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ARTICLE INFO ABSTRACT

Keywords: The exposure of Caenorhabditis elegans to polystyrene (PS) beads of a wide range of sizes impedes feeding, by
Po}ystyrene beads reducing food consumption, and has been linked to inhibitory effects on the reproductive capacity of this
Microspheres nematode, as determined in standardized toxicity tests. Lipid storage provides energy for longevity, growth, and
x:;zzz:cs reproduction and may influence the organismal response to stress, including the food deprivation resulting from

microplastics exposure. However, the effects of microplastics on energy storage have not been investigated in
detail. In this study, C. elegans was exposed to ingestible sizes of PS beads in a standardized toxicity test (96 h)
and in a multigeneration test (~21 days), after which lipid storage was quantitatively analyzed in individual
adults using coherent anti-Stokes Raman scattering (CARS) microscopy. The results showed that lipid storage
distribution in C. elegans was altered when worms were exposed to microplastics in form of PS beads. For
example, when exposed to 0.1-pm PS beads, the lipid droplet count was 93% higher, the droplets were up to 56%
larger, and the area of the nematode body covered by lipids was up to 79% higher than in unexposed nematodes.
The measured values tended to increase as PS bead sizes decreased. Cultivating the nematodes for 96 h under
restricted food conditions in the absence of beads reproduced the altered lipid storage and suggested that it was
triggered by food deprivation, including that induced by the dilutional effects of PS bead exposure. Our study
demonstrates the utility of CARS microscopy to comprehensively image the smaller microplastics (<10 pm)
ingested by nematodes and possibly other biota in investigations of the effects at the level of the individual
organism.

Food dilution
Coherent anti-Stokes Raman scattering (CARS)

(Traunspurger et al., 2012; Traunspurger et al., 2020) over their entire
life span (Hoss et al., 2011). Among the limited studies focusing on MP

1. Introduction

In freshwaters, microplastics (MPs) have been found in a near
infinite number of shapes and colors (e.g., Rios Mendoza and Balcer,
2019) and data on the environmental concentrations is either incom-
plete or varies widely between environmental compartments and MP
sizes. In aquatic systems, as a result of fragmentation and sedimentation
processes, the concentrations of plastic fragments are often higher in
sediments than in the water phase, such that sediments are considered as
sinks for MPs (Scherer et al., 2020; Wendt-Potthoff et al., 2014).

Among benthic meiofauna organisms, nematodes are the dominant
taxon, with high abundances in freshwater, marine, and terrestrial en-
vironments worldwide (Heip et al., 1990; Traunspurger, 2021; van den
Hoogen et al., 2019). And with their lifestyle in aerobic sediment layers,
nematodes are directly and continuously exposed to sediment pollutants
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ingestion by nematodes (Fueser et al., 2020a), the most thoroughly
investigated species has been the model organism Caenorhabditis elegans
(Fang-Yen et al., 2009; Fueser et al., 2020b; Kiyama et al., 2012; Lei
et al., 2018; Zhao et al., 2017) showing that C. elegans is able to readily
ingest MPs <3.4 pm (Boyd et al., 2003; Fueser et al., 2019).

In the study by Mueller et al. (2020b), using micron-sized poly-
styrene (PS) beads (diameters: 0.1, 0.5, 1.0, 3.0, 6.0 and 10.0 pm),
negative effects on the reproduction of C. elegans were observed that
increased with increasing exposure concentrations and decreasing bead
diameters as demonstrated in standardized single-species 96-h chronic
toxicity tests (following 1ISO10872). In addition, multigeneration tests
revealed that lower concentrations of 1.0-um PS beads but a continuous
exposure for up to 49 days induced subtle changes in nematode
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population dynamics (population growth rates; Mueller et al., 2020a).
Moreover, PS beads of 6.0 and 10.0 pm in diameter, while too large to be
ingested by C. elegans, also significantly affected reproduction. Similar
indirect effects have thus far mainly been described for other taxa, such
as crustaceans and annelids (Aljaibachi et al., 2020; Besseling et al.,
2013; Blarer and Burkhardt-Holm, 2016; Ogonowski et al., 2016). In
C. elegans, the mechanism may involve a dilution of the nematode’s
bacterial diet by the MPs, thereby reducing food availability and feeding
efficiency (Rauchschwalbe et al., 2021) and thus disturbing intestinal
function (Shang et al., 2020). With less food consumed by nematodes
exposed to PS beads, the resulting undernourishment should be evi-
denced by differences in lipid storages compared to unexposed
nematodes.

