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In recent years, increasing concerns have been raised about the environmental risk
of microplastics in freshwater ecosystems. Small microplastics enter the water either
directly or accumulate through disintegration of larger plastic particles. These particles
might then be ingested by filter-feeding zooplankton, such as rotifers. Particles released
into the water may also interact with the biota through the formation of aggregates,
which might alter the uptake by zooplankton. In this study, we tested for size-specific
aggregation of polystyrene microspheres and their ingestion by a common freshwater
rotifer Brachionus calyciflorus. The ingestion of three sizes of polystyrene microspheres
(MS) 1-, 3-, and 6-pm was investigated. Each MS size was tested in combination with
three different treatments: MS as the sole food intake, MS in association with food
algae and MS aggregated with biogenic matter. After 72 h incubation in pre-filtered
natural river water, the majority of the 1-um spheres occurred as aggregates. The
larger the particles, the higher the relative number of single particles and the larger
the aggregates. All particles were ingested by the rotifer following a Type-Il functional
response. The presence of algae did not influence the ingestion of the MS for all three
sizes. The biogenic aggregation of microspheres led to a significant size-dependent
alteration in their ingestion. Rotifers ingested more microspheres (MS) when exposed to
aggregated 1- and 3-um MS as compared to single spheres, whereas fewer aggregated
6-uwm spheres were ingested. This indicates that the small particles when aggregated
were in an effective size range for Brachionus, while the aggregated larger spheres
became too large to be efficiently ingested. These observations provide the first evidence
of a size- and aggregation-dependent feeding interaction between microplastics and
rotifers. Microplastics when aggregated with biogenic particles in a natural environment
can rapidly change their size-dependent availability. The aggregation properties of
microplastics should be taken into account when performing experiments mimicking the
natural environment.

Keywords: microplastics ingestion, Brachionus calyciflorus, aggregation, microplastics, polystyrene, functional
response
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INTRODUCTION

Plastics have become a universal material due to their numerous
properties. The mass production of plastics started in the 1950s
at just one million tons per year. Nowadays, production has
reached 335 million tons worldwide (Meng et al., 2020). Over 8
million tons of mostly single-use plastics enter the ocean each
year (Jambeck et al., 2015), despite increasing recycling efforts
and public awareness around the world. According to recent
estimates, between 1.15 and 2.41 million tons of plastic are
transported from rivers to the sea (Réu et al., 2019). In the
past, research on the impact of plastic has focused on marine
environments, with comparatively fewer studies conducted in
freshwater habitats. Plastics are entering all ecosystems in all
sizes, and large pieces disintegrate into smaller particles due to
physical or chemical degradation. The resulting small particles
below 5mm are called secondary microplastics (Hartmann
et al., 2019). In addition to these secondary microplastics,
primary microplastics in the form of beads and pellets are
manufactured to be used in personal care products and in
industrial cleaning. Nanoplastics (size range from 1 to 1,000 nm)
are frequently used in the cosmetics industry, though their
use is decreasing (Strungaru et al., 2019). Particles from tire
wear and shedding of microfibers from synthetic clothing also
pollute aquatic ecosystems (Barboza et al., 2018). Unlike large
plastic debris, microplastics are invisible to the naked eye and
cannot be removed from the environment for recycling. The
estimated number of microplastics smaller than 100 pm is still
underestimated also in the marine environment (Lindeque et al.,
2020).

Microplastic particles, particularly spheres, can be ingested
by numerous zooplankton species (Kogel et al., 2020; Zheng
et al., 2020). For example, rotifers, copepods, and cladocerans
have the ability to ingest polystyrene microbeads ranging from
1.7 to 30.6 wm (Scherer et al., 2018). Typically, in these studies,
microspheres are provided as defined and standardized food
particles. Therefore, care is taken to avoid any clumps or
aggregates and spheres are sonicated before use to assure that
only singular particles are present. However, the plastic’s surface
serves as a physical substrate for microorganisms such as
bacteria, fungi, algae and heterotrophic protists, which altogether
form a complex biofilm. When the particles are in the size
range of nanoparticles, they become enveloped within a biofilm
(Martel et al., 2014; Ikuma et al., 2015; Summers et al., 2018).
This conglomerate of plastics and biota is called “plastisphere”
(Zettler et al, 2013; Kirstein et al., 2019; Amaral-Zettler
et al.,, 2020). Moreover, extracellular polymeric substances (EPS),
particularly transparent exopolymers particles (TEP), produced
by microorganisms play a significant role in the formation
of nano- and microplastic agglomerates (Cunha et al., 2019).
These aggregated particles might be ingested by invertebrates
having low feeding selectivity, such as filter-feeders (Scherer
et al,, 2017). The ingested plastic aggregates might then affect
the fitness of the consumers (Vroom et al.,, 2017). Herbivorous
rotifers are filter-feeding metazoans and their feeding behavior
and low selectivity allows them to ingest small particles such
as microplastics. In the freshwater food web, rotifers play a

