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HIGHLIGHTS GRAPHICAL ABSTRACT

e P. caudatum and T. pyriformis internalize
large MP, relative to their cell size.

e A. proteus avoids ingesting MP larger P. caudatum A. proteus
than 6 pm suspended in the water
column.

e A. proteus ingests larger microplastic
particles when encountered during
predation.

e Evidence of polystyrene MP transfer in
lower trophic levels

Fluorescent PS-MP

Transfer of microplastics in low trophic levels of freshwater foodwebs

ARTICLE INFO ABSTRACT
Editor: Thomas Kevin V Microplastics (MP) have become a well-known and widely investigated environmental pollutant. Despite the
huge amount of new studies investigating the potential threat posed by MP, the possible uptake and trophic
Keywords: transfer in lower trophic levels of freshwater ecosystems remains understudied. This study aims to investigate the
M_icmplamcf internalization and potential trophic transfer of fluorescent polystyrene (PS) beads (0.5 pm, 3.6 x 10® particles/
l[ajlotzz_l:;umulanon mL; 6 pm, 2.1 x 10° particles/mL) and fragments (<30 pm, 5 x 10 particles/mL) in three unicellular eu-
Tiphic transfer karyotes. This study focuses on the size-dependent uptake of MP by two freshwater Ciliophora, Tetrahymena
Food web pyriformis, Paramecium caudatum and one Amoebozoa, Amoeba proteus, serving also as predator for experiments

on potential trophic transfer. Size-dependent uptake of MP in all three unicellular eukaryotes was shown.
P. caudatum is able to take up MP fragments up to 27.7 pm, while T. pyriformis ingests particles up to 10 pm. In
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A. proteus, small MP (PSq s,m and PSe,m,) were taken up via pinocytosis and were detected in the cytoplasm for up
to 14 days after exposure. Large PS-MP (PS_30,m) were detected in A. proteus only after predation on MP-fed
Ciliophora. These results indicate that A. proteus ingests larger MP via predation on Ciliophora (PS-30um),
which would not be taken up otherwise. This study shows trophic transfer of MP at the base of the aquatic food
web and serves as basis to study the impact of MP in freshwater ecosystems.

1. Introduction

The extensive usage and careless handling of plastics since the sec-
ond half of the 20th century led to an increasing accumulation of plastic
waste in all environmental compartments (Ilyas et al., 2018; Li et al.,
2016). Increasing pollution, not only with macro-, but also microplastics
(MP, 100 nm - 5 mm, de Souza Machado et al., 2023), emerges as an
ubiquitous hazard for the biota (Bellasi et al., 2020; Imhof et al., 2013;
Kernchen et al., 2022). MP can be divided into primary (intentionally
manufactured for specific applications) and secondary (fragments from
larger plastic objects) plastic particles with variable shapes (spheres,
fragments or fibers), sizes, and surface characteristics (Frias and Nash,
2019; Wieland et al., 2024). Due to their small size and ubiquitous
presence, MP can be ingested by various organisms (Huang et al., 2021;
Imhof et al., 2013; Konig Kardgar et al., 2023; Liu et al., 2022a; Magni
et al., 2020). The impact of MP on aquatic ecosystems has been the
subject of many investigations. MP research focused initially on marine
compartments, and has nowadays extended to freshwater ecosystems (Li
et al., 2023; Range et al., 2023), and the organisms that inhabit them
(Triebskorn et al., 2019; Wagner et al., 2014). It has been shown that the
ingestion of MP by aquatic organisms has the potential to induce
different negative effects, such as impairment of food consumption,
growth, and reproduction (Du et al., 2021). Different studies have been
carried out on this issue, using both vertebrate and invertebrate or-
ganisms (Brehm et al., 2022; Brehm et al., 2023; Eltemsah and Bghn,
2019; Imhof et al., 2017; Klein et al., 2021; Schwarzer et al., 2022; Xia
et al., 2020; Xu et al., 2020). However, information regarding the po-
tential impact of MP on organisms of lower trophic levels in freshwater
ecosystems is still scarce. Nevertheless, continuous fragmentation and
degradation of MP results in rising numbers of smaller MP particles in
the aquatic environment, increasing their bioavailability for smaller
biota (Al-Thawadi, 2020; Gonzalez-Pleiter et al., 2019). For planktonic
crustaceans, like Cladocera and Copepoda, it has been shown that many
of them are prone to ingest MP, which can lead to various adverse effects
like, e.g., increased oxidative stress, biomass reduction, fitness impair-
ment, higher mortality rates, behavioral alterations, and impacts on
their ability to feed and moult (Bosker et al., 2019; Cole et al., 2019; Cole
et al., 2015; De Felice et al., 2019; Liu et al., 2022a; Schwarzer et al.,
2022). Recent investigations also confirmed size-dependent uptake and
toxicity in microzooplankton, like rotifers. For Brachionus sp., it was
shown that MP ingestion has negative effects on their feeding activity,
oxidative status, and gene expression (Drago et al., 2020; Jeong et al.,
2016; Zheng et al., 2022). A recent study from Athey and co-authors
(Athey et al., 2020) also showed that the marine tintinnid Favella spp.
quickly ingests MP and that those particles are transferred via predation
to estuarine fish larvae (Menidia beryllina). Unicellular eukaryotes hold
an important role in aquatic ecosystems, as they generally feed on par-
ticulate matter, algae, bacteria or other, smaller unicellular eukaryotes
(Mansano et al., 2014; Mansano et al., 2016). Furthermore, unicellular
eukaryotic organisms also serve as prey for other protists and higher
organisms. A decline in their population could, consequently, have an
impact on both the bacterial communities that they prey upon, and on
primary consumers, potentially altering the food web (Mansano et al.,
2016). Nonetheless, only some studies employed these organisms for MP
research to investigate, for instance, effects on photosymbiont produc-
tivity, food selectivity, population dynamics, and size dependent MP
uptake (Bermtdez et al., 2021; Bulannga and Schmidt, 2022; Feng et al.,
2021; Geng et al., 2021; Natecz-Jawecki et al., 2021; Nugroho and Fyda,

2020; Wang et al., 2024; Makin, 2023; Zhang et al., 2021).

