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Microplastic (1 and 5 μm) exposure disturbs lifespan and intestine
function in the nematode Caenorhabditis elegans
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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Toxicological effects of 1 and 5 μm
microplastics (MPs) (107–10-
10 particles/m2) were studied on
Caenorhabditis elegans.

• Intake of 1 and 5 μm MPs increased as
exposure concentrations and duration
increased.

• The lifespan of nematodes at lower con-
centration decreased faster than those
at higher concentration after exposure
to MPs.

• Down-regulated expression of skn-1 at
the lowest exposure concentration may
be responsible for the shortened
lifespan.
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As an emerging environmental pollutant,microplastics (MPs) are increasingly viewed as a serious health concern
to terrestrial and aquatic ecosystems. However, previous toxicological studies examiningMPs on freshwater and
terrestrial organisms provide contradictory results, possibly due to few investigations at environmentally rele-
vant concentrations. Here, the nematode Caenorhabditis elegans (C. elegans), a model organisms with both
aquatic and terrestrial free-living forms, was employed to investigate the effects of 1 and 5 μm MPs (107–10-
10 particles/m2) on the intake, lifespan, defecation rhythm, defecation-related neurons and transcriptional ex-
pression of related genes (skn-1, mkk-4, pmk-1, cpr-1 and itr-1). We demonstrated that the percentage of MP-
contaminated nematodes increased with increasing exposure concentrations and duration. The lifespan of nem-
atodes in the lower concentration exposure groups (2.4 × 107 and 2.4 × 108 particles/m2) decreasedmore prom-
inently than that of higher concentration groups (2.4 × 109 and 2.4 × 1010 particles/m2) after a 72-h exposure
period. Concomitantly, expression of the skn-1 gene, involved in detoxification and lifespan regulation, was sig-
nificantly altered at lower MP concentrations. Physiologically, the defecation rhythm after a 72-h exposure pe-
riod was most strongly affected by 1 μm MPs at 2.4 × 108 particles/m2. The significant up-regulation of related
genes by 1 μm MPs appears responsible for the shortened defecation interval. Results of this study identified a
potential toxicity threat to C. elegans from exposure to MPs at environmentally relevant concentrations and pro-
vide novel evidence for MP risks to freshwater and terrestrial organisms.
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After exposure to 1 and 5 μm MPs (107–1010 particles/m2), the lifespan of C. elegans decreased more rapidly at
lower concentrations.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Approximately 8.3 billion metric tons of plastics haves been
manufactured since plastic production was introduced in the 1950s
(Geyer et al., 2017). Because of its low recyclability (b10% of plastic
products are recycled), ubiquitous use in society, poor waste manage-
ment and persistence in the environment, plastic pollution has been
designated as “one of the biggest environmental challenges of this life-
time” (UNEP, 2018). Plastic polymer debris with a ≤5-mm diameter is
termed microplastics (MPs) and has received considerable attention in
recent years as they are easily ingested by organisms, thus presenting
the possibility for toxicity-related exposure (David et al., 2009; Foley
et al., 2018). The common plastics productions include polyethylene
(PE), polypropylene (PP), polystyrene (PS), polyvinylchloride (PVC)
and so on (Geyer et al., 2017). Plastic debris is often categorized as pri-
mary, in which the particle wasmanufactured as a MP, or as secondary,
in which the particles formed from the degradation of macroplastics
(N5 mm) (Andrady, 2017; Cole et al., 2011). Primary MPs are typically
manufactured in the micron size range in form of acrylic or polyester
beads andfibers, plastic pre-production pellets (‘nurdles’), polyethylene
‘microbeads’, etc., and are commonly used as abrasives in sandblasting,
personal care products, medical products, etc. (Browne et al., 2011;
Horton et al., 2017; Rochman et al., 2013). Secondary MPs vary in
form and origin, and often result from the breakdown of macro- and
larger microplastics through ultraviolet irradiation, microbial, and/or
physical degradation processes (Andrady, 2011; David et al., 2009).