pivotal role in the energy transfer from primary producers to
secondary consumers and potentially also transfer pollutants
to higher trophic levels through ingestion and accumulation
(Snell and Janssen, 1995). Several studies show that brachionid
rotifers can ingest polystyrene microbeads with negative effects
on their reproduction and growth rate (Juchelka and Snell,
1994; Baer et al., 2008; Jeong et al., 2016, 2018). Thus, these
properties make rotifers very suitable animals for studying
microplastics ingestion.

The aim of the present study was to investigate the ingestion
of microplastics by the cosmopolitan freshwater planktonic
rotifer Brachionus calyciflorus. We examined the ingestion of
three sizes of polystyrene microspheres as single food particles,
in association with a similar-sized food alga and as biogenic
aggregated microspheres through bacteria and exopolymers
particles. Moreover, we characterized the size of the aggregated
microplastics and the number of singles MS.

We tested the following hypotheses: (i) the ingestion of
microspheres is size-dependent and influenced by the presence
of algal food, and (ii) the biogenic aggregation of microspheres
influences their ingestion.

MATERIALS AND METHODS

Polystyrene Microsphere

As microplastic particles, we used polystyrene microspheres
(MS) of three different diameters: 1.03, 3.06, and 5.73 um; for
convenience, we refer to them as 1, 3 and 6 MS (Polysciences, Inc.
Fluoresbrite® YG Polystyrene Microspheres, USA) (see Table 1).
A stock solution was prepared with deionized MilliQ water under
sterile conditions to minimize bacterial growth. To keep the MS
as singular particles, each stock solution was sonicated for 30 min
and was mixed using a vortexer.

Organism

Stock cultures of all experimental organisms, algae and rotifers,
were kept in glass flasks in a modified Woods Hole WC-
medium (Guillard and Lorenzen, 1972) with regular substitution
of the medium to sustain the continuous growth phase. Cultures
were kept at 20°C in a light-dark cycle of 14:10h and a light
intensity of 35-iuM photons s~! m~2. We used the herbivorous
monogononta rotifer Brachionus calyciflorus s.s. Pallas 1776
[strain IGB (Paraskevopoulou et al., 2018)] as a generalist

TABLE 1 | Characteristics of the phytoplankton: Synechococcus elongatus,
Chlorella vulgaris, and coccal green algae.

Phytoplankton S. elongatus C. vulgaris Coccal green algae
Diameter (jum) 1.40 2.60 4.30

Shape oblong spherical oblong
Polystyrene MS 1 3 6

Diameter (um) 1.03 3.06 5.73

Shape spherical spherical spherical

Note: for S. elongatus sizes were taken from Schélicke et al. (2019), for C. vulgaris and
coccal green algae the size were taken prior the experiment. Characteristic of polystyrene
microspheres from Fluoresbrite® YG Microspheres technical data sheet.

Frontiers in Environmental Science | www.frontiersin.org

December 2020 | Volume 8 | Article 574274


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Drago et al.

Microplastics Aggregation Alters Rotifers’ Ingestion

consumer. Stock cultures were maintained with the food alga
Monoraphidium minutum (SAG 243-1, culture collection of
algae, Gottingen, Germany). During the three days prior to the
experiment, the rotifers were fed daily with 1 x 10° cells ml~!
to assure constant food saturation conditions (Fussmann et al.,
2005). For the treatments with additional food algae, we used
the phytoplankton species Synechococcus elongatus (SAG 89.79),
Chlorella vulgaris (SAG 211-11b), and an unidentified coccal
green alga grown under the same conditions as M. minutum.