Plenty of unicellular eukaryotes are non-selective feeders. Hence,
food choice is dependent on availability (Nisbet, 2012). Given MP
abundance in smaller size ranges (<50 pm) in virtually all freshwater
compartments (Imhof et al., 2016), these particles are potentially
available to a wide range of suspension feeders, including unicellular
eukaryotes (Bulannga and Schmidt, 2022). If ingested, MP might be
transferred to predators, as unicellular eukaryotes are usually subject to
a high predation rate (Mansano et al., 2016). Ultimately, this could lead
to a transfer of MP along the food web. Despite the constantly increasing
effort spent by the scientific community on the investigation of the
possible impact of MP exposure on different organisms, the uptake of MP
by eukaryotic unicellular organisms of freshwater ecosystems as well as
trophic transfer in these lower trophic levels are still scarcely
researched.

In this study, two freshwater Ciliophora Tetrahymena pyriformis and
Paramecium caudatum, that normally feed on suspended particulate
matter, small bacteria and small eukaryotes, were employed as model
organisms to investigate MP ingestion. Both organisms are likely to
unintentionally ingest MP via phagocytosis, since they cannot differ-
entiate between food (e.g., suspended particulate matter, bacteria and
algae) and inorganic particulate matter (Scherer et al., 2018). We used
Amoeba proteus as a generalist predator that feeds on other unicellular
eukaryotes. Amoebae also feed on particulate matter via phagocytosis,
but, unlike T. pyriformis and P. caudatum, they are known to be able to
discern between organic and inorganic matter (Mast and Hahnert,
1935). Moreover, A. proteus shows a permanent, but minor pinocytosis-
driven ingestion. As pinocytosis channels in A. proteus reach a diameter
of up to 6 pm (Klein et al., 1988), they might be large enough for a
passive uptake of MP smaller than this size.

Hence, the main objective of this study is to investigate if three
distinct unicellular freshwater eukaryotes P. caudatum, T. pyriformis, and
A. proteus are able to ingest MP particles of different sizes. To achieve
this, we employed fluorescent polystyrene (PS) beads in two sizes (0.5
and 6 pm) as well as larger PS fragments (<30 pm). The selection of
different size categories is essential for discerning potential size-
dependent uptake patterns. We further analyzed in A.proteus, if the
uptake of the different sized particles takes place via phagocytosis or
pinocytosis. Finally, we investigated the potential for trophic transfer of
MP by introducing A. proteus to its potential prey, P. caudatum and
T. pyriformis, after these prey organisms have been exposed to MP.

2. Material and methods
2.1. Materials

If not otherwise indicated, materials and chemicals were obtained
from Carl Roth GmbH (Karlsruhe, Germany) or Thermo Fisher Scientific
(Schwerte, Germany). Fetal calf serum and bovine serum albumin (BSA)
were obtained from Sigma-Aldrich (Taufkirchen, Germany), cell culture
material from Greiner Bio-One (Frickenhausen, Germany). Dulbecco’s
phosphate-buffered saline (DPBS) was obtained from Lonza Group AG
(Visp, Switzerland). Non-functionalized 0.5 and 6 pm polystyrene (PS)
beads (fluorescent, Fluoresbrite® PC Red Microspheres, Cat. # 19507-5
and Cat. # 19111-2, Exyax 491 nm, Empax 565 nm, 3.64 x 10! beads/
mL (PSg.5um) and 2.10 x 10® beads/mL (PSeum), size CV < 5) were
purchased from Polyscience (Polyscience Europe GmbH, Eppenheim,
Germany). PS beads were delivered in a sterile aqueous suspension at a
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concentration of 2.5 % (w/v). According to the supplier, all MP particles
therein are plain beads with a slight residual anionic surface charge from
sulphate ester. Larger PS fragments (Magic Pyramid, Frechen, Germany)
were prepared in house by milling and sieving (detailed information in
the SI, Figs. S1 and S2) to fractions of <30 pm (produced within the CRC
1357, department Macromolecular Chemistry I, University of Bayreuth;
https://www.sfb-mikroplastik.uni-bayreuth.de/en/index.html, Fig. S1).
The obtained fractions were then suspended in bi-distilled water, sup-
plemented with 0.1 % (w/v) Tween20® to avoid aggregation. After-
wards, the suspension was centrifuged at 13,000 xg for 5 min at room
temperature (RT), the supernatant was discarded, and the MP were
resuspended in bi-distilled water (PS-3oum, 5 X 10° fragments/mL). In
the following, the respective MP particles will be referred to as PSg.5um,
PSeum (beads), and PS_3o,m (fragments). The different particle sizes
were chosen due to the different advantages of the respective size
ranges. For PSosum and PSeum, narrow size ranges with a well-defined
characterization were possible due to the manufacturing (suspension
polymerization). Larger fragments (PS_30.m) are more comparable to
environmental particles but were not available in narrow size ranges due
to their manufacturing (milling and sieving of larger fractions). Before
usage, the respective MP stock suspensions were diluted to the desired
concentration in the suitable growth media.

2.2. Methods

2.2.1. Particle characterization

The C-potentials of the particle fractions were measured using the
LiteSizer 500 (Anton Paar Germany GmbH, Ostfildern-Scharnhausen,
Germany) and Omega cuvettes (Anton Paar Germany GmbH,
Ostfildern-Scharnhausen, Germany). For the measurements, 2.5 pL of
the particle suspension were directly diluted in the respective media (i.
e., Prescott,ef (pH 6.4), Prescottyaci (pH 4.3), see below for compostion)
and incubated overnight. Thereafter, the particles were collected by
centrifugation (13,000 xg for 10 min at room temperature (RT)) and
resuspended in 1 mL of a 1 mM KCI (pH 6.0) solution for measurement.
Three measurements with at least 100 runs each were performed at
21 °C with an adjusted voltage of 200 V. The {-potential was calculated
using the Helmholtz-Smoluchowski equation (Smoluchowski, 1906).

Particle size distributions were measured by laser diffraction (three
lasers and two detectors) coupled with dynamic image analysis, using a
Microtrac FlowSync Particle Size Analyzer (Microtrac Retsch GmbH,
Haan, Germany, Fig. S1). Wet analysis was performed using deionized
water as the mobile phase with 1 mg of particles added to 1 mL of 5 %
(w/v) NasP,07 and 2 % (w/v) Tween® 20 detergent to avoid aggrega-
tion. This mixture was poured into the water-filled measuring cell and
diluted with 200 mL ultrapure water. A 180 s ultrasound treatment (40
kHz) was carried out to ensure complete suspension of the particles.

