topic.
Future studies should combine histological examinations
and proteomic and transcriptomic analyses of intestinal
tissue in order to better understand the detrimental effects
of MPs in fish. Furthermore, targeted markers for hyper-
sensitivity reactions and changes in energy uptake and
lipid digestibility should be considered. Finally, for envi-
ronmentally relevant MP concentrations, the duration of
exposure must be taken into account.

Abbreviations

MP: Microplastic; LFQ: Label-free quantification; PMMA: Polymethylmeth-
acrylate; PBS: Phosphate-buffered saline; SGR: Specific growth rate; FCR: Feed
conversion rate; HSI: Hepatosomatic index; TBARS: Thiobarbituric acid reactive
substances; LPO: Lipid peroxidation; MDA: Malondialdehyde\; TBA: Thio-
barbituric acid; PCT: Pressure cycling technology; FEP: Fluorinated ethylene
propylene; PTFE: Polytetraflouroethylene; TCEP: Tris(2-carboxyethyl) phosphine
hydrochloride; IAA: lodoacetamide; TFA: Trifluoroacetic acid; ACN: Acetonitrile;
FA: Formic acid; UPLC: Ultra-Performance Liquid Chromatography; DDA: Data-
dependent mode; HCD: Higher-energy collision dissociation; AGC: Automatic
gain control; MS: Mass spectrometry; LIMS: Local laboratory information man-
agement system; FDR: False discovery rate; PCR: Polymerase chain reaction;
BLASTP: Basic Local Alignment Search Tool for amino-acid sequences; QPCR:
Quantitative PCR; SD: Standard deviation; ROS: Reactive oxygen species.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/543591-022-00034-2.

[ Additional file 1. }



https://doi.org/10.1186/s43591-022-00034-2
https://doi.org/10.1186/s43591-022-00034-2

Roch et al. Microplastics and Nanoplastics (2022) 2:14

Acknowledgements

We would like to thank Amy-Jane Beer and Linda Fillery for the language cor-
rection and improvement of the manuscript. We would also like to thank the
two reviewers for their valuable feedback.

Authors’ contributions

SR and AB designed the study. SR, AR and WW conducted the investigation.
All authors contributed to the statistical analysis. All authors contributed to
writing and editing the manuscript. AB supervised the study. All authors read
and approved the final manuscript.

Funding

This work was supported by the “Fischereiabgabe” of the federal state Baden-
Wiirttemberg, Germany. The funding body had no influence on the design of
the study and collection, analysis, and interpretation of data and in writing the
manuscript. Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials

The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD033331.

Declaration

Ethics approval and consent to participate

All experiments were conducted according to the German Animal Welfare
Act (TierSchG) and approved by Referat Tierschutz of Regierungsprasidium
Tubingen (LAZ 2/16, AZ 35/9185.81-4).

Competing interests
The authors declare that they have no competing interests.

Author details

'Fisheries Research Station Baden-Wiirttemberg, Argenweg 50/1, 88085, Lan-
genargen, Germany. 2University of Konstanz, Mainaustrale 252, 78464 Con-
stance, Germany. *Research Institute for Farm Animal Biology (FBN), Institute
of Genome Biology, Fish Genetics Unit, Wilhelm-Stahl-Allee 2, 18196 Dummer-
storf, Germany. “Functional Genomics Center Zurich, University of Zurich / ETH
Zurich, Winterthurerstr, 190, 8057 Zurich, Switzerland. °Swiss Institute of Bioin-
formatics, Quartier Sorge - Batiment Amphipole, 1015 Lausanne, Switzerland.

Received: 27 October 2021 Accepted: 7 May 2022
Published online: 02 June 2022

References

1. Rochman CM, Browne MA, Halpern BS, Hentschel BT, Hoh E,
Karapanagioti HK, et al. Classify plastic waste as hazardous. Nature.
2013;494:169-71.

2. Andrady AL. Microplastics in the marine environment. Mar Pollut Bull.
2011;,62:1596-605.

3. Everaert G, De Rijcke M, Lonneville B, Janssen CR, Backhaus T, Mees J,
et al. Risks of floating microplastic in the global ocean. Environ Pollut.
2020;267:115499.

4. LiJ, LiuH, Paul CJ. Microplastics in freshwater systems: A review on
occurrence, environmental effects, and methods for microplastics
detection. Water Res. 2018;137:362-74.