Aggregation Experiment

To study the effect of a natural bacteria community on potential
aggregation of the MS, we incubated the polystyrene MS in a
pre-filtered water sample. In May, 2019 we took a natural water
sample (11) from the river Havel in the urban area of Potsdam
(Germany). The sample was pre-filtered with a 30-pum mesh
and afterwards filtered through a glass fiber filter (Whatman®,
GF/C), retaining most microplankton and allowing bacteria to
pass through. In order to avoid any differences among the
MS sizes the experiment with the natural water was conducted
contemporarily and on the same day. After incubating the MS
in 3ml for 72h in a rocking shaker, the degree of aggregation
was quantified in two steps. The concentration used for the
experiment are shown in Table 2 and they were the same used
for the ingestion experiment. We first quantified the number
of single particles (not aggregated) in a subsample for each
concentration using a haemocytometer (Paul Marienfeld GmbH
& Co., Germany) and a microscope (Zeiss Axioskop 2, Germany).
Because we could not unambiguously determine the number of
particles within one aggregate due to the formation of clumps,
we filtered 1 ml subsample from each concentrations through
0.2-pm polycarbonate filters and stained them with DAPI (4',6'-
diamidino-2-phenylindole) and alcian blue. DAPI specifically
binds to double-stranded DNA and polyphosphate (Zafiriou
and Farrington, 1980), and with an aqueous solution of 0.02%
alcian blue we could stain the polysaccharides contained in the
transparent exopolymer particles (TEP) forming the aggregates.
The stained polysaccharides were inspected microscopically on a
glass slide, covered with immersion oil and a cover slip (Passow,
2002). From each sample, 30 pictures were randomly taken
and the area of each aggregate was quantified using the open-
source software Image] (Schneider et al., 2012). We quantified the
aggregation for each particle size and concentration separately.
We tested for differences in the frequency distribution (log2
scaled) among concentrations within each particle size using
a test of homogeneity. We found no differences among the
concentration in the 3 and 6 wm spheres (x> = 9.7 and 5.2,
respectively; p > 0.6), but some differences within the 1pum
spheres with smaller aggregates at the lowest concentration (x>
=19.9, p = 0.035). We then pooled the data for each particle size
and compared the median sizes among the different sizes. These
were highly significantly different from each other (Kruskall-
Wallis-test, p = 0.005).

Ingestion Experiment
We measured the ingestion rate in three treatments:
microspheres as the sole food source (MS), microspheres

TABLE 2 | Concentration and (bio) volume of phytoplankton (Synechococcus
elongatus, Chlorella vulgaris, and coccal green algae) and polystyrene MS (1, 3,
and 6 um) used in the aggregation and ingestion experiments.

Concentration S. elongatus C. vulgaris Coccal green
algae
Phytoplankton (cells/ml)
1st 5.3 x 10° 8.1 x 10* 2.5 x 10*
2nd 1.2 x 100 2.1 x 10° 6.2 x 10*
3rd 2.4 x 10° 41 x 10° 1.6 x 10°
4th 4.8 x 10° 8.2 x 10° 8.1 x 10°
5th / 1.6 x 108 1.6 x 10°
Concentration 1 3 6
Polystyrene MS (p/ml)

1st 1.3 x 100 5.0 x 10* 7.7 x 10°
2nd 3.0 x 10° 1.3 x 10° 1.9 x 10*
3rd 6.0 x 10° 2.5 x 10° 5.0 x 10*
4th 1.2 x 107 5.0 x 10° 2.5 x 10°
5th / 1.0 x 106 5.0 x 10°

Concentration S. elongatus C. vulgaris and Coccal green

and 1 MS 3 MS algae and 6 MS
Biovolume (pm?3/ml)
1st 7.6 x 10° 7.5 x 10° 7.6 x 10°
2nd 1.7 x 106 1.9 x 106 1.9 x 108
3rd 3.4 x 10° 3.8 x 10° 4.9 x 100
4th 6.9 x 10° 7.5 x 108 2.5 x 107
5th / 1.5 x 107 4.9 x 107

in association with algae (MS + algae) and microspheres
incubated with pre-filtered, natural water in the presence of
bacteria (MS aggregated) (Table2). For all three treatments
we used several particle concentrations (Table 2), and for each
particle concentration we had three replicates. From these data,
the functional response was calculated; see below. Seventy-five
randomly chosen adult rotifers from the prepared cultures were
transferred into 3-ml particle suspension on a UVA-transparent
polystyrene 12-well microtiter plate (Greiner Bio-One). After
2min of exposure in a rocking shaker, the rotifers were washed
with the medium, narcotized with carbonated water and
preserved in Lugol’s solution. The exposure time of 2 min takes
the short gut passage time of <10min and the practicability
of the quantification of the ingested MS into account. At high
concentrations, the particles form clumps in the animals’ gut and
cannot be quantified. The maximum particle concentration was
chosen in order to cover the full range of the functional response
until saturation (Mohr and Adrian, 2000; Fussmann et al., 2005;
Seifert et al., 2014).