2.2.2. Cultivation of Tetrahymena pyriformis, Paramecium caudatum and
Amoeba proteus

T. pyriformis (Icon biotech, Teltow, Germany) was cultivated at room
temperature (20-25 °C) in 2 % (w/w) proteose-peptone broth. The
freshwater ciliate P. caudatum originated from a well-established
continuous in-house freshwater cultivation (Carolina Science GmbH,
Berlin, Germany). The organisms were kept in 800 mL Erlenmeyer
Duran flasks (DURAN group, Wertheim, Germany) filled with diluted Z
medium (Ca(NO3); 16.66 mM, NaNO3 549.45 mM, KoHPO4 48.24 mM,
MgS0O4 10.14 mM, NaHCOs3 199.98 mM, NasEDTA 199.98 mM, FeSO4
3.41 mM, H3B03 0.23 mM, MI’ISO4 2.48 IIIM, (NH4)6MO7024 0.02 Il’lM,
ZnSO4 0.07 mM, Co(NOs3)2 0.24 mM, CuSO4 0.01 mM; pH ~ 7.6)
(Prusch and Minck, 1985). P.caudatum culture was maintained in static
conditions in dark cabinets and fed ad libitum with an infusion of dried
celeriac root (Apium graveolens) prepared in-house.

A. proteus (Carolina Science GmbH, Berlin, Germany) was cultivated
as proposed by Prescott and James (1955) in the following referred to as
Prescott,.f method and medium. Briefly, amoebae were cultured in a 10
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cm glass Petri dish (VWR, Germany) at room temperature in Prescottcf
medium (KCl 12.4 mM, CaHPO4 2.9 mM, MgSO4 1.7 mM, pH 6.4) and
were fed twice a week with approximately 10-20 T. pyriformis (Icon
Biotech, Germany) per amoeba. The amount of T. pyriformis added was
high enough to ensure a close vicinity between prey and predator. For
transferring amoebae for experiments, individuals were pipetted with an
Eppendorf pipette while observing them under the microscope (Zeiss
Primovert trino, 0.5x Camera Adapter, Zeiss, Germany). For docu-
mentation purposes, the software Zen 3.0 blue edition 2019 (Carl Zeiss,
Jena, Germany) was used.

2.2.3. Uptake of MP

A. proteus: Analogeous to experiments performed by Ahn and Jeon
(1982) and Prusch and Minck (1985), initially, 50-100 amoebae per
Petri dish were starved for 24 h by transferring them to a 5 mL Petri dish
containing 2 mL Prescott,.f medium without any food provided, to
stimulate the need for food uptake. After 24 h, ~30 amoebae were
transferred into single wells of a 12-well glass plate (iBL, Austria) for
each treatment, containing 1 mL of Prescottges medium. The respective
MP suspensions were added to the starved amoebae, corresponding to
the following MP end concentrations in a total volume of 1 mL per well:
PSo.5um = 3.6 x 108 beads/mL (12.5 pg/mL); PSgum = 2.1 x 10° beads/
mL (12.5 pg/mL); fragments PS_3gym = 5 X 10° fragments/mL (5 pg/
mL). Alongside the MP treatments, a control group was applied in an
extra well, with Prescottg.s medium. This process was repeated three
times in total, in which the number of particles, and the number of
amoebae, containing MP, was recorded. The selection of these concen-
tration ranges was deliberately chosen, aiming at maximizing the like-
lihood of interaction between particles and A. proteus. After the
respective incubation time (0.5 h, 2 h, 4 h, 6 h and 24 h), the amoebae
were washed by transferring them twice to fresh wells in 1 mL Pre-
scottrer medium to remove leftover MP. Thereafter, amoebae were
observed under the fluorescent microscope and ingested particles were
counted manually (CKX41, Olympus-Lifescience, Hamburg, Germany,
magnification 400x and 100x for 0.5 pm beads and 6 pm beads /
fragments, respectively).

P. caudatum: 200-300 Individuals were exposed to fluorescently
labeled PSp.sum (end concentration: 3.6 x 108 beads/mL, 12.5 pg/mL),
PSeum (end concentration: 2.1 x 10° beads/mL, 12.5 pg/mL) and
PS_30um (end concentration: 5 x 108 fragments/mL, 5 pg/mL) for 24 h in
a 5 mL Petri dish containing 2 mL Z medium, respectively.

T. pyriformis were exposed to fluorescently labeled PSqs,m (end
concentration: 3.6 x 108 beads/mL), PSeun (end concentration: 2.1 x
10° beads/mL) and PS_30um (end concentration: 5 x 10° fragments/mL)
for 24 h in a 5 mL Petri dish, containing 2 mL Prescottges medium,
respectively.

Both Ciliophora species were not starved or washed before MP
exposure. Ingestion of large PS beads (PSe,m) and fragments (PS_30um)
by Ciliophora was quantified microscopically for 15 randomly chosen
individuals from each Petri dish at different time points (0.5 h, 2 h, 4 h,
6 h and 24 h). For observations, MP exposed Ciliophora were transferred
onto a microscopy slide and covered with a cover slip. This way, the
Ciliophora got gently squeezed while the water was evaporating,
rendering them unable to move around freely, while they were still
completely intact. For particle quantification, the samples (MP exposed
Ciliophora) were sealed with nail polish (trend it up nail polish, dm-
drogerie markt GmbH + Co. KG, Germany), which prevented the
water from evaporating. The ingested particles were then quantified
under a fluorescence microscope (Zeiss Imager.Z2m, 1x Camera
Adapter, Carl Zeiss, Jena, Germany). For the smaller PSq sy, beads
ingested by the Ciliophora, an exact quantification of ingested particles
was not possible. This difficulty arose from particle agglomeration inside
the food vacuola. For that reason, individuals were divided into two
groups (“particle uptake” or “no uptake”) by estimating the presence of
visible intracellular MP under the microscope.