5. Schmidt C, Kumar R, Yang S, Buttner O. Microplastic particle emission
from wastewater treatment plant effluents into river networks in Ger-
many: loads, spatial patterns of concentrations and potential toxicity.
Sci Total Environ. 2020;737:139544.

6. Barnes DKA, Galgani F, Thompson RC, Barlaz M. Accumulation and
fragmentation of plastic debris in global environments. Philos Trans R
Soc B-Biol Sci. 2009;364:1985-98.

7. Lambert S, Sinclair C, Boxall A. Occurrence, Degradation, and Effect of
Polymer-Based Materials in the Environment. In: Whitacre DM, editor.
Rev Environ Contam Toxicol Vol 227 [Internet]. 2014. p. 1-53. Available
from: https://doi.org/10.1007/978-3-319-01327-5_1.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 18 of 21

Hartmann NB, Hiffer T, Thompson RC, Hassellov M, Verschoor A,
Daugaard AE, et al. Are we speaking the same language? Recommen-
dations for a definition and categorization framework for plastic debris.
Environ Sci Technol. 2019;53:1039-47.

Gall SC, Thompson RC. The impact of debris on marine life. Mar Pollut
Bull. 2015;92:170-9.

Parker B, Andreou D, Green ID, Britton JR. Microplastics in freshwa-

ter fishes: occurrence, impacts and future perspectives. Fish Fish.
2021;22(3)faf.12528.

Hoss DE, Settle LR. Ingestion of plastics by teleost fishes. In: Shomura
RS, Godfrey ML, editors. Proc second Int Conf mar debris 2-7 April 1989
Honol Hawaii. Washington, DC: US Department of Commerce, NOAA
Technical Memo; 1990. p. 693-700.

Roch S, Friedrich C, Brinker A. Uptake routes of microplastics in fishes:
practical and theoretical approaches to test existing theories. Sci Rep
[Internet] 2020 [cited 2020 Jul 22];10. Available from: http://www.
nature.com/articles/s41598-020-60630-1

Ory NG, Sobral P, Ferreira JL, Thiel M. Amberstripe scad Decapterus
muroadsi (Carangidae) fish ingest blue microplastics resembling their
copepod prey along the coast of Rapa Nui (Easter Island) in the South
Pacific subtropical gyre. Sci Total Environ. 2017.

Foley CJ, Feiner ZS, Malinich TD, Ho6k TO. A meta-analysis of the effects
of exposure to microplastics on fish and aquatic invertebrates. Sci Total
Environ. 2018;631-632:550-9.

Lenz R, Enders K, Nielsen TG. Microplastic exposure studies should be
environmentally realistic. Proc Natl Acad Sci U S A. 2016;113:E4121-2.
de S& LC, Oliveira M, Ribeiro F, Rocha TL, Futter MN. Studies of the
effects of microplastics on aquatic organisms: what do we know and
where should we focus our efforts in the future? Sci Total Environ.
2018;645:1029-39.

Collard F, Gilbert B, Compeére P, Eppe G, Das K, Jauniaux T, et al.
Microplastics in livers of European anchovies (Engraulis encrasicolus, L.).
Environ Pollut. 2017,229:1000-5.

De Sales-Ribeiro CD, Brito-Casillas Y, Fernandez A, Caballero MJ. An

end to the controversy over the microscopic detection and effects of
pristine microplastics in fish organs. Sci Rep. 2020;19:1-10.
Cunningham EM, Kiriakoulakis K, Dick JTA, Kregting L, Schuchert P,
Sigwart JD. Driven by speculation, not by impact — the effects of plastic
on fish species. J Fish Biol. 2020,96:1294-7.

Austin B. The effects of pollution on fish health. J Appl Microbiol.
1998;85:2345-425.

Iwama GK. Are hsps suitable for indicating stressed states in fish? J Exp
Biol. 2004,207:15-9.

Vinagre C, Madeira D, Narciso L, Cabral HN, Diniz M. Effect of tempera-
ture on oxidative stress in fish: lipid peroxidation and catalase activity
in the muscle of juvenile seabass, Dicentrarchus labrax Ecol Indic
2012;23:274-279.

Petitjean Q, Jean S, Gandar A, Cote J, Laffaille P, Jacquin L. Stress
responses in fish: from molecular to evolutionary processes. Sci Total
Environ. 2019;684:371-80.