Although the majority of research to date has examined plastics in
marine systems, an increasing number of studies show a prevalence of
MPs in freshwater systems as well. So far, knowledge about the toxicity
ofMPs can be diverse in varying size, shape, composition, exposure con-
centrations, surfactants and contaminants sorbed to their surfaces, etc.
MPs may accumulate in the digestive system of various organisms,
while smaller particles (nanoplastics less than ~100 nm) may enter
the blood or lymph circulation through the digestive system (da Costa
et al., 2016; Triebskorn et al., 2019). MP exposure results in a wide vari-
ety of toxic insults from feeding disruption to reproductive perfor-
mance, disturbances to energy metabolism, changes in liver
physiology, and synergistic/antagonistic actions from hydrophobic or-
ganic contaminants sorbed to their surfaces (Horton et al., 2017;
Rochman et al., 2013; Anbumani and Kakkar, 2018). However, some
studies foundminimal or nohazardous effects fromMP exposure to iso-
pods, fishes and earthworms (Giedrė et al., 2018; Kokalj et al., 2017;
Wang et al., 2019). Although many environmental and biological vari-
ables can cause discrepancies among MP toxicity studies, some of
these discrepanciesmay result from thewide range of exposure concen-
trations found in the natural environment, asmany studies utilized very
high MP exposure concentrations in laboratory simulation studies
(Horton et al., 2017).

Environmental pollutants are usually most toxic at high doses, and
the toxic effects tend to increase progressively with increasing concen-
tration. However, some environmental pollutants exhibit elevated tox-
icity at lower exposure concentrations, which has raised considerable
concern for chronic ecotoxicology of these compounds within the food
web (Vandenberg et al., 2012), especially for endocrine-disrupting
chemicals such as BPA (vom Saal and Hughes, 2005). Most previous
studies of MP toxicity on animals documented higher toxicities at
higher MP concentrations. At high MP concentrations (108–10-
18 particles/m3), generally higher than ambient environmental condi-
tions (0–106 particles/m3), several studies found that feeding,
development and reproduction of copepods were negatively affected
(Cole et al., 2015; Lee et al., 2013), but other studies found minimal ef-
fects (Beiras et al., 2018). Other studies using lowMP exposure concen-
trations (105–107 particles/m3) showed little effect on aquatic animals
(Guven et al., 2018; Kaposi et al., 2014). However, the ingestion of plas-
tic debris at environmentally relevant concentrations (104–10-
5 particles/m3) was shown to alter endocrine system function in adult
fish raising concerns for low-level exposure (Rochman et al., 2014). In
total, these studies indicate some discrepancies in the dose effect ˗ tox-
icity response of MPs highlighting the need for further research.

Nematodes are a diverse animal phylum inhabiting a broad range of
terrestrial and aquatic environments. Their numerical dominance, di-
versity of lifecycles, and presence at various trophic levels make them
an important component in many food webs and ecosystems
(Lorenzen, 1994). This is especially true for benthic communities inma-
rine and freshwater systems where MPs tend to accumulate by sedi-
mentation (Wang et al., 2018). Among nematodes, C. elegans is a free-
living, transparent nematode having several advantages as a model or-
ganism owing to its small size (~1 mm), rapid development
(3–4 days), moderate lifespan (2–3 weeks), ease of cultivation and ob-
servation, and complete sequencing of its genome. Its transparent
body is highly conducive for observing the ingestion of MPs, the genetic
background is well-described, and mutant and transgenic nematodes
are readily available and highly homologous to humans facilitating elu-
cidation of molecular mechanisms (Brenner, 1974; Leung et al., 2008;
Michaelson, 2001). C. elegans has been used to assess the toxicity of
many environmental pollutants, and shows a low-dose response to sev-
eral chemicals (Huang et al., 2016; Jingjuan et al., 2013; Ju et al., 2014;
Zhou et al., 2016). C. elegans was used to assess the toxicity of nano-
and microplastics from 0.1 to 5 μm in size in a few previous studies.
Nanoplastics ingestion by C. elegans induced a functional deficit in the
intestinal barrier, toxicity effects in combination with titanium dioxide,
and transgenerational toxicity at environmental concentrations (Dong
et al., 2018; Li et al., 2017; Qu et al., 2018). Although 1 and 5 μmMPs re-
sulted in higher toxicity with respect to most endpoints of survival, de-
velopment, and motor-related neurons than nanoplastics (≤100 nm) in
nematodes (Lei et al., 2018a; Lei et al., 2018b), information concerning
low-dose effects of MPs with contrasting size on C. elegans is very
limited.