The number of ingested MS per individual rotifer was
quantified using an epifluorescent microscope (Zeiss Axioskop
2, Germany). Between 30 and 36 rotifers per sample were
transferred to a microscope slide and carefully squeezed under a
coverslip until the MS were compressed into a single layer (Baer
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et al,, 2008). The MS found in the gut and in the trophi of each
rotifer were counted either directly or, in some cases, pictures
of the gut were taken and the MS number was quantified with
Image]. All experiments were run in triplicate. To study the effect
of algae as an accompanying food source, algae of similar size
were added for each size of MS. We used an additive design
so that the addition of algae doubled the total volume of MS
particles per treatment (Table 2). Prior to the addition, the cell
number from stock cultures was quantified with a haemocytomer
(Paul Marienfeld GmbH & Co., Germany) and the addition was
adjusted to equalize the volume of the respective MS.

Statistical Analysis

The resource-dependent consumption of food items by a
consumer can be described as functional response curves. The
type I functional response has a linear relationship between
ingestion and resource concentration until a saturation is
reached and ingestion remains constant with increasing resource
concentration. The type II functional response exhibits a
saturation function where ingestion approaches asymptotically
its maximum. The type III functional response has a sigmoidal
shape with very low ingestion at low resource concentration. To
fit and compare the consumer functional response, we followed
the procedure of Pritchard et al. (2017). Type II and III can be
characterized by:

N = No(1 — exp (aN{ (hN, — T))) (1)

Ny is the initial resource concentration; T is the experimental
time; a is the instantaneous resource attack rate of the consumer;
h represents the time spent subjugating, ingesting and digesting
the resource and g is the scaling exponent. Type II and III
functional responses differ in their value for g: When g = 0a
type II functional response prevails, when g > 0 the sigmoidal
type III prevails. The number of MS ingested during the
experimental period of 2min was expressed as MS ingested
per hour.

For fitting the functional response, we used the r-package
FRAIR v0.5.100 (Pritchard et al, 2017). Three steps were
involved: (i) model selection, (ii) model fitting, and (iii)
comparison of fit and coeflicients. The model selection step was
used to distinguish between Type-II (saturation function) and
Type-III (sigmoidal) functional response. When the evidence for
a Type-II response was positive, we fitted a linear functional
response Type I and a functional response Type II and
compared the models using the Akaike information criterion
(AIC). After providing starting estimates and fixed values of the
parameters, the model was optimized using maximum likelihood
estimation (MLE) with the bbml package and the function ml2
(Bolker, 2008). The last step included comparisons of the fitted
coefficients through two approaches: the delta or difference
method of Juliano (2001), and non-parametric bootstrapping
of the raw data. We compared the fitted coefficients for each
MS size separately. The comparison of the fitted coefficients
with the delta or difference methods of Juliano (2001) yielded
the difference between two fitted coefficients. The functional
responses were plotted with empirical approximations of 95%

confidence intervals (CI) based on the bootstrapped model
fits for the number of MS ingested per rotifer. The lack
of overlap between the CIs of the model parameters was
considered equivalent to a null hypothesis test (Pritchard et al.,
2017). All statistical analyses were carried out using R 3.4.3
(R Core Team, 2017).

RESULTS

Aggregation Experiment

The incubation for 72 h with the natural bacteria community led
to significant formations of aggregates that were size-specific. The
percentage of single particles was the lowest in the smallest size:
I-um MS 16 £ 1% (mean £ SE), and increased with the biggest
sizes: 42 & 3% (mean =+ SE) for the 3-pum MS and 67 & 8% (mean
=+ SE) for the 6-pum (Figure 1A). The vast majority of the 1-pm
MS occurred in aggregates, whereas the majority of the 6-pm MS
were single particles. The area of the aggregates also showed a
size-specific pattern. The smaller the MS, the smaller the area of
the aggregates: for the 1-jLm, the area was 64 & 16 wm? (mean
+ SE), for the 3-pwm 133 + 18 pm? (mean =+ SE), and 245 + 33
um? (mean + SE) for the 6-um spheres (Figure 1B). Staining
with DAPI revealed the presence of bacteria in the size range
of 0.5-2.0 pm (Figures 2A,B) and the alcian blue revealed that
transparent exopolymer particles were involved in the formation
of the aggregate (Figures 2C-E).