Ciliophora length to particle ratio was measured and calculated
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using ZEN 2 core v2.5 / ZEN 2 starter v2.5 (Carl Zeiss Microscopy
GmbH, Jena, Germany).

2.2.4. Induction of pinocytosis in A. proteus

Induction of pinocytosis was conducted to analyze if MP particles are
unintentionally internalized together with the medium. To induce
pinocytosis, the pH of the Prescott;es medium was adjusted to pH 4.3
with HCL. In addition, the medium was supplemented with 125 mM NaCl
(referred to as “Prescottya,cy medium”). For the experiments, the
amoebae were incubated for 1 h in the Prescottyac; medium and were
then transferred back to the standard Prescott,.f medium and observed
for 14 days.

2.2.5. Induction of phagocytosis in A. proteus

To explore if phagocytosis of larger PS-MP is dependent on an eco-
corona (Ramsperger et al., 2020) covering the MP surface, protein-
coated PS-MP (PS_30,m) Were compared to non-coated ones. Particles
were pre-coated with a protein corona as described by Jasinski et al.
(2022), where also the characterization of the protein coating is
described. Briefly, PS-MP (PS-30um) (1 pL of the 2.5 % (w/v) aqueous
suspension) were incubated overnight at 37 °C in 1 mL of a 2 % (w/v)
bovine serum albumin (BSA) solution or 1 mL of a 10 % fetal calf serum
(FCS) solution in Prescott,.f medium. Afterwards, the particles were
centrifuged at 13,000 xg for 5 min at room temperature. The resulting
pellet was once washed with bi-distilled water (13,000 x g, 5 min),
resuspended in Prescott,r and used immediately for the experiments.

To evaluate whether the introduction of a known chemical trigger in
the medium, such as chemoattractants produced by prey organisms,
could stimulate the phagocytosis of larger PS-MP fragments (PS-30um), @
second attempt to induce phagocytosis was undertaken by co-cultivating
100 individuals of A. proteus with T. pyriformis at a concentration of 5 x
10* Ciliophora/mL (prey: predator = 500:1), in the presence of PS_30um
particles at a concentration of 5 x 10° fragments/mL. This concentration
was chosen to increase uptake probability of prey and particles, and to
enable a possible enrichment of chemoattractants released by
T. pyriformis. Subsequent analysis of the uptake of PS_3o,m was con-
ducted following the same methodology as previously described.

2.2.6. Trophic transfer of MP particles

T. pyriformis and P. caudatum were incubated with the respective
amount of MP (end concentrations: PSosum = 3.6 X 10® beads/mL;
PSgum = 2.1 x 10° beads/mL; PS_30um = 5 x 10° fragments/mL) for 24
h. Afterwards, both Ciliophora were washed by centrifugation (400 xg,
5 min) to remove leftover MP, and resuspended in Prescotts medium.
The organisms were then offered to pre-starved amoebae in a prey:
predator ratio of approximately 10:1. After the indicated incubation
time (up to 24 h), the amoebae were washed (as described above for the
uptake experiments), transferred to a microscopy slide and observed
under a fluorescence microscope (Zeiss Imager.Z2m, 1x Camera
Adapter, Carl Zeiss, Jena, Germany) to obtain images of amoeba feeding
on MP burdened T. pyriformis and P. caudatum.

The remaining amoebae were observed for the respective time (up to
24 h) to record a possible excretion of particles.

2.2.7. Data analysis

Data analysis and visualization was performed using Origin software
2019b (Origin, Northampton, MA, USA). Figures obtained via fluores-
cence microscopy were prepared using ZEN 2 (blue edition) / ZEN 2 core
v2.5 / ZEN 2 starter v2.5 (Carl Zeiss Microscopy GmbH, Jena, Germany)
and Inkscape v1.1 (Open Source Scalable Vector Graphics Editor).

3. Results
3.1. Particle characterization

The PS_30um used in this study were first characterized by their size
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(Figs. S1 and S2) and the {-potential of PSo 5,m and PSe,m was analyzed
(Table 1). Since the zeta sizer is only applicable for particles of up to 10
pm in size, accurate {-potential measurements were only possible for the
smaller particles (PSosym and PSeum). The surface charge of the
measured beads was always negative, but highly dependent on the
surrounding matrix. While no major differences of the {-potential were
detected after incubation in FCS compared to Prescott,.f, for Prescottyac
and BSA incubated particles, a trend towards a decrease of the {-po-
tential was detectable in beads of both sizes.

3.2. Microplastic uptake by unicellular eukaryotes

Our results show that the uptake of MP in Ciliphora is size-
dependent. High uptake of PSo5um and PSe,m beads was observed in
both organisms (>95 % of individuals) (Figs. 1, 2 and S2). P. caudatum
took up larger particles in its vacuola (PS_30um, 75 % of the individuals,
Figs. 1 and 2), with the largest particle found being 27.7 pm in diameter
(Fig. S3). PSg.5,m beads were incorporated by both organisms, which can
be identified by the accumulation of MP in food vacuoles (Fig. 2). An
exact determination of the number of ingested PSos,m beads was not
possible, due to the pronounced tendency for agglomeration inside the
food vacuoles of both Ciliophora. Particle counting could not be
improved by immobilizing or fixating the cells, as the high number of
beads inside the vacuola and their small size did not allow an accurate
quantification. Six pm beads were easier to identify, as they were indi-
vidually found in T. pyriformis and, even if more than one was detected
in the vacuola of P. caudatum, counting was still possible (on average
16.0 + 13.8 MP per individual). Larger MP fragments (PS_30,m) Were
detected in separate food vacuola in P. caudatum, so it was possible to
perform an accurate count of the particles. In T. pyriformis, only a few of
the observed cells, out of all the observed individuals were found to have
ingested PS_3oum (Fig. 1). Particle size to cell length ratio showed a
possible particle uptake of up to 20 % (PSe,m, Fig. S4) of the total size of
T. pyriformis (average size: 39.6 pm, Fig. S5) and up to 10 % (PS-30um,
Fig. S3) of the total size of P. caudatum (average size: 195.5 pm, Fig. S6).

For T. pyriformis, a high initial rate of uptake (95 % of individuals
with particles after 0.5 h of incubation) could be observed for PSp.5um
(Fig. 1A). The number of individuals without particles increased over
time and was highest after 24 h at 75 % (Fig. 1A). For PSeym, no uptake
was observable after 24 h (Fig. 1C). For PS_30,m, low uptake rates were
only observed at 2, 4, and 6 h (Fig. 1E).