To address this knowledge gap, this study employed C. elegans to in-
vestigate the effects of 1 and 5 μmpolystyrene spheres over a wide con-
centration range (2.4 × 107, ×108, ×109, ×1010 particles/m2) for 72 h
(chronic exposure duration for C. elegans). Polystyrene (PS)
microplastics were one of most commonly used and detected plastics
in the environment (Geyer et al., 2017; Andrady, 2011). Lifespan analy-
sis and defecation rhythmwere assessed to evaluate toxicity at the indi-
vidual level. Motor neurons response and transcriptional expression of
five genes associated with lifespan and defecation in the intestinal
tract of C. eleganswere determined to gain amechanistic understanding
of the response to MP exposure.
2. Materials and methods

2.1. Strains

Wild C. elegans type N2, EG1285 [unc-47:: GFP + lin-15(+)] and
E. coli OP50 were purchased from the Caenorhabditis Genetics Center
(University of Minnesota, USA). Nematodes were maintained on nema-
tode growth medium (NGM) plates seeded with OP50 at 20 °C
(Brenner, 1974). Age-synchronized eggs were obtained as described
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by Ju et al. (2013). L3 larvae were acquired by further incubation on
NGM for 36 h and used as the starting stage for exposure studies.

2.2. Preparation of exposure plates with MPs

Stock solutions of 1 and 5 μm fluorescent, polystyrene spheres were
purchased from Da'e Technology Co. (Tianjin, China). A scanning elec-
tron microscope (SEM) (SURPRA 55, ZEISS, Germany) was used to con-
firm the size and morphologies of the 1 and 5 μm MPs (Fig. S1A~B).
Fourier-transform infrared spectroscopy (FTIR) (Nicolet iN10 MX,
Thermo Scientific, USA) was used to analyze and confirm the polymeric
composition of the MPs (Fig. S1C).

E. coli OP50 solution was used to prepare dilutions of four MP expo-
sure concentrations (0.01, 0.1, 1 and 10% (v/v)), corresponding to MP
surface area concentrations of ~2.4 × 107, 2.4 × 108, 2.4 × 109, and
2.4 × 1010 particles/m2. The lower MP concentrations (107 particles/
m2) used in this study fall within the upper concentration limit for
MPs (107 particles/m2) reported for riverine sediment samples provid-
ing environmental relevance to our study design (Rowshyra et al., 2014;
Wang et al., 2018). In addition, as MPs reported in these studies only
quantified particles sizes N20 μm and size-frequency spectra were
skewed towards small particles, the total MP concentrations in these
studies may be under-estimated due to the prevalence of smaller MPs
in riverine sediment samples (Goldstein et al., 2013).

All MP stock and exposure solutions were sonicated for 30 min im-
mediately prior to use. No new particles were detected by SEM after
sonication. A 100-μL volume of exposure solution was placed on a
3.5 cm NGM plate, dried and sterilized by ultraviolet irradiation for
20 min in a vertical clean bench (DL-CJ-2NDI, Beijing HDL Apparatus
Co., China). MP distribution was observed using a fluorescent micro-
scope (Leica DM4000M, Germany) and quantified by Leica LAS Image
Analysis (Leica Microsystems, Germany). A 100-μL sonicated E. coli
OP50 solution was used as a blank control. The MP distribution on the
exposure plates showed a relatively uniform dispersal of MP particles.

2.3. Intake of MPs

The MPs showed a green fluorescence when ingested within
C. elegans and when present in excreted fecal materials allowing quan-
tification using a fluorescent stereo microscope (M165 FC, Leica,
Germany). Ingestion of MPs by nematodes was observed 24, 48, 72
and 96 h after exposure. C. elegans containing any number of MPs
were regarded as contaminated nematodes, and results were reported
as the percentage of contaminated nematodes to the total number of
nematodes in each treatment. A total of 20 nematodes were used in
each treatment group and each treatment contained three replicates.