Vibrational spectroscopic techniques such as Raman microscopy are
well-suited for lipid storage analyses. In spontaneous Raman scattering
spectroscopy, the radiation from a monochromatic light source (laser)
interacts with the aliphatic sample (e.g., polymers and the fatty acid
chains of lipids) by the inelastic scattering of a small proportion of
photons. The resulting shift in their energy provides information about
the vibrations of a molecule in the form of a vibrational spectrum (e.g.,
Araujo et al., 2018; Kappler et al., 2016). However, a more efficient
approach is coherent anti-Stokes Raman scattering (CARS) microscopy,
which overcomes the low signal intensity of Raman spectroscopy by
employing multiple photons to actively drive the molecular bond vi-
bration of interest, thus producing a coherent, resonance-enhanced
signal in a pump-probe experiment (e.g., Ribeiro-Claro et al., 2016).
The use of non-invasive, label-free CARS microscopy has allowed im-
aging of the distribution of lipid droplets in the tissues of C. elegans,
based on signal probing of the aliphatic 2845 cm ™! CHj stretching vi-
bration of fatty acid chains (Evans and Xie, 2008) that functions as a
general marker of lipids (e.g., Chen et al., 2020; Fueser et al., 2018;
Hellerer et al., 2007; Smus et al., 2017; Wang et al., 2014; Yen et al.,
20105 Yi et al., 2014). CARS microscopy has also been employed to
detect alterations in lipid storage distribution induced by exposure of the
organism to contaminants (e.g., Fueser et al., 2018) or to MPs (e.g.,
Rummel et al., 2017; Welden and Cowie, 2016; Yang et al., 2020) and to
detect smaller MPs in zooplankton (Cole et al., 2013), crabs (Watts et al.,
2014), fairy shrimp and zebrafish embryos (Galloway et al., 2017).

Because their body is transparent to light, nematodes transmit strong
Raman signals, such that lipid storage and ingested MPs <10 pm can be
imaged simultaneously. Thus, in this study, we used CARS microscopy to
quantitatively investigate the distribution of lipid droplets in fixed
(formaldehyde 4%) samples of adult C. elegans that had been exposed or
not (controls) to high effective PS bead concentrations (EC50) in 96-h
chronic toxicity tests following Mueller et al. (2020b) and to lower PS
bead concentrations in multigeneration tests (see Mueller et al., 2020a).
We hypothesized that stress-induced lipid storage distribution in
C. elegans is the same whether the stress is food deprivation or the
ingestion of PS beads together with bacterial cells. To test this hypoth-
esis, lipid storage in nematodes cultured under conditions of an ideal
(109 E. coli cells ml 1) or a restricted (107 E. coli cells ml~1) food density
was additionally examined using CARS microscopy.

2. Material and methods
2.1. Test organism

C. elegans was provided as a starting culture by the Caenorhabditis
Genetics Center (University of Minnesota, Minneapolis, MN, USA). The
nematodes were further cultivated on agar plates containing nematode
growth medium and Escherichia coli OP50 following the standard pro-
cedures described in Stiernagle (2006). The culture plates were stored at
20 °C in the dark until needed.
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2.2. Experimental procedures

In the lipid analyses of C. elegans by CARS microscopy, the nema-
todes were subjected to chronic toxicity tests following 1SO10872
(Mueller et al., 2020b) and to multigeneration tests (Mueller et al.,
2020a).