Functional Response
Ingestion Rate
Brachionus calyciflorus fed on all three tested sizes of polystyrene
MS (Figures 3A,B), in all combinations: microplastics alone,
microplastics in association with food algae and microplastics
incubated with bacteria in natural water. For each size and
treatment, the number of MS ingested by the rotifers increased
with the increasing concentration of MS in suspension, reaching
a plateau. The comparison with the different types of functional
responses, based on the AIC (Table3), revealed a Type-II
functional response (Figures 4A-C). Subsequently, all functional
response curves were fit by the Type-II functional response and
the handling time and attack rate were calculated (Table 4).
With regard to the 1- and 3-pm MS, B. calyciflorus showed
the highest ingestion of MS when these were aggregated with
biogenic particles though this was less pronounced for the 3-
pm MS (Table5). We found lower ingestion when the MS
were provided as the sole food source and in association with
algae. The opposite pattern was found for the 6-pum MS, where
the ingestion was higher when they were provided as the sole
food source and lower when aggregated with biogenic particles
(Table 5). The maximum number of ingested 1-pm MS occurred
at the highest concentration of MS aggregated with biogenic
particles, with 3155MS h~!. The 3-um MS were ingested at a
rate of 895 MS h~! and the maximum ingestion occurred at the
highest concentration of MS aggregated with biogenic particles.
The maximum ingestion of 1483 MS h™! occurred with the 6-pm
MS at the highest concentration as single particles (Table 5).
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FIGURE 1 | (A) Percentage of single microspheres (1, 3, and 6 wm) found in the sample after 72 h of incubation with natural water and bacteria. (B) Area (um?) of
aggregated microspheres (1, 3, and 6 um) measured with ImagedJ. The error bars represent SE.

B
Area of aggregated VIS

~_ 200
S
=
3
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C

FIGURE 2 | Microplastic aggregation formed after 72 h of incubation in prefiltered natural freshwater stained with alcian blue and DAPI. (A) Transparent exopolymer
particles (TEP) stained with alcian blue and DAPIin 1 um MS sample visualized under bright light and (B) under UV-light, the yellow arrow indicates the bacteria and
the purple arrow indicates the MS; (C) 1 um, (D) 3 wm MS aggregation visualized with merged UV-light and bright light (E) 6 wm. The microspheres are visible also

under the UV light (B-D). The scale bar is 10 um.

Attack Rate and Handling Time

The differences in the ingestion rates are reflected in the attack
rate and the handling time: For the 1-pm MS, the attack rate of
the aggregated particles increased by a factor of 6.65 compared
to the singular particles (Table 4). This effect leveled off for the
3-pm MS with a factor of 1.57 and reversed for the 6-um MS
where the attack rate was 9 times lower for the aggregated MS
(Table 4). The handling time differed much less between these
two treatments.

DISCUSSION

The scope of this study was to investigate the ingestion of
microplastics in the rotifer B. calyciflorus mediated by biogenic
aggregation and in the presence of food algae. The three sizes of

polystyrene MS (1, 3, and 6 um) were ingested in all treatments.
Our study has shown that the ingestion of the three sizes as the
sole food, in association with algae or aggregated with biogenic
particles followed the Holling’s type IT model and the ingestion
can be influenced by the aggregation of MS.

Biogenic Aggregation of Microspheres

We found aggregations of the polystyrene microspheres (MS)
in each concentration, after an incubation of 72h in prefiltered
natural freshwater. Staining these aggregates with DAPI and
alcian blue revealed that they contained a community of
bacteria and transparent exopolymer particles (TEP). The
exopolymers are contained in the TEP encapsulated and trapped
the microplastic particles to form an amorphous matrix. The
presence and persistence of microplastics has been shown to
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FIGURE 3 | Images of the 3 um fluorescent polystyrene MS ingested by B.
calyciflorus: (A) bright light, (B) fluorescent light.

TABLE 3 | The results of logistic regressions for the selection of type Il are shown,
together with the Akaike information criterion (AIC) values for fitted type Il (see
Equation 1 in the text) and type | functional response models for three sizes of MS
(1, 8, and 6) and the treatments (MS, MS + algae, and MS aggregated).