2.4. Lifespan analysis

C. elegans lifespan was assessed after exposing L3 larvae to 1 and
5 μm MPs at concentrations of 0, 2.4 × 107, 2.4 × 108, 2.4 × 109 and
2.4 × 1010 particles/m2 for 72 h. A total of 50 nematodes were used in
each treatment group and each treatment contained three replicates.
The date of L3 larvae transfer was recorded as Day 0, and the number
of living nematodes was recorded each day. The experiment was termi-
nated when all nematodes within a given treatment had died. The date
of the last death was recorded as maximum survival length and the
number of living nematodes was recorded each day to calculate an av-
erage daily survival metric for each treatment group.

2.5. Analysis of defecation rhythm

Defecation rhythm of nematodes was recorded as previously de-
scribed by Ju et al. (2014). The defecation behavior was divided into
four stages (Fig. S2); the contraction of the tail muscles can be clearly
seen in the pBoc stage. Using a 50× magnification stereo microscope,
the interval between two pBocswas recorded as the defecation interval.
After exposing to 0, 2.4 × 107 and 2.4 × 108 particles/m2 of 1 and 5 μm
MPs for 72 h, 10 nematodes were used for each treatment group and
each treatment contained two replicates.

2.6. Neuronal analysis

The motor neurons in AVL (in the head) and DVB (in the tail) stim-
ulate enteric muscles during the defecation cycle by releasing γ-
aminobutyric acid (GABA) (Walker et al., 2017). Green fluorescent pro-
tein (GFP) in the AVL and DVB was imaged using the EG1285 mutant
(Fig. S3). The EG1285mutantwas synchronized and cultivated to L3 lar-
vae and then exposed to 1 μm MPs at concentrations of 2.4 × 107 and
2.4 × 108 particles/m2. After a 72-h exposure, 20 nematodes were
photographed in each exposure and control group, and the average
fluorescence density of the two neurons was analyzed separately by
Image Pro Plus (Media Cybernetics, Rockville, MD, USA).

2.7. Quantitative real-time PCR

The transcriptional expression was analyzed for five genes associ-
ated with lifespan and defecation in the intestinal tract of C. elegans:
skn-1, mkk-4, pmk-1, cpr-1 and itr-1. Skn-1 is involved in detoxification
and lifespan regulation in nematodes (Blackwell et al., 2015). Mkk-4
and pmk-1 are involved in the intestinal intercellular MAPK signaling
pathway (Altun and Hall, 2009a), while cpr-1 and itr-1 regulate the
function of the foregut and hindgut, respectively (Altun and Hall,
2009a; Baylis and Vázquez-Manrique, 2012). L3 larvae of N2 were ex-
posed to 1 and 5 μm MPs at concentrations of 2.4 × 107 and 2.4 × 10-
8 particles/m2 for 72 h. Total RNA for each treatment and control
group was extracted according to standard protocols (Invitrogen Trizol
reagent, Carlsbad, CA, USA). The quantity and quality of RNAweremea-
sured with a Nanodrop-200 spectrophotometer (Nanodrop, Thermo
Scientific, Waltham, MA, USA). One to 2 μg of total RNA were used for
reverse transcription to synthesize cDNA using Takara RR037A reverse
transcriptase (Takara Bio, Shiga, Japan). Real-time PCR was performed
on the reverse transcription products using a Bio-Rad CFX96 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA) and Toyobo
SYBR® Green Realtime PCR Master Mix Code No. QPK-201 (Toyobo,
Osaka, Japan). The primers used in this study were synthesized by BGI
(Shenzhen, China) and are shown in Table S1. Relative RNA expression
levels were determined using the 2−ΔΔCt method (Pereira et al., 2012).
Three replicates were conducted for each control and treatment group
and the act-1 gene was used as a reference control.

2.8. Statistics

All statistical analyses were performed using SPSS 20.0 (IBM,
Armonk, NY, USA), with the exception of the intake modeling. Data
are presented asmean± SE or percentages (if not otherwise indicated).
Differences among groups were assessed using ANOVA. A two-way
ANOVA was used to assess treatment combinations of particle size
and exposure concentrations. Mean differences among exposure and
control groups, or different particle sizes, were determined by LSD. If
particle size × exposure concentration interactions were statistically
significant, the independent effectwas shown.Normality and equal var-
iance assumptionswere tested before statistical analysis. If assumptions
were not met, the non-parametric Kruskal-Wallis H test and Kruskal-
Wallis pairwise comparison tests were used to assess differences be-
tween treatment groups. Statistical significance was considered as
p ≤ .05.