Briefly, in the single-species chronic toxicity test J1 juveniles of
C. elegans in standard cell culture plates (cell growth area per well: 3.85
cm? VWR International GmbH, Darmstadt, Germany) were exposed to
0.1-pm, 0.5-pm, and 1.0-pm PS beads prepared in aqueous medium to
obtain exposure concentrations of 54.9 mg 17}, 687 mg 1, and 549 mg
171, respectively, that correspond with the effective concentration
inhibiting the reproduction of C. elegans by 50% (EC50) since analyses of
the cultures after 96 h of incubation showed dose-dependent and PS
bead size-dependent inhibitory effects on reproduction (Mueller et al.,
2020a). Seven adult C. elegans per PS bead size treatment (28 nematodes
in total) were randomly chosen and preserved in 4% formaldehyde until
they were imaged with CARS microscopy.

The multigeneration test of C. elegans was conducted in semi-fluid
medium spiked with 5.49 mg 1.0-um PS beads 17!, which corre-
sponded to 1% of the concentration that induced 50% inhibition on
C. elegans’ reproduction after 96 h exposure (Mueller et al., 2020b).
Analyses of the cultures after 21 days revealed the subtle impacts of
continuous PS bead exposure on nematode population dynamics
(Mueller et al., 2020b), including a significant decrease in the carrying
capacity but also effects on population growth rates, population
doubling time, and the time needed to reach the maximum sustainable
yield. Ten adult C. elegans randomly chosen from the PS bead and from
the control treatments were preserved in 4% formaldehyde until they
were imaged with CARS microscopy.

PS beads were chosen as representative microplastic particles
because they are a common plastic polymer type and form of micro-
plastics <200 pm, with high environmental quantities determined at
microplastic “hot spot” sampling sites, including in riverine sediments
(e.g., Scherer et al., 2020). PS beads with diameters close to the size of
E. coli cells were previously shown to be readily ingested by C. elegans (e.
g, Fueser et al., 2019; Mueller et al., 2020b). All applied PS bead stock
suspensions were checked regarding the bead’s polymer type, form, size
distribution, density and surface charge and corresponded well with the
manufacturer specifications (characterized in Mueller et al., 2020b).
Additionally, to determine lipid distributions under ideal and restricted
food conditions, J1 juveniles were placed in the wells of a standard cell
culture plate (cell growth area per well: 3.85 cm? VWR International
GmbH) and cultured for 96 h in the presence of E. coli suspended in
K-medium (3.1 g NaCl 17}, 2.4 g KC1 1™}) to achieve densities of either
10° cells ml1~! (ideal food density) or 107 cells ml~! (restricted food
density). Ten adult C. elegans were randomly chosen from each of the
two food density treatments and preserved in 4% formaldehyde until
they were imaged with CARS microscopy.