MSs MS + algae  MS aggregated
1
Logistic i1stterm 219 x 1078 -335x10% —7.48 x 1078
regression
type Il
P <0.001 <0.001 <0.001
AIC type Il 58504 79550 586746
AIC type | 60509 84001 658551
3
Logistic i1stterm —-9.40 x 1078 —-4.80x10% —1.01 x 1078
regression
type Il
P <0.001 <0.001 <0.001
AIC type Il 163607 207505 182189
AIC type | 207909 211959 226209
6
Logistic i1stterm —1.27 x 1078 —-337 x10® —2.63 x 1078
regression
type ll
P <0.001 <0.001 <0.001
AIC type Il 156904 65376 63665
AIC type | 172702 113776 73698

The bold values indicates the AIC for the choosen model.

enhance the agglomeration of particulate matter and micro-
algal cells (Kettner et al., 2019). Several studies have shown
that bacteria and glycoproteins contribute to the formation of
plastic aggregates. This confirms the high aggregation potential
of microplastics to rapidly coagulate with biogenic particles,
forming pronounced aggregates within a few days (Michels et al.,
2018; Summers et al., 2018). Here, we provide further evidence
on how fast the formation of aggregates can take place when the
pristine plastic MS were exposed to prefiltered natural freshwater.
The percentage of aggregated MS after 72h of incubation
with prefiltered natural water was size-specific: The smaller the

particles, the higher the number of aggregated particles. In detail,
the percentage of single particles was below 20% for the 1-pm
spheres and the aggregates were smaller than those from larger
spheres. This finding indicates that the small particles were easily
trapped by the TEPs, although larger aggregates are not formed.
On the contrary, a higher percentage of single MS 3 (>40%) and
6 wm (>60%) was found, but the aggregated MS were larger. This
indicates that the larger particles were less efficiently captured
by TEPs, but once they were caught, the aggregates grow larger.
We did not find differences in the aggregation pattern within
the different sphere sizes at different concentrations (except for
a slightly higher share of small aggregates in the 1 pum MS at the
lowest concentration); however, it should be taken into account
that the absolute numbers of the tested particles differed among
sizes because of size-specific differences in functional response
curves (see Table 1).

The process of aggregation might change over the season due
to different numbers and composition of bacteria, temperature
and water chemistry, however, we believe that the process itself
and the resulting pattern does not change much. In general,
the aggregation of detritus and living organisms (bacteria, algae,
fungi, and microzooplankton) is a common phenomenon in lakes
and oceans, known as lake or marine snow (Grossart and Simon,
1993; Silver, 2015) and a substantial incorporation of plastics
into these aggregates seems very likely. Another process that
alters the properties of MP in the environment is due to aging
and the association with colloids which modifies the particles’
surface (Alimi et al., 2018). Thus, the environmental conditions
together with the specific properties of the particles affects their
aggregation behavior in aquatic environments (Wang et al.,
2021).

It is still a matter of debate whether the microbial community
associated with plastic is specific to that kind of substrate or to
an unspecific community from the surrounding water (Amaral-
Zettler et al., 2020). Either way, aggregate formation alters the
properties of the plastic, leading to higher sedimentation, or
altered ingestion by consumers (Besseling et al., 2017; Alimi et al.,
2018; Summers et al., 2018).

Ingestion of Microplastics Particles as the

Sole Food Source

The ingestion of the MS (1, 3, and 6 um), even if considered
below the optimal size of feeding efficiency (Rothhaupt, 1990a),
showed a Type-II functional response model. Previous studies
demonstrated that the highest feeding efficiency for B. calyciflorus
and closely related Brachionus species is in the range of a 3.5-
to ~10-pm equivalent spherical diameter (ESD) (Vadstein, 1993;
Baer et al.,, 2008) or even higher (Pagano, 2008). We found a
Type-II functional response for the 1-pm MS, considered in the
similar size range of (large) bacteria or small algae. In general,
very small particles were ingested with lower efficiency, but the
presence of aggregated small particles can increase the ingestion
efficiency. As in Rothhaupt (1990b), the larger MS (6 um) are
preferably ingested in terms of biovolume than the smaller
MS (1 and 3 pum), as the attack rate is higher. Comparing the
ingestion rate of 3-pm MS as a sole food source from our study
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FIGURE 4 | Number of polystyrene microspheres ingested by Brachionus calycifiorus (IGB) within 1h at offered microsphere densities of 10%-107 particles / ml. Data

from all 3 replicates are shown. The curves represent the best-fitting functional response model (Rogers Type Il functional response). Parameter estimated for each
treatment and size are given in Tables 3, 4. (A) 1 wm; (B) 3um; and (C) 6 um.

TABLE 4 | Parameter estimates from type Il (see Equation 1 in the text) functional responses for three sizes of MS (1, 3, and 6) and the treatments (MS, MS + algae, MS
aggregated).