In case of P. caudatum, PSg 5., could be detected in all observed
individuals over the whole observation time (0.5 h-24 h, Fig. 1B). Also,
particle release could be observed for PSq sum (Fig. S7A/B). For PSgm, a
time-dependent uptake could be observed. While the ingestion rate rose
until 6 h (100 % of individuals with >5 particles), after 24 h, increased
clearance rates decreased the number of ingested MP (Fig. 1D). Similar
to PSe,m, uptake decreased with increasing time for PS_30um, whereas
only 25 % of individuals with ingested MP were detected after 24 h
(Fig. 1F).

For A. proteus (500 pm in average, Marshall et al., 2012), a size-

Table 1
{-potential analysis and size distribution of the used MP.
{-potential [mV] Size [pm]
Prescott,e Prescottyacy BSA FCS
PSo.5um —53.4 + -30.7 + —24.8 + —49.8 + 0.5 £+ 0.02
0.2 0.2 0.4 0.3
PSeum —44.7 £ —-12.2 + —-14.2 + —49.3 + 6.0 + 0.6
0.5 1.2 1.1 5.7
PS_30um n.a. n.a. n.a. n.a. 16.2+ 7.4

n.a.: not applicable. BSA: bovine serum albumin. FCS: Fetal calf serum. Pre-
scottyes: standard Prescott medium, pH 6.4. Prescotty,cy: standard Prescott me-
dium supplemented with 125 mM NaCl, pH 4.3. Data represent mean values +
SD, {-potential measurement n = 3, for PS_3o,r, see Fig. S1.
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Fig. 1. Uptake of particles after ingestion in T. pyriformis (A, C, E) and P. caudatum (B, D, F). Both Ciliophora were exposed to PSqsum, PSeum and PS_3oum.
T. pyriformis exposed (A) to PSys,m (number of T. pyriformis = 20), (C) to PSguy, (number of T. pyriformis = 15) and (E) PS_30.m (number of T. pyriformis = 15).
P. caudatum exposed to (B) PSg.5,m (number of P. caudatum = 15), (D) PSguy (number of P. caudatum = 15) and (F) PS_3oum (number of P. caudatum = 15).

dependent uptake could be observed (Fig. 3). While beads with a size of
<6 pm were taken up (Fig. 3A-F), larger fragments (PS_30,m) were not
observed inside any amoeba.

Quantification of the ingested beads per amoeba, by performing
manual live-counting under the microscope, confirmed this size de-
pendency (Fig. 3G). The number of MP, ingested by an individual
A. proteus, exhibited substantial variation, ranging from as few as one to
exceeding 50 beads for PSq s,m (with an average of 18.8 + 18.1 beads
per amoeba). In contrast, A. proteus took up a maximum of 15 PS¢
particles with an average of 5.7 + 3.4 beads per amoeba. For PS_30um,
no uptake was observed in A. proteus.

3.3. Analysis of the MP uptake route in A. proteus

To unravel the size-dependent MP uptake route by A. proteus,

pinocytosis and phagocytosis were investigated separately, by stimu-
lating the respective uptake mechanism.

3.3.1. Induction of pinocytosis

Pinocytosis was successfully induced by using Prescottyacy medium
as shown by the high amount of pinocytosis channels (Fig. 4A/B) and the
amount of PSy 5, inside the amoebae (Fig. 4C).

Initially, amoebae ingested under pinocytic conditions about 3.8-
fold more PSg sum beads (Prescottyac) medium, 68.0 + 44.0 beads per
amoeba) than under non-inductive conditions (Prescott.s medium,
average: 18.8 + 18.1 beads per amoeba) (Fig. 5). Independently of the
amount of PSy s, engulfed on day 0, no decrease of the number of
particles per amoeba was detectable within the first three days of in-
cubation. During this period, morphology and locomotion, representa-
tives for cellular fitness, did not differ from the corresponding control
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Fig. 2. Ingestion of PSq s,m and PS¢, beads, and PS_30,m fragments by T. pyriformis and P. caudatum after 2 h of incubation. Fluorescently labeled MP beads and
fragments taken up by Ciliophora, visualized by epifluorescence microscopy. Left column: bright field fluorescence, middle column: fluorescence microscopy, right

column: merged pictures. Scale bar T. pyriformis PSo s,m and PSg,m = 10 pm (63 x magnification); Scale bar T. pyriformis PS_30,m = 20 pm (40x magnification). Scale
bar P. caudatum = 50 pm (20x magnification).
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Fig. 3. Ingestion of PSg 5,m and PSe,r, in A. proteus after 1 h of incubation. A-F: Fluorescently labeled MP beads engulfed by A. proteus, visualized by epifluorescence
microscopy. A-C: A. proteus with PSq 5, red fluorescent beads, white arrows indicate single beads, larger red dots represent agglomerations of various particles
inside a vacuole. D-F: A. proteus with PSg,n, red fluorescent beads. A, D: bright field; B, E: epifluorescence; C, F: merged photos. Scale bar = 50 pm, magnification
10x. G: Bar plot representing the number of amoebae that ingested PSg 5., (white bars, number of A. proteus = 91) and PSe,,, (black bars, number of A. proteus = 12).

group. After six days of cultivation, a 1.7-fold reduction of MP count was
only recorded for amoebae cultured in Prescotty,c, indicating that some
egestion of MP occurred. After 14 days, the remaining PSosum per
amoeba was low for both populations (Prescotty,cl, Prescottyes).

3.3.2. Induction of phagocytosis with pre-coated particles

In an attempt to trigger the receptor pathway for induced phagocy-
tosis, PS_3oum particles were pre-coated with either BSA (a well-
characterized single protein type) or FCS (a mixture of non-
characterized proteins) to form a protein corona on their surfaces.
However, despite this deliberate modification of the fragment surfaces,
none of the coated microplastic particles were internalized by the
organisms.