2.3. Imaging lipid storage distributions by CARS microscopy

Label-free CARS microscopy was performed using a lab-built laser
scanning microscope. The feature of the microscope are as follows: A 2-
ps pulsed fiber-based laser (Emerald Engine, APE) with a central
wavelength of 1032 nm and an 80-MHz repetition rate provides the
fundamental Stokes beam at a fixed wavelength and is frequency
doubled to 516 nm. The frequency-doubled laser light pumps an optical
parametric oscillator (OPO; Levante Emerald, APE) that generates
tunable laser wavelengths that serve as the pump beam in the CARS
experiment. Based on the selected wavelengths combination of the
Stokes beam (1032 nm) and the tuneable pump laser beam (~798 nm),
the desired molecular bond vibration can be targeted for imaging. The
temporal and spatial overlap of the laser beams is achieved using
dichroic mirrors and an optical delay stage. To avoid detrimental effects
to the nematode samples, a total focal power of <35 mW is used for all
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images. This focal power proved to be suitable for long term in-
vestigations of C. elegans without causing notable harm to the nematodes
as demonstrated by the continuous imaging over more than 60 min
during which the nematodes moved and behaved without any visible
impairment. The beams are raster scanned over the sample in a line-by-
line manner using a galvanometric scanning mirror pair (model 6215H,
Cambridge Technology) and focused into the sample by a 60 x water
immersion objective lens (UPlanSApo, NA = 1.2, Olympus). The pho-
tons are collected by a condenser lens (U-AAC, NA = 1.4, Olympus,
Germany) in a 4-pi configuration. Lipids are determined by targeting the
2845 cm ™! CH,, vibration (in aliphatic chains), considered to be a gen-
eral biomarker of fatty acids. PS is imaged by exciting the 3050 cm !
bond vibration (aromatic C-H group). To filter out undesired wave-
lengths such as the pump and Stokes beams or auto-fluorescence signals,
a stack comprising optical short-pass (SP) and bandpass (BP) filters is
inserted in the beam path behind the condenser lens to isolate CARS
signals occurring at 650 nm (lipids) and 633 nm (PS/plastic). The CARS
signal is detected with the aid of a photomultiplier tube (PMT) (H
9656-20, Hamamatsu Photonics) and transferred into an electric signal,
which is then finally recorded by an analog-to-digital converter
(PCI-6110 S, National Instruments). The imaging process is controlled
using the MATLAB-based program Scanlmage 3.8 (Pologruto et al.,
2003), which is also performing the correlation of the scanning mirror
position and the PMT signal and transfers this into the final image. The
z-stacks are performed by an automated routine that controls a
closed-loop piezo-driven sample stage (S/N 222,009, Marzhauser). In
this study, nematodes were removed from the preserved samples and
individually placed in the wells of a custom-built stainless-steel 27-well
microscopic slide (7.0 x 3.5 cm; well diameter: 4-mm, glass bottom
thickness: 170-pm), with each well containing 10 pl of
phosphate-buffered saline. The nematodes were then individually
imaged for lipid quantitation by CARS microscopy at a highly recog-
nizable position: the vulva region. Depending on the nematode’s body
diameter, z-stacks (step size: 1 pm) consisting of 16-64 slices exhibiting
lipid droplets were collected. The field of view in each of the images
covered an area of 150 x 150 pm. The scanning speed of each image was
8 ms per line (pixel dwell time of 12.8 ps), while 512 x 512 pixels were
acquired (total acquisition time per image: 3.35 s). In the current
configuration this setup offers a lateral resolution of 350 nm and an axial
resolution of 500 nm.

2.4. Method of analyzing lipid quantities in ImageJ

Lipid droplet distribution and content were analyzed in the z-stacks
of 63 specimens with the open-source software ImageJ (Schneider et al.,
2012) to determine the lipid droplet count, the total lipid area, the
average lipid droplet size, and the percent area of the worm occupied by
lipid stores. Briefly, single CARS microscopy images were transferred to
image stacks and by using the projection function (projection type: max
intensity) all CARS signal intensity was summed up into a
two-dimensional image. All two-dimensional lipid signals dropped off
within the width of the laser foci (approx. 400 nm), indicating a distinct
border between the lipid droplet and the cytoplasm. Now with the
adaptive thresholding function (Hellerer et al., 2007; Yi et al., 2014) the
images were segmented into features of interest (here lipid droplets,
using a white value range of 250-650) and background. The thresholded
features are then displayed in red and with the particle analyzer tool of
ImageJ the features were measured individually. Therefore, a correction
factor with a threshold of 1 pm? was defined to exclude all potential
artifacts not caused by lipid signals. Finally, the total lipid area was
calculated by summing up the individual areas of lipid droplets and the
percent area of the worm occupied by lipid stores by dividing the total
area of lipids by the total area of the nematode shown in the image
section. For illustration purposes z-projections were provided with the
Gaussian blur filter and the lookup table “Fire”.
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2.5. Statistical analysis

The data were checked for normality (Shapiro-Wilk test) and ho-
mogeneity of variance (Levene test) but were not transformed. Data used
in the lipid analysis were subjected to a one-way analysis of variance
(ANOVA) on ranks (post-hoc: Dunn’s method) or Mann-Whitney rank
sum tests as indicated in the figures to compare the total area occupied
by lipids, the lipid area fraction, and the average size of the lipid droplets
in PS-bead-exposed vs. unexposed nematodes. A p-value < 0.05 was
defined as significant in all comparisons. All statistical analyses were
performed using SigmaPlot 12.0 (Systat Software Inc.).