MS MS + algae MS
aggregated
1
Type Il Attack rate 1,11 x 1074 1.36 x 1074 7.38 x1074
+5.90 x 1077 +7.41 x 1077 +254x10°°
(p < 0.001) (p < 0.001) (p < 0.001)
Handling time 2.33 x 1074 3.35 x 1074 2.03 x 1074
+5.67 x 1076 +5.02 x 1076 +7.70 x 107
(o < 0.001) (b < 0.001) (0 < 0.001)
3
Type Il Attack rate 20.62 x 104 13.06 x 10~ 31.36 x 104
+1.63 x 107° +8.13 x 107° +2.08 x 107°
(b < 0.001) (b < 0.001) (0 < 0.001)
Handling time 13.44 x 1074 5.24 x 10~ 9.56 x 107
+9.54 x 107° +7.89 x 107 +528 x 10°°
(b < 0.001) (0 < 0.001) (0 < 0.001)
6
Type Il Attack rate 61.57 x 1074 72.84 x 1074 9.46 x 107
+3.39 x 107° +6.61 x 107° +9.17 x 10°©
(p < 0.001) (p < 0.001) (p < 0.001)
Handling time 4.24 x 1074 2251 x 104 3.06 x 1074
+3.03 x 107 +1.09 x 107° +2.58 x 107°
(b < 0.001) (p < 0.001) (p < 0.001)

Data are the original maximum likelihood estimates + SE and the p-values.

with the ingestion of the similar-sized food alga Monoraphidium 216 times larger than a 1-pm MS. Thus, the total microplastics
minutum, we found a similar maximum ingestion rate as in  uptake of 1-um MS was lower than for the larger-sized MS.
Fussmann et al. (2005), using the same algal and rotifer strains ~ However, toxicity does not necessarily correlate with the total
but applying the radioisotope method. The highest ingestion = amount of ingested plastic. Mueller et al. (2020), found for
based on biovolume was found for the 6-pum MS. The volume  freshwater nematodes that the toxicity increased with the surface
of one 6-pm MS is eight times larger than one 3 pm in size, and  area-to-volume ratio of the applied microspheres. The absolute
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TABLE 5 | The highest ingestion of microspheres per rotifers per hours.

MS MS+ algae MS aggregated

Maximum ingestion per hours (mean + SE)

1 1014 £ 34 1066 + 44 3155 + 330
3 639 £+ 60 752 £107 895 £ 78
6 1483 £ 89 439 £ 27 415 £ 34

The ingested microspheres for each rotifer are multiplied per hours and expressed as
mean of all three replicates + SE.

concentration of microplastics in this study were quite high.
However, for this size fraction of 1-6 um, no reliable data on
the distribution and abundance in the field are available and it
is suggested that with increasing fragmentation of larger particles
the concentration of such small particles strongly increases. Most
field studies about microplastics are limited by the sampling
methodology and the respective detection limit of the devices
that were used (Besseling et al., 2019). A commonly used lower
limit of mesh size lies between 300 and 800 pm. Applying smaller
mesh sizes would retain a broader fraction of MPs (Wiggin and
Holland, 2019) but would be more difficult to handle. A huge
amount of microplastics enters the environment via the discharge
from waste water treatment plants. Whereas particles larger
than 10 um are relatively efficiently removed, smaller particles
likely enter the environment in higher rates (Chen et al., 2018).
Once these particles are released to the environment, they might
accumulate through sedimentation as aggregates in regions with
low flow velocity, for example in reservoirs. Resuspension of
plastics from the sediment might then makes it available again
for the biota (Besseling et al., 2019).

Ingestion of MS Together With Food Algae

Rotifers are often regarded as unselective filter-feeders; however,
some degree of selectivity has been found (Starkweather, 1980).
In experiments with flavored polystyrene spheres (Demott, 1986),
it was found that B. calyciflorus fed preferentially on 12-pm
spheres, but did not discriminate against those with adsorbed
algal flavors (Snell, 1998). Similarly, large daphnids exhibit no
taste discrimination for small beads and smaller daphnids show
some degree of taste and acute size discrimination. Contrarily,
calanoid copepods can evaluate the resource quality in small and
large particles and discriminate accordingly (Scherer et al., 2017).
Thus, non-discriminating filter feeders are expected to take up
more MP than raptorial feeders which might lead to reduced
food intake and population growth and supports selective feeders
(Setdld et al., 2016). In our experiment, we added the algae
to the tested MS concentrations, leading to an increase in the
total number of available particles. Thus, with algae added to
low microplastics concentrations when the functional response
curve is nearly linear, the uptake of the spheres is not necessarily
reduced. Only at high particle concentrations, is the uptake of
plastic particles expected to decrease due to algal additions.