Lépez-Pedrouso M, Varela Z, Franco D, Fernéndez JA, Aboal JR. Can
proteomics contribute to biomonitoring of aquatic pollution? A critical
review Environ Pollut. 2020,267:115473.

Tomanek L. Environmental proteomics: changes in the proteome of
marine organisms in response to environmental stress, pollutants, infec-
tion, Symbiosis, and development. Annu Rev Mar Sci. 2011;3:373-99.
Green DS, Colgan TJ, Thompson RC, Carolan JC. Exposure to micro-
plastics reduces attachment strength and alters the haemolymph pro-
teome of blue mussels (Mytilus edulis). Environ Pollut. 2019,246:423-34.
Magni S, Della Torre C, Garrone G, D’Amato A, Parenti CC, Binelli A.

First evidence of protein modulation by polystyrene microplastics in a
freshwater biological model. Environ Pollut. 2019,250:407-15.

Assas M, Qiu X, Chen K, Ogawa H, Xu H, Shimasaki Y, et al. Bioaccumula-
tion and reproductive effects of fluorescent microplastics in medaka
fish. Mar Pollut Bull. 2020;158:111446.

LeMoine CMR, Kelleher BM, Lagarde R, Northam C, Elebute OO, Cassone
BJ. Transcriptional effects of polyethylene microplastics ingestion in
developing zebrafish (Danio rerio). Environ Pollut. 2018;243:591-600.
Veneman WJ, Spaink HP, Brun NR, Bosker T, Vijver MG. Pathway analysis
of systemic transcriptome responses to injected polystyrene particles in
zebrafish larvae. Aquat Toxicol. 2017;190:112-20.


https://doi.org/10.1007/978-3-319-01327-5_1
http://www.nature.com/articles/s41598-020-60630-1
http://www.nature.com/articles/s41598-020-60630-1

Roch et al. Microplastics and Nanoplastics

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

(2022) 2:14

Thorgaard GH, Bailey GS, Williams D, Buhler DR, Kaattari SL, Ristow SS,
et al. Status and opportunities for genomics research with rainbow
trout. Comp Biochem Physiol Part B. 2002;133:609-46.

Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics
ever made. Sci Adv. 2017;3:e1700782.

Tate S, Larsen B, Bonner R, Gingras A-C. Label-free quantitative
proteomics trends for protein—protein interactions. J Proteome.
2013;81:91-101.

Roch S, Ros AFH, Friedrich C, Brinker A. Microplastic evacuation in fish is
particle size-dependent. Freshw Biol. 2021,66:926-35.

Ballent A, Corcoran PL, Madden O, Helm PA, Longstaffe FJ. Sources and
sinks of microplastics in Canadian Lake Ontario nearshore, tributary and
beach sediments. Mar Pollut Bull. 2016;110:383-95.

Mani T, Hauk A, Walter U, Burkhardt-Holm P. Microplastics profile along
the Rhine River. Sci Rep. 2015;5:17988.

Scudo A, Liebmann B, Corden C, Tyrer D, Kreissig J, Warwick O. Inten-
tionally added microplastics in products - final report of the study on
behalf of the European Commission. London, UK: Amec Foster Wheeler
Environment & Infrastructure UK Limited; 2017. p. 220.

Roch S, Walter T, Ittner LD, Friedrich C, Brinker A. A systematic study

of the microplastic burden in freshwater fishes of South-Western
Germany - are we searching at the right scale? Sci Total Environ.
2019;689:1001-11.

Roch S, Brinker A. Rapid and efficient method for the detection of
microplastic in the gastrointestinal tract of fishes. Environ Sci Technol.
2017;51:4522-30.

Valavanidis A, Vlahogianni T, Dassenakis M, Scoullos M. Molecular
biomarkers of oxidative stress in aquatic organisms in relation to toxic
environmental pollutants. Ecotoxicol Environ Saf. 2006;64:178-89.
Turker C, Akal F, Joho D, Panse C, Barkow-Oesterreicher S, Rehrauer H,
et al. B-Fabric: the Swiss Army Knife for life sciences. Proc 13th Int Conf
Extending Database Technol - EDBT 10 [Internet]. Lausanne, Switzer-
land: ACM Press; 2010 [cited 2021 Mar 30]. p. 717. Available from: http://
portalacm.org/citation.cfm?doid=1739041.1739135

Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S,
Kamatchinathan S, et al. The PRIDE database resources in 2022: a hub
for mass spectrometry-based proteomics evidences. Nucleic Acids Res.
2022;50:D543-52.

Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol. 2008;26:1367-72.

Abdi H, Williams LJ. Contrast Analysis. In: Salkind N, editor. Encycl Res
Des [Internet]. Thousand Oaks, CA, USA: SAGE Publications, Inc; 2010
[cited 2021 Jun 21]. Available from: http://methods.sagepub.com/refer
ence/encyc-of-research-design/n75.xml

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects
models using Ime4. J Stat Softw [Internet] 2015 [cited 2021 Jun 24];67.
Available from: http://www.jstatsoft.org/v67/i01/

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest package: tests
in linear mixed effects models. J Stat Softw [Internet]. 2017 [cited 2021
Jun 24];82. Available from: http://www jstatsoft.org/v82/i13/

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical
and powerful approach to multiple testing. J R Stat Soc Ser B Methodol.
1995;57:289-300.

McCarthy DJ, Smyth GK. Testing significance relative to a fold-change
threshold is a TREAT. Bioinformatics. 2009;25:765-71.

Marengo E, Robotti E, Antonucci F, Cecconi D, Campostrini N, Righetti
PG. Numerical approaches for quantitative analysis of two-dimensional
maps: A review of commercial software and home-made systems.
Proteomics. 2005;5:654-66.

Meunier B, Bouley J, Piec |, Bernard C, Picard B, Hocquette J-F. Data
analysis methods for detection of differential protein expression in two-
dimensional gel electrophoresis. Anal Biochem. 2005;340:226-30.

Rebl A, Verleih M, Nipkow M, Altmann S, Bochert R, Goldammer T.
Gradual and acute temperature rise induces crossing endocrine, meta-
bolic, and immunological pathways in Maraena whitefish (Coregonus
maraena). Front Genet. 2018,9:241.

Bowers RM, Lapatra SE, Dhar AK. Detection and quantitation of
infectious pancreatic necrosis virus by real-time reverse transcriptase-
polymerase chain reaction using lethal and non-lethal tissue sampling.
JVirol Methods. 2008;147:226-34.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Page 19 of 21

Kobis JM, Rebl H, Goldammer T, Rebl A. Multiple gene and transcript
variants encoding trout C-polysaccharide binding proteins are differen-
tially but strongly induced after infection with Aeromonas salmonicida.
Fish Shellfish Immunol. 2017;60:509-19.

Dunnett CW. A multiple comparison procedure for comparing several
treatments with a control. J Am Stat Assoc. 1955;50:1096-121.

Sokal RR, Rohlf JF. Biometry: the principles and practice of statistics in
biological research. New York, USA: WH. Freemann and Company; 2003.
Collard F, Gasperi J, Gabrielsen GW, Tassin B. Plastic particle inges-

tion by wild freshwater fish: A critical review. Environ Sci Technol.
2019;53:12974-88.

Tanaka K, Takada H. Microplastic fragments and microbeads in diges-
tive tracts of planktivorous fish from urban coastal waters. Sci Rep.
2016;6:34351.

Lebreton L, Andrady A. Future scenarios of global plastic waste genera-
tion and disposal. Palgrave Commun. 2019;5:6.

Hou L, McMahan CD, McNeish RE, Munno K, Rochman CM, Hoellein TJ.
A fish tale: a century of museum specimens reveal increasing micro-
plastic concentrations in freshwater fish. Ecol Appl [Internet]. 2021;
[cited 2021 Jun 21]; Available from: https://onlinelibrary.wiley.com/doi/
10.1002/eap.2320.

Crossin G, Cooke S, Goldbogen J, Phillips R. Tracking fitness in marine
vertebrates: current knowledge and opportunities for future research.
Mar Ecol Prog Ser. 2014;496:1-17.

Pannetier P, Morin B, Le Bihanic F, Dubreil L, Clérandeau C, Chouvellon
F, et al. Environmental samples of microplastics induce significant toxic
effects in fish larvae. Environ Int. 2020;134:105047.

Naidoo T, Glassom D. Decreased growth and survival in small juvenile
fish, after chronic exposure to environmentally relevant concentrations
of microplastic. Mar Pollut Bull. 2019;145:254-9.

Yang H, Xiong H, Mi K, Xue W, Wei W, Zhang Y. Toxicity comparison of
nano-sized and micron-sized microplastics to goldfish Carassius auratus
larvae. J Hazard Mater. 2020;388:122058.