3. Results

In CARS microscopy, MPs can be easily visualized and quantified by
signal probing of the specific CH stretching vibration. PS is detected at
3050 cm ™! which is associated with the aromatic ring. The transparent
body of C. elegans enables the selective detection of both fluorescently
labelled and unlabelled PS beads in the nematode’s intestine. At rela-
tively high exposure concentrations, PS beads were readily ingested by
C. elegans, and high MP burdens were seen throughout its intestine, with
accumulation of the beads where intestinal flow was slower, such as
behind the terminal bulb and in the post-intestine before the rectum
(Fig. 1). In nematodes exposed to high PS bead concentrations in the
chronic toxicity tests, body deformations at the rectum were apparent
(Fig. 1; for comparison with a normal rectum form see Fig. S1).

3.1. Caenorhabditis elegans exposed to 0.1-, 0.5-, and 1.0-um PS beads
in a 96-h chronic toxicity test

In nematodes from the chronic toxicity test, exposure for 96 h
(during which time the worms grew from J1 to adults) to 0.1-, 0.5-, or
1.0-pm PS beads revealed an influence on lipid droplet distribution be-
tween PS bead-exposed and control nematodes. While there was only a
significant difference in the number of lipid droplets between the control
and PS bead-exposed nematodes on the basis of a significance level of

Fig. 1. Detection of lipid droplets (red; 2845 cm™') and ingested polystyrene
beads (cyan; 3050 cm™!; here 1.0 ym) in adult Caenorhabditis elegans. Z-pro-
jection of a z-stack covering a depth of 63 pm (step size: 1 pm). Field of view:
150 x 150 pm. Scale bar: 20 pm. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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10% (Fig. 2A), lipid droplets were significantly larger (+47%; H =
10.519; p = 0.015; Fig. 2B and C) and the proportion of the nematode
covered by those droplets (Fig. 2D) was significantly larger (+79%; H =
11.593; p = 0.008) in nematodes exposed to 0.1-um PS beads (signifi-
cance level: 5%). Moreover, the total lipid area, the average lipid droplet
size and the percentage lipid area tended to decrease with increasing PS
bead sizes.

3.2. Prolonged exposure of C. elegans to 1.0-um PS beads in a
multigeneration test

Nematodes from the multigeneration test were continuously exposed
to 5.49 mg 1.0-um PS beads 171. After 21 days, lipid droplet distribution
differed significantly from that in the unexposed control. There was no
significant difference in the amount of lipid droplets (T = 93.000, p =
0.384; Fig. 3A), but in PS-bead-exposed C. elegans the lipid droplets were
significantly larger (+74%; T < 73.000, p < 0.017; Fig. 3B and C) and
covered a significantly larger proportion of the nematode body (+70%;
T = 74.000, p = 0.021; Fig. 3D).

3.3. Cultivation of C. elegans at ideal and restricted food densities

In C. elegans cultivated at restricted food densities, both the number
(+85%; T = 195.000, p < 0.001; Fig. 4A) and size (+43%; T < 195.000,
p < 0.002; Fig. 4B and C) of the lipid droplets were significantly larger
and a larger body area was covered by the droplets (+-96%; T = 195.000,
p < 0.001; Fig. 4D).

4. Discussion

Feeding provides organisms with an adequate supply of nutrients to

A 250

One-Way ANOVA
p=0.081 B . B
£
£ 200
e
-
A
12
& 150
a
o
©
B
8 1004 b
5
o
[}
£
3"
04
T T T T
Control PS 0.1 ym PS0.5um PS 1.0 ym
10
c One-Way ANOVA on Ranks
Dunn
p=0015
— b
NE 8
=z |
o
N b
] al
3 °
a
< ab
o a
z
a 41 B e
) ==
P B0 T I
>
L 24
0 T T T T
Control PS0.1 ym PS0.5um PS 1.0 ym