Ingestion of MS Aggregated With Biogenic

Particles
The biogenic formation of aggregates within 72h specifically
altered the ingestion of smaller and larger microplastics particles.

It is known from previous studies that the diet of B. calyciflorus
includes not only algae but also bacteria to some extent. Bacteria
may be utilized as food (Raatz et al., 2018) and, moreover, it seems
likely that Brachionus can also ingest larger detrital particles and
bacterial aggregates, deriving nutritional benefit from those cells
as well (Starkweather et al., 1979).

The difference between the parameters” estimation when the
MS are associated with biogenic particles shows us that the
ingestion of MS is influenced by their size. Despite the size
selectivity of the rotifers B. calyciflorus, the presence of aggregated
MS increases the feeding efficiency of particles considered below
the optimal size, such as 1 and 3 pm, by making them more
available when aggregated; ingestion of otherwise edible MS
(6 m) can be prevented through aggregation. These results are
reflected in the differences in the calculated attack rates between
the experiments with and without aggregation. When the MS
were ingested, it was not possible to recognize whether they were
ingested as singular or aggregated particles. Nevertheless, the
reduction in the attack rate of the 6-um MS when aggregates
were present indicates that the large particles were inedible and
interfered with the ingestion of the well-edible singular MS.
The high attack rate for the aggregated 1-pm MS indicates that
the aggregates were of a well-edible size. However, technically,
the effective number of particles was lower and the attack
on one aggregate represents the attack on all MS within this
aggregate. Zhao et al. (2018) found that the aggregation of small
MP (0.5-1m) and nanoplastics (30 and 100nm) facilitated
the uptake from mussels. Besides the increase in particle
size through aggregation, changes in surface topography and
density were found. Once incorporated into aggregates, several
transformations can occur, including an increase in the effective
particle size and change in surface topography and density as a
result of the physical and biological processes in the aggregate
microcosm (Zhao et al., 2018).

Once a food item was captured, the calculated handling
time varied only little among these two treatments. Thus, the
similar handling times of singular MS and aggregated MS
indicates that the handling time increases proportionately to
the number of MS within the aggregate. This means that
the “effective” handling time of an aggregate with 10MS
can be 10 times longer than the handling time of one
singular MS in order to end up at the same calculated
handling time. Overall, the ingestion and the effect on
life history and survival can differ depending on whether
microplastics are provided in a pristine state or aged and/or in
natural water.

We did not test for toxicity; however, the toxicity of
polystyrene nanoplastics to the rotifer Brachionus plicatilis
was lower when the particles were provided in natural sea
water compared to reconstituted sea water (Manfra et al,
2017). A potential reason for that was the interplay between
surface charge, aggregation and salt. In a study on marine
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copepods, the aging of plastics promoted their uptake by marine
zooplankton (Vroom et al, 2017). Even the type of plastic
on which a natural biofilm developed influenced the food
quality of the biofilm for a freshwater snail (Vosshage et al.,
2018). These results underline the importance of experiments
under near-natural conditions to better estimate the effect of
microplastics on the biota and to complement standardized
toxicological tests.

CONCLUSION

Our results demonstrate that the aggregation of MS accelerates
the ingestion of smaller MS particles and prevents the ingestion
of the largest ones in the freshwater rotifer B. calyciflorus.
The aggregation potential of microplastics has to be considered
in order to recreate the environmental interaction between
microplastics and aquatic organisms. The aggregation processes,
together with degradation processes, are the cause of physical
and chemical alteration of pristine microplastics. These two
processes might alter the response of the aquatic organism
to microplastics in laboratory and natural environments. In
particular, non-selective filter feeders such as crustaceans and
rotifers that feed mainly size-specific (Burns, 1968; Geller,
1981; Bern, 1990; Brendelberger, 1991; Baer et al., 2008;
Scherer et al., 2017) are affected by aggregation processes.
Consequently, the variation in the MS size range might lead
to an increased interaction between the smallest particles
and aquatic consumers. To test for the response of aquatic
organisms to microplastics, the increased or decreased ingestion
of microplastics is fundamental to take into account. In order
to fill this gap, further studies are needed on the direct and
indirect effects of aggregated microplastics on the life cycles of
aquatic consumers.
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