Mazurais D, Ernande B, Quazuguel P, Severe A, Huelvan C, Madec L,

et al. Evaluation of the impact of polyethylene microbeads ingestion

in European sea bass (Dicentrarchus labrax) larvae. Mar Environ Res.
2015;112:78-85.

Mdller C, Erzini K, Teoddsio MA, Pousao-Ferreira P, Baptista V, Ekau W.
Assessing microplastic uptake and impact on omnivorous juvenile
white seabream Diplodus sargus (Linnaeus, 1758) under laboratory
conditions. Mar Pollut Bull. 2020;157:111162.

Jacob H, Besson M, Swarzenski PW, Lecchini D, Metian M. Effects of
virgin Micro- and Nanoplastics on fish: trends, Meta-analysis, and
perspectives. Environ Sci Technol. 2020;54:4733-45.

Reinitz G. The effect of nutrient dilution with sodium bentonite in
practical diets for rainbow trout. Progress Fish-Cult. 1984;46:249-53.
Brinker A, Reiter R. Fish meal replacement by plant protein substitution
and guar gum addition in trout feed, part I: effects on feed utilization
and fish quality. Aquaculture. 2011;310:350-60.

Fernandez F, Miquel AG, Martinez R, Serra E, Guinea J, Narbaiza FJ,

et al. Dietary chromic oxide does not affect the utilization of organic
compounds but can Alter the utilization of mineral salts in Gilthead Sea
bream Sparus aurata. J Nutr. 1999;129:1053-9.

Lei L, Wu S, Lu S, Liu M, Song Y, Fu Z, et al. Microplastic particles cause
intestinal damage and other adverse effects in zebrafish Danio rerio and
nematode Caenorhabditis elegans. Sci Total Environ. 2018,619-620:1-8.
Ahrendt C, Perez-Venegas DJ, Urbina M, Gonzalez C, Echeveste P,
Aldana M, et al. Microplastic ingestion cause intestinal lesions in the
intertidal fish Girella laevifrons. Mar Pollut Bull. 2020;151:110795.

Batel A, Baumann L, Carteny CC, Cormier B, Keiter SH, Braunbeck T.
Histological, enzymatic and chemical analyses of the potential effects
of differently sized microplastic particles upon long-term ingestion in
zebrafish (Danio rerio). Mar Pollut Bull. 2020;153:111022.

Baumann L, Schmidt-Posthaus H, Segner H, Wolf JC. Comment

on “Uptake and Accumulation of Polystyrene Microplastics in

zebrafish (Danio rerio) and Toxic Effects in Liver” Environ Sci Technol
2016;50:12521-12522.

Doyle JR, Al-Ansari AM, Gendron RL, White PA, Blais JM. A method to
estimate sediment ingestion by fish. Aquat Toxicol. 2011;103:121-7.


http://portal.acm.org/citation.cfm?doid=1739041.1739135
http://portal.acm.org/citation.cfm?doid=1739041.1739135
http://methods.sagepub.com/reference/encyc-of-research-design/n75.xml
http://methods.sagepub.com/reference/encyc-of-research-design/n75.xml
http://www.jstatsoft.org/v67/i01/
http://www.jstatsoft.org/v82/i13/
http://dx.doi.org/10.1002/eap.2320
http://dx.doi.org/10.1002/eap.2320

Roch et al. Microplastics and Nanoplastics

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

97.

(2022) 2:14

Johansson A. Caddis larvae cases (Trichoptera, Limnephilidae) as
anti-predatory devices against brown trout and sculpin. Hydrobiologia.
1991,211:185-94.

Kemp P, Sear D, Collins A, Naden P, Jones |. The impacts of fine sediment
on riverine fish. Hydrol Process. 2011,25:1800-21.

Lake RG, Hinch SG. Acute effects of suspended sediment angularity

on juvenile coho salmon (Oncorhynchus kisutch). Can J Fish Aquat Sci.
1999;56:862-7.

Redding JM, Schreck CB, Everest FH. Physiological effects on Coho
Salmon and Steelhead of exposure to suspended solids. Trans Am Fish
Soc. 1987;116:737-44.

Lewis SJ, Heaton KW. Roughage revisited (the effect on intestinal func-
tion of inert plastic particles of different sizes and shape). Dig Dis Sci.
1999;44:5.