3.3.3. Induction of phagocytosis by co-incubation with prey organisms

To evaluate, whether the introduction of a known chemical trigger in
the medium, such as chemoattractants produced by prey organisms,
could stimulate the phagocytosis of larger PS-MP fragments, we con-
ducted a co-incubation experiment involving a mixture of fragments
(PS30um) and T. pyriformis in the presence of A. proteus. However, here
also, we observed no uptake of the larger MP fragments.

3.4. Trophic transfer of MP particles

To investigate the potential for trophic transfer of MP, we employed
two specific prey organisms for A. proteus, namely, T. pyriformis and
P. caudatum. These prey organisms were fed with PSp s,m and PS-30um
particles for a period of 24 h. Subsequently, they were exposed to
A. proteus in our experimental setup to verify the occurrence of trophic
transfer from these to the latter. Independently of the species, shortly
after co-incubation, the amoebae predated on the Ciliophora and took
up the MP they carried (Figs. 6 and 7, S8 and S9). Especially in case of
PSg.5um beads, food vacuoles with clumped beads could still be observed
24 h post-ingestion inside the amoebae (Fig. S10).

24 h (PS_30um fragments) and 72 h (MPg 5, beads) post-ingestion of
the prey, <10 % of amoebae still contained detectable amounts of MP
(Fig. S9A-C). Our observations further showed that after digestion of the
Ciliophora, a release of the remaining undigestible MP occurred
(Fig. SOD-F).

4. Discussion

The uptake and transfer of MP in aquatic environments has been one
of the major concerns of the ecological hazard and risk assessment in the
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Fig. 4. A: Induction of the formation of pinocytosis channels in A. proteus after 20 min incubation in Prescottyac) medium. B: Zoomed in section of the pinocytosis
channels for better visibility. 10x magnification. Scale bar = 50 pm; C: Numerical distribution of PSy 5., beads uptake in amoebae for Prescott,er and Prescottyaci
media. Quantitative analysis of the MP ingestion per amoeba after 60 min incubation with PSy 5, beads in Prescott,s (white bars, number of A. proteus = 91) and

Prescottyac (black bars number of A. proteus = 55) media.

last years (Koelmans et al., 2016). However, only a few studies exist
which analyze MP transfer in the lower trophic levels, with them mainly
focusing on the marine environment (Wagner et al., 2014). Regarding
the uptake of MP in freshwater unicellular eukaryotes, which represent
an important fraction of the lower trophic levels, only very little data is
available. Therefore, this study analyzed the uptake of MP in a large size
range (0.5 pm - 30 pm) in three freshwater unicellular eukaryotic or-
ganisms: T. pyriformis, P. caudatum and A. proteus. In addition, a possible
trophic transfer of MP was examined.

4.1. Size dependent uptake

The uptake of MP in all three unicellular eukaryotes proved to be
size-dependent and varied between the organisms. T. pyriformis ingested
0.5 and 6 pm MP, which is in line with Lavin et al. (1990), who also
found an uptake of 6.17 pm PS beads. Additionally, T. pyriformis was
found to ingest PS fragments of up to 10 pm in size (Fig. S12). It is
noteworthy, however, that the PS_30um particles of this size (~10 pm)

found inside T. pyriformis individuals possessed an elongated shape.
Therefore, it can be assumed that these particles were taken up via the
oral cavity in a lengthwise manner. Consequently, this uptake may not
be possible with spheroid particles in the same size (~10 pm).
P. caudatum, on the other hand, incorporated fragments up to 27.7 pm in
size (Fig. S3). For Paramecium sp., past studies only showed an ingestion
of particles (spherical) up to 10 pm in size (Bulannga and Schmidt, 2022;
Natecz-Jawecki et al., 2021). Both unicellular organisms feed by
creating a water current with their cilia that channels the potential food
into their oral groove, where a food vacuole is then formed (Mast, 1947).
Therefore, the variation in particle uptake between T. pyriformis and
P. caudatum is likely attributed to the distinct sizes of these organisms
(T. pyriformis: average size 39.6 um, Fig. S5; P. caudatum: average size
194.5 pm, Fig. S6) and that of their oral grooves. However, since rela-
tively small T. pyriformis cells were found with incorporated 6 pm MP,
the particle-to-cell length ratio was higher for T. pyriformis. For
T. pyriformis and P. caudatum, high initial uptake rates were observed
(95 % and 75 %, respectively). Presumably driven by the organisms’
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Fig. 5. PSys,m retention after pinocytic ingestion in A. proteus.

Amoebae were incubated with 3.6 x 108 PSg.5um beads/mL in Prescott,es and
Prescottyacy media for 60 min and were thereafter placed into Prescott,e me-
dium for the remaining cultivation time.

rapid doubling time (in this study approximately 2 h for T. pyriformis and
24 h for P. caudatum, in line with prior research (Ruehle et al., 2016;
Takahashi, 2016)), the number of organisms harboring MP started to
decline noticeably after 24 h, as illustrated in Fig. 1. In case of
P. caudatum, a release of PSg sy, could be observed (Fig. S7). Since only
individuals with incorporated particles were found, released particles
were probably re-ingested, probably due to the high concentrations of
PSo.5um particles provided. In T. pyriformis, particle release was also
observed for PSeym and PS_30um.

A. proteus (500 pm) directly took up beads up to 6 pm in size (Fig. 3),
but none of the larger analyzed fragments (PS_30um). This is most likely
associated with the uptake mechanism of the organism. A. proteus takes
up extracellular matter either via pinocytosis or via phagocytosis. Both
uptake pathways are initiated by the interaction between a solute/prey
with membrane receptors on the surface of the amoeba. Depending on
the targeted receptor, channels (pinocytosis) or pseudopods (phagocy-
tosis) are formed with subsequent uptake of particulates (Prusch and
Minck, 1985). For phagocytosis in A. proteus, an active food selection
can be presumed, as it is also reported for, e.g., heterotrophic flagellates
(Boenigk and Arndt, 2002; Xinyao et al., 2006). Hence, chemical and
mechanical stimuli enable the amoeba to avoid ingesting inorganic
matter through phagocytosis, such as MP. However, A. proteus generally
also shows a permanent, but minor pinocytosis-driven ingestion in the
uroid region (Wohlfarth-Bottermann and Stockem, 1966), with pino-
cytic channels reaching diameters of up to 6 pm (Klein et al., 1988),
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which might be large enough for a passive uptake of small MP (<6 pm).
The observed high increase of pinocytosis channels after incubation of
Amoebae in Prescottyycy is further accompanied by an increase in MP
internalization for 0.5 pm particles (Fig. 4). It is, therefore, plausible to
conclude that the passive pinocytotic pathway is responsible for the
internalization of small MP in A. proteus. This increased uptake might
further be correlated with the alteration of the surface charge of the
particles in the different employed media (Prescottgef = — 53.4 mV;
Prescottyac) = — 30.7 mV), that results in a pKa being closer to a typical
organic one. Surprisingly, the ingested MP by pinocytosis remained in-
side the cytoplasm for up to 14 days (Fig. 5). As previously reported,
organic (e.g., amino acids and proteins) and inorganic (e.g., cations)
substances, that are taken up by the amoebae via pinocytosis, can then
be excreted within minutes, to restore the standard concentration
gradient of the medium to “normal” cultivation concentration (Klein and
Stockem, 1995). However, it is important to consider that the MP uti-
lized in our study may not disrupt the internal osmotic balance of the
amoeba. In such a scenario, the amoeba may not recognize the unin-
tentionally ingested particles, leading to the retention of these foreign
matter particles within their cytoplasm.