Environmental Pollution 294 (2022) 118662

support growth and maintain cellular functions. According to Stuhr and
Curran (2020), the bacterial diet of C. elegans has numerous effects on
important life-history traits, such as development, reproduction, and
longevity (Hansen et al., 2014; Soukas et al., 2009). Other effects include
behavior, metabolic profiles, and the nutritional cues perceived in the
intestine that regulate fat storage levels (Brooks et al., 2009; Soukas
et al., 2009; Watson et al., 2013; You et al., 2008) implying that lipid
storage is directly linked with feeding efficiency. Caenorhabditis elegans
stores fat in lipid droplets in its intestinal and hypodermal cells, which
perform essential functions for lipid synthesis and utilization (Ashrafi,
2007). The stored lipids serve as a major energy reserve and can be
transferred to embryos in the form of yolk to support progeny devel-
opment (Li et al., 2020).

Our CARS analyses showed that lipid storage distribution was
significantly increased in C. elegans, when individuals were exposed to
effective concentrations of PS beads, both in chronic toxicity tests
(Mueller et al., 2020b) and in the long-term multigeneration test
(Mueller et al., 2020a). Although effective concentrations for each
respective bead size were similar (EC50), lipid storage analyses further
revealed a trend to higher lipid contents in C. elegans exposed to PS
beads of decreasing size, except of 0.1-ym PS beads inducing signifi-
cantly different lipid droplet distributions. As a basis for discussion, our
results must be put in context to the results of Mueller et al. (2020b).
They reported increased toxicities, evidenced as an inhibition of repro-
duction, in nematodes exposed to PS beads, with smaller beads having
greater inhibitory effects on reproduction. The ability of artificial beads
to interfere with the feeding of C. elegans on its bacterial diet was later
confirmed by Rauchschwalbe et al. (2021). The authors found that
bacterial consumption was significantly reduced in the presence of PS
beads (by up to 67% compared to the control). The effect mechanism
differed depending on the size of the beads. For PS beads in the
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ingestible size range (<3 pm), the findings were attributed to the dilu-
tion of food by the beads and the resulting dietary restriction, as the
presence of the beads in the medium prevented the nematodes from
consuming the same number of bacterial cells in a given time as in the
absence of beads (Rauchschwalbe et al., 2021). Since PS beads have no
nutritional value, the result was a temporal dietary restriction leading to
increased lipid storage, reflecting the energy trade-off between repro-
ductive output and upregulated lipid accumulation to cope with the
stress.

In accordance to literature, increased fat accumulation is observed in
C. elegans subjected to high levels of (environmental) stress, consistent
with the regulation of stress-resistance mechanisms by fatty-acid
metabolism (Horikawa and Sakamoto, 2009). In nematodes, food de-
ficiencies led to imbalanced fat degradation and synthesis that extended
the lifespan, increased stress resistance, and reduced individual body
size and influenced fat levels (Bar et al., 2016; Li et al., 2020). Generally,
in response to unfavorable environmental conditions and stress,
including dietary restriction, C. elegans larvae can undergo dauer arrest
at the second molt (Hu, 2007). Dauer larvae are long-lived and
stress-resistant, with an altered metabolism that favors energy conser-
vation, fat storage, and the utilization of stored reservoirs (Ashrafi,
2007). Severe stress can also be induced in C. elegans by the exposure to
minute particulates since in scanning electron micrographs of the
nematode intestine, a larger number of lipid droplets was seen in nem-
atodes exposed to relatively high concentrations of nanogold (14 nm;
Bosch et al., 2018), perhaps reflecting disruption of the pathway that
breaks down lipids for energy. Zhang et al. (2010) showed that lipid
droplet size is dynamic and closely linked to the storage and mobiliza-
tion of fat, with larger and more numerous lipid droplets possibly caused
by genetic defects in a peroxisomal p-oxidation pathway. Wang et al.
(2016) similarly showed that iron overload synergistically upregulates
lipid uptake and accumulation in C. elegans. And, for example, cadmium

telluride quantum dots (CdTe QDs) at concentrations of 5-20 mg L!
induced an increase in lipid storage in the intestine of C. elegans that was
partially due to effects on the molecular basis of fatty acid metabolism
and a prolonged defecation cycle length, but not to altered feeding or the
release of cadmium ions from the dots (Wu et al., 2016).