Tomlin J, Read NW. Laxative properties of indigestible plastic particles.
BMJ. 1988;297:1175-6.

Refstie S, Sahlstrom S, Brathen E, Baeverfjord G, Krogedal P. Lactic acid
fermentation eliminates indigestible carbohydrates and antinutritional
factors in soybean meal for Atlantic salmon (Salmo salar). Aquaculture.
2005;246:331-45.

Penn MH, Bendiksen EA, Campbell P, Krogdahl A. High level of dietary
pea protein concentrate induces enteropathy in Atlantic salmon (Salmo
salar L.). Aquaculture. 2011,310:267-73.

Hedrera MI, Galdames JA, Jimenez-Reyes MF, Reyes AE, Avendano-Her-
rera R, Romero J, et al. Soybean Meal Induces Intestinal Inflammation in
Zebrafish Larvae. Merrifield D, editor. PLoS ONE. 2013;8:e69983.

Kokou F, Sarropoulou E, Cotou E, Rigos G, Henry M, Alexis M, et al.
Effects of fish meal replacement by a soybean protein on growth,
histology, selected immune and oxidative status markers of Gilthead
Sea bream Sparus aurata. ) World Aquac Soc. 2015;46:115-28.

Hwang J, Choi D, Han'S, Jung SY, Choi J, Hong J. Potential toxicity of
polystyrene microplastic particles. Sci Rep. 2020;10:7391.

Hwang J, Choi D, Han S, Choi J, Hong J. An assessment of the toxicity of
polypropylene microplastics in human derived cells. Sci Total Environ.
2019;684:657-69.

Gomez D, Sunyer JO, Salinas |. The mucosal immune system of fish: the
evolution of tolerating commensals while fighting pathogens. Fish
Shellfish Immunol. 2013;35:1729-39.

Jirillo F, Passantino G, Massaro MA, Cianciotta A, Crasto A, Perillo A,

et al. In vitro elicitation of intestinal immune responses in teleost fish:
evidence for a type IV hypersensitivity reaction in rainbow trout. Immu-
nopharmacol Immunotoxicol. 2007,29:69-80.

Dawood MAO. Nutritional immunity of fish intestines: important
insights for sustainable aquaculture. Rev Aquac. 2021;13:642-63.
Montalban-Arques A, De Schryver P, Bossier P, Gorkiewicz G, MuleroV,
Gatlin DM, et al. Selective manipulation of the gut microbiota improves
immune status in vertebrates. Front Immunol [Internet]. 2015; [cited
2021 Jun 211;6. Available from: http://journalfrontiersin.org/Article/10.
3389/fimmu.2015.00512/abstract.

JinY, Xia J, Pan Z, Yang J, Wang W, Fu Z. Polystyrene microplastics induce
microbiota dysbiosis and inflammation in the gut of adult zebrafish.
Environ Pollut. 2018;235:322-9.

Qiao R, Deng Y, Zhang S, Wolosker MB, Zhu Q, Ren H, et al. Accumu-
lation of different shapes of microplastics initiates intestinal injury

and gut microbiota dysbiosis in the gut of zebrafish. Chemosphere.
2019;236:124334.

Hahladakis JN, Velis CA, Weber R, lacovidou E, Purnell P. An overview

of chemical additives present in plastics: migration, release, fate and
environmental impact during their use, disposal and recycling. J Hazard
Mater. 2018;344:179-99.

Jovanovic B. Ingestion of microplastics by fish and its potential con-
sequences from a physical perspective. Integr Environ Assess Manag.
2017;13:510-5.

Koelmans AA, Bakir A, Burton GA, Janssen CR. Microplastic as a vector
for Chemicals in the Aquatic Environment: critical review and model-
supported reinterpretation of empirical studies. Environ Sci Technol.
2016;50:3315-26.

Koelmans AA, Besseling E, Foekema EM. Leaching of plastic additives to
marine organisms. Environ Pollut. 2014;187:49-54.

Hermabessiere L, Dehaut A, Paul-Pont |, Lacroix C, Jezequel R,

Soudant P, et al. Occurrence and effects of plastic additives on

98.

99.

100.

102.

103.

104.

105.

106.

107.

109.

111,

112.

113.

114.

116.

17.

118.

Page 20 of 21

marine environments and organisms: A review. Chemosphere.
2017;182:781-93.