The intake modeling was conducted with SPSS 23.0 (IBM, Armonk,
NY, USA), Empower(R) (www.empowerstats.com, X&Y Solutions, Bos-
ton MA, USA) and R software. The primary hypothesis that the propor-
tion of MP-containing nematodes changes as the exposure
concentration, particle size and duration increase was tested by fitting

http://www.empowerstats.com


Table 1
Intake ratio analysis using a generalized additive mixed-effects model.

Difference (95% CI) P value

(Intercept) −0.201 (−0.301, −0.100) 0.0002
Exposure concentration
(particles/m2)

0
2.4 × 107

-
0.369 (0.253, 0.485)a

-
b0.0001

2.4 × 108 0.531 (0.415, 0.647)a b0.0001
2.4 × 109 0.792 (0.676, 0.908)a b0.0001
2.4 × 1010 0.906 (0.790, 1.022)a b0.0001

Exposure duration (h) 24
48

-
0.172 (0.098, 0.246)b

-
b0.0001

72 0.312 (0.238, 0.386)b b0.0001
96 0.362 (0.288, 0.436)b b0.0001

Particle size (μm) 1
5

-
−0.021 (−0.094, 0.053)c

-
0.58

a Compared to the control group.
b Compared to 24 h group.
c Compared with 1 μm MP group.
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a generalized additive mixed-effects model via maximum likelihood
with the percentage of MP-containing nematodes as the outcome.

3. Results

3.1. MP intake by C. elegans

Intake of MPs by C. eleganswas assessed by examining the percent-
age of MP-containing nematodes at different exposure concentrations,
MP size and times. The proportion of nematodes containing 1 and
5 μm MPs increased with increasing exposure concentration and dura-
tion (Fig. 1). After a 72-h exposure to 1 μmMPs, the percentage of nem-
atodes containing MPs increased with increasing MP concentrations
(2.4 × 107, ×108, ×109, ×1010 particles/m2) reaching 48.3, 73.3, 96.7
and 100.0%, respectively, while the control group was 0%. A similar
dose-response was found for 5 μm MPs with the percentage of nema-
todes containing MPs for the low to high MP levels attaining 47.5,
67.5, 87.5 and 97.5%, respectively (Fig. 1).

The generalized additive mixed-effects model described the data
well indicating increased MP-containing nematode percentages of
36.9, 53.1, 79.2, and 90.6%, with increasingMP exposure concentrations
(2.4 × 107, ×108, ×109, ×1010 particles/m2), respectively (P b .0001). In-
creasing exposure time from 24 h to 48, 72 and 96 h increased the per-
centage of MP-containing nematodes from 30.8% to 48.0, 62.0 and
67.0%, respectively (P b .0001). There was no significant difference in
percentage of MP-containing nematodes between the 1 and 5 μm MP
size fractions (P = .58) (Table 1).

3.2. MP effect on C. elegans lifespan

Compared with the control group, C. elegans lifespan was shortened
in both 1 and 5 μmMP exposure groups, except for the highest MP con-
centration (2.4 × 1010 particles/m2) (Fig. 2A and B). The life expectancy
of nematodes in the 2.4 × 107 particles/m2 exposure group with 1 μm
MPs was the shortest among 1 μm treatments with an average lifespan
of 6.0 ± 0.2 d, which was 52.4% lower than the control group 12.6 ±
0.7 d (P b .001) (Fig. 2C). The lifespan of nematodes in the group with
2.4 × 107 particles/m2 of 5 μm MP was the shortest among 5 μm treat-
ments with average lifespans of 7.0 ± 0.7 d (Fig. 2C). When comparing
between 1 and 5 μmMP treatments, no statistical difference was found
(Fig. 2C).