The effects of nano- and microplastics on lipid storage and fatty acid
metabolism in nematodes have been largely understudied. Yang et al.
(2020) investigated the effect of 100-nm PS beads on lipid accumulation
and the stress response in C. elegans. They found that the beads influ-
enced the expression of lipid-metabolism-related genes and that a 3-day
exposure led to the accumulation of very large amounts of lipids. Aside
from lowering the bacterial consumption, the mechanism described by
Yang et al. (2020) might have also been the case for the 0.1-pm PS beads
in our study explaining the significantly stronger effect of 0.1-pm PS
beads on lipid droplet distribution in C. elegans.

By additionally cultivating nematodes (J1 to adults) at ideal and
restricted food densities, we simulated a lack of food during growth and
determined the resulting lipid distributions. Nematodes subjected to
food deprivation showed retarded growth and development, matured
more slowly than nematodes cultured at ideal food densities, laid fewer
eggs (data not shown), and had a significantly higher intestinal lipid
content. Egg-laying is costly and may have influenced lipid stores, since
individuals that matured and laid eggs had fewer lipids, as seen using
CARS microscopy. Together with the results of Mueller et al. (2020b),
these observations suggest that lipid accumulation occurs in response to
unfavorable environmental conditions and the subsequent stress (here,
dietary restriction). In their study of zooplankton, Cole et al. (2015)
showed that energy assimilated from food is required for growth,
physiological maintenance, metabolism, reproduction, and the estab-
lishment of energetic reserves (including lipid storage). Thus, under
restrictive dietary conditions there will be an energy trade-off between
the respective processes to maintain individual fitness.
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Fig. 4. Quantification of lipid storage in adult Caenorhabditis elegans cultivated in bacterial (E. coli) suspension at either an ideal food density (10° cells ml~!) or
under restricted food conditions (107 cells m1~!). Z-stacks were analyzed for the lipid droplet count, the total lipid droplet area, the average lipid droplet size, and the
area (%) of the worm’s body occupied by lipid droplets. Different letters indicate significant differences. N = 10-14. SigmaPlot 12.0 (Systat Software Inc.).

Effects on energy budgets due to dietary restriction and energy
depletion over time in response to MP exposure have been demonstrated
in other organisms as well (Cole et al., 2015; Watts et al., 2015; Wright
et al.,, 2013). In the copepod Calanus helgolandicus, 20-ym PS beads
impeded feeding and led to sustained reductions in ingested carbon
biomass (Cole et al., 2015). Budget calculations showed that the
MP-exposed copepods had much higher energetic deficiencies and hence
reduced growth compared to controls. Polypropylene microfibers (1-5
mm in length, <0.7 mm in diameter) with no nutritional value reduced
food consumption by the crab Carcinus maenas, with significant re-
ductions in the amount of energy available for growth (Watts et al.,
2015). Wright et al. (2013) postulated that the accumulation and pro-
longed residence times of MPs in the gut underlies the effects of
MP-associated dietary restrictions.

5. Conclusion

Previous studies showed that the exposure of C. elegans to PS beads of
a wide range of sizes impedes feeding, by lowering bacterial consump-
tion, which in turn contributes to inhibitory effects on reproduction. In
quantitative lipid storage analyses with CARS microscopy, we found that
PS beads have an additional influence on the distribution of lipid
droplets in C. elegans and that the bead size was relevant at similar
effective concentrations but played a more subordinate role. While
stress-induced lipid storage distribution in C. elegans is the same whether
the stress is food deprivation or the ingestion of PS beads together with
bacterial cells, small PS beads of 0.1 pm showed significantly stronger
effects, which might additionally be caused by an altered expression of
lipid-metabolism-related genes. The results of this study demonstrate
the utility of label-free CARS microscopy in tracking minute MPs
ingested by biota and the effects on lipid storage within a single or-
ganism, such as other nematode species, chironomids, rotifers, or

microalgae (e.g., Jaeger et al., 2016).
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