While we could detect MP in the amoebae up to 14 days after the
ingestion, it became evident that a decline in the number of retained MP
particles started from day 3 onwards (Fig. 5). This phenomenon is most
likely attributable to an asymmetrical cellular division process, which
occurs at intervals ranging from 20 to 54 h (Ord, 1968; Prescott, 1955).
This division process results in a gradual dilution of the MP content
within the amoeba, rather than an active egestion of the particles. Due to
the maximum diameter of A. proteus’ pinocytic channels being limited to
6 pm, it becomes evident that larger particles can only be internalized
through the process of phagocytosis.

In our study, phagocytosis could not be observed with fragments
(PS30um), despite the attempts of induction (particle coating with BSA
and FCS proteins). In contrast, ingestion upon induction of phagocytosis
was already recorded in other studies that observed the uptake of pro-
tein coated agarose beads (10-40 pm, coated with e.g., a-lactalbumin,
RNase A) by A. proteus (Ahn and Jeon, 1982; Prusch and Britton, 1987;
Prusch and Minck, 1985). Uptake efficiency was found to be highly
dependent on the employed protein. The reason for a lack of phagocy-
tosis of the protein-coated MP in our study can only be speculated upon
and might be linked to a non-adequate surface charge. Since surface
charge and size of MP was shown to be a critical parameter determining
the ingestion of MP by ciliates as well as for the phagocytic ingestion by
murine macrophages (Bulannga and Schmidt, 2022; Ramsperger et al.,
2022; Rudolph et al., 2021), the same could be hypothesized for
A. proteus.

Another important parameter in inducing phagocytosis might be the
presence of an eco-corona or a biofilm for larger particles, which can
alter the physicochemical characteristics of particles and make them
more palatable for uptake (Liu et al., 2022b; Witzmann et al., 2021).

Fig. 6. A. proteus feeding on MP (PSg 5,m) burdened T. pyriformis. At t = 10 min; multiple T. pyriformis have been taken up via phagocytosis, of which three cells
contained MP. Left panel: bright field (arrows indicate T. pyrifomis inside A. proteus); middle panel: epifluorescence; right panel: merged (see Fig. S11 for larger

image). 20x magnification. Scale bar = 50 pm.
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Fig. 7. Ingestion of PS_3o,m loaded P. caudatum (two particles) by A. proteus. At t = 0 min one individual of A. proteus initiates the process of phagocytosis of one
paramecium. The individuals are observed at t = 10 min in which P. caudatum is completely internalized, and at t = 150 min, when the digestion process made the
P. caudatum cell almost unrecognizable. Left panel: bright field; middle panel: epifluorescence; right panel: merged. 20x magnification. Scale bar = 50 pm.

While a biofilm might not be relevant when considering small MP, the
formation of an eco-corona is possible when particles are exposed to
biological macromolecules which can adhere to their surface. As
described in the pertinent literature, such natural MP coating signifi-
cantly increases their uptake and, in some cases, biological effects in
different organisms (Fabra et al., 2021; Ramsperger et al., 2022). In fact,
while many studies report an increase in uptake and effects of coated MP
(e.g. Fabra et al., 2021), contrasting findings have been recently re-
ported (e.g. Amariei et al., 2022; Schiir et al., 2021), which indicate a
diminished influence (e.g., reduced uptake and toxicity) of coated MP.

In our experiments, a co-incubation of a prey organism (T. pyriformis)
and MP fragments in a comparable size range (PS-30.m) did not induce
phagocytosis of MP in A. proteus either. T. pyriformis was chosen because
it is preferably ingested by A. proteus via phagocytosis (Klein and
Stockem, 1995) and secretes chemotactic substances, to which the
amoebae are actively attracted (Jeon and Bell, 1962). It would also be
possible that amoebae were exposed to fecal pellets potentially con-
taining MP, released by the Ciliophora, as they are known to sometimes
excrete inedible particles or pathogens this way (Denoncourt et al.,
2017; Denoncourt et al., 2020). Nevertheless, the lack of particle
ingestion despite the co-exposure with a known prey further confirms
that amoebae can discriminate between prey and MP fragments and that
soluble substances released by T. pyriformis, if any, are not sufficient to
induce an inadvertent uptake of large MP fragments. In this study, not all
the different employed particle sizes were coated or co-incubated with a
known prey organisms. Therefore, even though a co-exposure with prey
organisms did not alter the uptake in this study, it cannot be excluded
that the size of the particles plays a role in this process. Further studies
may consider this as an aspect to include.

Furthermore, next to chemical stimuli, physical cues conveyed by the
movement of the prey are also known to be important for the induction
of phagocytosis (De la Fuente et al., 2019). Mast and Hahnert (1935)
already showed that A. proteus mainly feeds on living organisms, indi-
cating that the motility of the prey might be an important co-stimulus for
ingestion. This could explain the absence of phagocytic uptake of MP.
Overall, phagocytosis and the recognition of the prey is a complex
process whose characteristics could not only vary for different prey or-
ganisms but for different amoeba strains as well (Shi et al., 2021). A
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phagocytic uptake of MP by amoeba in the natural environment,
therefore, cannot be excluded.