Barton B, Schreck C, Barton L. Effects of chronic cortisol administra-
tion and daily acute stress on growth, physiological conditions,

and stress responses in juvenile rainbow trout. Dis Aquat Org.
1986;2:173-85.

Leal E, Ferndndez-Durdn B, Guillot R, Rios D, Cerdé-Reverter JM.
Stress-induced effects on feeding behavior and growth performance
of the sea bass (Dicentrarchus labrax): a self-feeding approach. J
Comp Physiol B. 2011;181:1035-44.

Mommsen TP, Vijayan MM, Moon TW. Cortisol in teleosts: dynamics,
mechanisms of action, and metabolic regulation. Rev Fish Biol Fish.
1999,9:211-68.

Conte FS. Stress and the welfare of cultured fish. Appl Anim Behav
Sci. 2004;86:205-23.

Iwama GK, Morgan JD, Barton BA. Simple field methods for monitor-
ing stress and general condition of fish. Aquac Res. 1995;26:273-82.
Barton BA. Stress in fishes: a diversity of responses with particular
reference to changes in circulating corticosteroids. Integr Comp Biol.
2002;42:517-25.

Imhof HK, Rusek J, Thiel M, Wolinska J, Laforsch C. Do microplastic
particles affect Daphnia magna at the morphological, life history and
molecular level? Hwang J-S, editor. PLoS One. 2017;12:e0187590.
Jakubowska M, Biatowas M, Stankeviciaté M, Chomiczewska A,
Pazusieneé J, Jonko-Sobus K, et al. Effects of chronic exposure to
microplastics of different polymer types on early life stages of sea
trout Salmo trutta. Sci Total Environ. 2020;740:139922.

Torrissen OJ, Hansen T, Torrissen KR, Naevdal G. Causes of Variation

in Carcass Traits of Atlantic Salmon (Sa/mo salar). Matredal, Norway:
International Council for the Exploration of the sea; 1984 p. 14.
Report No.: F:25.

Qiang L, Cheng J. Exposure to polystyrene microplastics impairs
gonads of zebrafish (Danio rerio). Chemosphere. 2021;263:128161.
Iheanacho SC, Odo GE. Dietary exposure to polyvinyl chloride micro-
particles induced oxidative stress and hepatic damage in Clarias
gariepinus (Burchell, 1822). Environ Sci Pollut Res. 2020;27:21159-73.
Birnie-Gauvin K, Costantini D, Cooke SJ, Willmore WG. A comparative
and evolutionary approach to oxidative stress in fish: A review. Fish
Fish.2017;18:928-42.

LiuW, ZhaoY, Shi Z, Li Z, Liang X. Ecotoxicoproteomic assessment of
microplastics and plastic additives in aquatic organisms: A review.
Comp Biochem Physiol Part D Genomics Proteomics. 2020;36:100713.
Limonta G, Mancia A, Benkhalqui A, Bertolucci C, Abelli L, Fossi MC,
et al. Microplastics induce transcriptional changes, immune response
and behavioral alterations in adult zebrafish. Sci Rep. 2019;9:15775.
Ferreira M, Costa J, Reis-Henriques MA. ABC transporters in fish
species: a review. Front Physiol [Internet]. 2014 [cited 2021 Jun 24];5.
Available from: http://journal.frontiersin.org/article/10.3389/fphys.
2014.00266/abstract

Roth W, Kumar V, Beer H-D, Richter M, Wohlenberg C, Reuter U, et al.
Keratin 1 maintains skin integrity and participates in an inflammatory
network in skin via interleukin-18. J Cell Sci. 2012:jcs.116574.

Banaee M, Soltanian S, Sureda A, Gholamhosseini A, Haghi BN,
Akhlaghi M, et al. Evaluation of single and combined effects of
cadmium and micro-plastic particles on biochemical and immuno-
logical parameters of common carp (Cyprinus carpio). Chemosphere.
2019;236:124335.

Wen B, Jin S-R, Chen Z-Z, Gao J-Z, Liu Y-N, Liu J-H, et al. Single and
combined effects of microplastics and cadmium on the cadmium
accumulation, antioxidant defence and innate immunity of the discus
fish (Symphysodon aequifasciatus). Environ Pollut. 2018,;243:462-71.
LuY, ZhangY, Deng Y, Jiang W, Zhao Y, Geng J, et al. Uptake and
accumulation of polystyrene microplastics in zebrafish (Danio rerio) and
toxic effects in liver. Environ Sci Technol. 2016;50:4054-60.