Although we did not investigate whether any negative impact on the
unicellular eukaryotes’ survival occurred after the uptake of the offered
MP, a low clearance rate within their cytoplasm could still pose a threat,
as a leaching of plastic associated chemicals and residual monomers
(Brehm et al., 2022; Setdla et al., 2014) into the organism could be
possible. The release of plastic leachates in the environment potentially
exposes the biota to a complex mixture of chemicals, of which only a
fraction is known and regulated (Gunaalan et al., 2020). The released
chemicals can include compounds that act as a potential threat to the
ecosystem. However, even though evidence of the environmental risks
of these chemicals already exists (e.g. Delaeter et al., 2022), research on
the topic is still lacking.

However, even though release of MP was observable in T. pyriformis
and P. caudatum, the MP particles stayed inside some cells for an, yet
unknown, period of time. This uptake and retention could influence the
metabolism and uptake rate of other nutritional particles, which is an
important determining factor in ciliate physiology (Lavin et al., 1990;
Sherr and Sherr, 1987). Additionally, increased metabolic costs, caused
by the formation of food vacuoles and production and transport of
digestive enzymes, could arise for MP-fed eukaryotes, as they try to
digest the particles (Mueller et al., 1965). In this study, we used primary
PS-MP, while in the environment, the organisms are exposed to a highly
diverse composition of MP, differing substantially in their physico-
chemical properties (Rochman et al., 2019). This could in turn cause
diverse effects on these organisms in the environment, for which no data
is available at present. Hence, our study on the uptake of different
particle sizes may support research on the effects of this diverse array of
contaminants on unicellular organisms. Moreover, a prolonged reten-
tion of MP inside the cytoplasm, while having no immediate negative
influence on their survival, might increase the likelihood of a transfer of
MP to higher trophic levels.

4.2. Trophic transfer of microplastic particles in a simplified food web

MP bioaccumulation in the lower trophic levels could be particularly
concerning, as not only could it alter population dynamics, as it was
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shown for marine ciliates (Zhang et al., 2021), but it could also cascade
over time to higher trophic levels (Bulannga and Schmidt, 2024). Tro-
phic transfer of MP was reported for different organisms, belonging to
various genera in the marine (Carbery et al., 2018) and freshwater (Nair
and Perumal, 2022) environment, e.g., from aquatic plants to gam-
marids (lannilli et al., 2023), from copepods to jellyfish (Costa et al.,
2020), from mussels to gastropods (Xu et al., 2022) and crabs (Farrell
and Nelson, 2013), or from daphnids to fish (Mattsson et al., 2017).
Additionally, biomagnification seems evident, as MP abundancies in-
crease with an increase of the trophic level (Sarker et al., 2022). Given
the ubiquitous presence of MP in the environment, trophic transfer in
most ecosystems, therefore, seems inevitable.

When amoebae were offered MP-fed prey, we could observe trophic
transfer of MP. T. pyriformis and P. caudatum cells, which had taken up
PSop.sym and PS_3oum were promptly ingested via phagocytosis by
A. proteus (Figs. 6 and 7). This way, A. proteus ingested larger particles
via prey, which would not have been taken up otherwise. Interestingly,
MP, small and large alike taken up via prey organisms, were observed to
be released by the amoebae within 24 h of observation (Fig. S9). On the
contrary, 0.5 pm beads, that were taken up via pinocytosis, were
detected in the cytoplasm up to 14 days after their internalization. It is
known that inedible matter like glass, carbon beads, or indigestible
remnants of prey organisms, such as the cuticle of small cladocerans, are
excreted shortly after digestion (Mast and Hahnert, 1935). These ob-
servations could suggest that this process might take place also in the
case of MP taken up via trophic transfer. Therefore, if this was the case,
this process could reduce bioaccumulation, thanks to the shorter
retention time of MP within the cytoplasm. A possible transfer through
trophic levels depends hereby in part also on the retention time inside
the organisms and the uptake of MP-fed prey by their predators. Further
studies would be required to test this hypothesis. However, in favorable
conditions, A. proteus can ingest up to 70 cells per day, which in turn are
able to take up hundreds of MP of various sizes per cell. If the rate of
ingestion exceeds the excretion rate, possible biomagnification of
inedible, non-nutritive material at the low trophic levels can be pro-
posed, posing a potential hazard to these organisms and their predators.

Unicellular predators are not the only organisms that could take up
contaminated Ciliophora. For example, Stienbarger and coauthors
showed that fish larvae of Centropristis striata ingest exponentially more
MP while feeding on contaminated prey (Favella spp., Ciliophora) than
when exposed to the particles alone (Stienbarger et al., 2021). Predators
belonging to higher trophic levels could, furthermore, be impaired not
only by feeding upon contaminated prey, but also by a decrease of their
biomass. For example, a study conducted by Geng et al. (2021) showed a
concentration dependent collapse of Strombidium sulcatum’s population
exposed to different sizes of PS fluorescent beads within 72 h from the
beginning of the exposure, together with a reduction of their size (Geng
et al., 2021). Hence, a subsequent death of S. sulcatum could directly
affect the predators’ population by the reduction of the number of prey
and, indirectly, by the increase of MP available in the water. While we
did not study population dynamics of the selected organisms exposed to
PS-MP, we cannot exclude that a decrease of the population may happen
over longer periods of time or with environmentally relevant MP.

5. Conclusion

This study suggests that an accumulation of MP in unicellular eu-
karyotes is likely and should be considered when assessing the hazard of
MP contamination in aquatic environments. MP bioaccumulation may
have detrimental effects, given the crucial role that these organisms
have within the food web. Overall, while the potential impact on the
survival of the exposed unicellular eukaryotes was not investigated,
neither long term effects, nor the possibility of cascading effects over
higher trophic levels can be excluded. In this context, further in-
vestigations are necessary to assess the potential effects of different MP
on the life history parameters of unicellular organisms and their
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potential transfer along the food web. In future experimental designs, it
would be appropriate to consider a more environmentally relevant
scenario. In particular, it would be valuable to apply diverse protein or
eco-corona coatings to all utilized particles and to investigate potential
effects on the survival of the studied organisms depending on the
physico-chemical properties of the particles.
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