ZhaoY, Bao Z,Wan Z, Fu Z, Jin Y. Polystyrene microplastic exposure
disturbs hepatic glycolipid metabolism at the physiological, biochemi-
cal, and transcriptomic levels in adult zebrafish. Sci Total Environ.
2020;710:136279.

Abarghouei S, Hedayati A, Raeisi M, Hadavand BS, Rezaei H, Abed-
Elmdoust A. Size-dependent effects of microplastic on uptake, immune


http://dx.doi.org/10.3389/fimmu.2015.00512/abstract
http://dx.doi.org/10.3389/fimmu.2015.00512/abstract
http://dx.doi.org/10.3389/fphys.2014.00266/abstract
http://dx.doi.org/10.3389/fphys.2014.00266/abstract

Roch et al. Microplastics and Nanoplastics (2022) 2:14 Page 21 of 21

system, related gene expression and histopathology of goldfish (Caras-
sius auratus). Chemosphere. 2021;276:129977.

119. Hamed M, Monteiro CE, Sayed AE-DH. Investigation of the impact
caused by different sizes of polyethylene plastics (nano, micro, and
macro) in common carp juveniles, Cyprinus carpio L., using multi-bio-
markers. Sci Total Environ 2022;803:149921.

120. Wu N, Song Y-L, Wang B, Zhang X-Y, Zhang X-J, Wang Y-L, et al. Fish
gut-liver immunity during homeostasis or inflammation revealed by
integrative transcriptome and proteome studies. Sci Rep. 2016;6:36048.

121. Eissa N, Wang H. Transcriptional stress responses to environmental and
husbandry stressors in aquaculture species. Rev Aquac. 2016;8:61-88.

122. Talbot AT, Pottinger TG, Smith TJ, Cairns MT. Acute phase gene
expression in rainbow trout (Oncorhynchus mykiss) after exposure to a
confinement stressor: A comparison of pooled and individual data. Fish
Shellfish Immunol. 2009;27:309-17.

123. Vogel C, Marcotte EM. Insights into the regulation of protein abun-
dance from proteomic and transcriptomic analyses. Nat Rev Genet.
2012;13:227-32.

124. LevinY.The role of statistical power analysis in quantitative proteomics.
Proteomics. 2011;11:2565-7.

125. Todd EV, Black MA, Gemmell NJ. The power and promise of RNA-seq in
ecology and evolution. Mol Ecol. 2016;25:1224-41.

126. Najafian L, Babji AS. A review of fish-derived antioxidant and antimicro-
bial peptides: their production, assessment, and applications. Peptides.
2012;33:178-85.

127. Tort L. Stress and immune modulation in fish. Dev Comp Immunol.
2011;35:1366-75.

128. Mantovani A, Dinarello CA, Molgora M, Garlanda C. Interleukin-1 and
related cytokines in the regulation of inflammation and immunity.
Immunity. 2019;50:778-95.

129. Reis MIR, do Vale A, Pereira PJB, Azevedo JE, dos Santos NMS. Caspase-1
and IL-1( processing in a teleost fish. Boudinot P, editor. PLoS One
2012;7:€50450.

130. Bucci K, Tulio M, Rochman CM. What is known and unknown about the
effects of plastic pollution: A meta-analysis and systematic review. Ecol
Appl [Internet]. 2020 [cited 2021 Feb 23];30. Available from: https://
onlinelibrary.wiley.com/doi/abs/10.1002/eap.2044

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1002/eap.2044
http://dx.doi.org/10.1002/eap.2044

	Combined proteomic and gene expression analysis to investigate reduced performance in rainbow trout (Oncorhynchus mykiss) caused by environmentally relevant microplastic exposure
	Abstract 
	Introduction
	Materials and methods
	Husbandry, MP particle characteristics and experimental setup
	Sampling and tissue preparation
	Measures to prevent contamination during the experiment
	Calculation of performance and health parameters
	Protein extraction and digestion using pressure cycling technology (PCT)
	Liquid chromatography-mass spectrometry analysis
	Protein identification and label-free protein quantification
	Gene expression analysis
	Statistical analysis

	Results
	Microplastic exposure level
	General performance and health parameters
	Proteomic analysis
	Gene expression analysis

	Discussion
	Conclusion
	Acknowledgements
	References