3.3. MP effects on defecation rhythm

Exposure to 1 and 5 μm MPs at different concentrations showed
some effects on defecation rhythm of nematodes. After a 72-h exposure
Fig. 1. Intake of 1 and 5 μm MPs after a 2
to 1 μmMPs, the defecation rhythmwas affected at 2.4 × 108 particles/
m2, with a shorter defecation interval (48.0 ± 1.2 s) compared to the
control (53.3 ± 2.2 s) (P b .05). In contrast, the 72-h exposure to 5 μm
MPs at 2.4 × 108 particles/m2 showed an increased defecation interval
(57.3± 1.4 s) relative to the 1 μm treatment, but the defecation interval
was not significantly different from the control (Fig. 3).

3.4. MP effects on fluorescence expression of defecation-related neurons

After exposure to 1 μmMPs for 72h,meanfluorescence intensities of
the AVL at concentrations of 2.4 × 107 and 2.4 × 108 particles/m2

showed an increasing tendency, and the difference between the
2.4 × 107 particles/m2 group and the control groupwas statistically sig-
nificant (P b .05). However, mean fluorescence intensities of the DVB
were not significantly different between the exposure and control
groups (Fig. 4).

3.5.MP effects on expression of lifespan and defecation-relatedmRNA in the
intestinal tract of C. elegans

L3 larvae exposed to 1 and 5 μm MPs at concentrations of 2.4 × 107

and 2.4 × 108 particles/m2 for 72 h showed differences in gene expres-
sion for all 5 genes with respect to both MP size and concentration
(Fig. 5). For the 1-μm exposure treatment, the expression of skn-1
showed a nearly significant decrease at 2.4 × 107 particles/m2 (P =
.051 vs control) and a large increase at 2.4 × 108 particles/m2. The 5-
μm treatments showed a similar response as the 1-μm treatment with
the expression level for skn-1 decreasing at 2.4 × 107 particles/m2 and
4, 48, 72 and 96 h exposure period.



Fig. 2.Changes in lifespandue to exposure to 1 and5 μmMPs. A: lifespan curves for 1 μmMPs after 72h exposure; B: lifespan curves for 5 μmMPs after 72 h exposure; C: nematode survival
after 72 h exposure to 1 and 5 μm MPs. **: P b .01, ***: P b .001; ns: no significant difference, vs the control (if not specifically indicated).
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increasing at 2.4 × 108 particles/m2. Expression levels for skn-1 were
significantly lower for the 5-μm vs 1-μm treatment at both MP
concentrations.

The expression levels for pmk-1 showed similar trends for 1 and
5 μm MPs with decreased expression levels at 2.4 × 107 particles/m2

and increased expression levels at 2.4 × 108 particles/m2 relative to
the control. For both MP concentrations, the pmk-1 expression was
higher for the 5-μm treatment relative to the 1-μm treatment. Expres-
sion levels ofmkk-4 increased for both exposure concentrations relative
to the control with the 5-μm treatment higher than the 1-μm treatment
for the 2.4 × 107 particles/m2 concentration and the 1-μm treatment
higher than the 5-μm treatment for the 2.4 × 108 particles/m2 treat-
ment. The expression levels for cpr-1 and itr-1 increased after exposure
to 1 and 5 μmMP at 2.4 × 108 particles/m2, but showed a differential re-
sponse at 2.4 × 107 particles/m2 where expression levels decreased for
the 1-μm treatment, but increased for the 5-μm treatment. Moreover,
the expression levels for all five genes changed significantly between
1 and 5-μmMP treatments, but not always in the same direction (Fig. 5).

4. Discussion

Previous studies showed thatMPs can be ingested into the digestive
system where they can be excreted, remain in the digestive tract, or be
Fig. 3. Effect ofMPs on defecation rhythmafter 72 h exposure to 1 and 5 μmMPs. *: P b .05;
***: P b .001; ns: no significant difference, vs the control (if not specifically indicated).
absorbed into the body tissue (Browne et al., 2008;Wright et al., 2013).
In this study, the ingested MPs were found exclusively in the intestine
(Fig. S4). The intake ratio for 1 and 5 μmMPs showed no significant dif-
ference. The intestine is the primary digestive organ of C. elegans, which
secretes digestive enzymes into the lumen and takes up processed nu-
tritional materials along with potential toxicants (Altun and Hall,
2009a). Our results are consistent with those of Julia et al. (2014) who
found MPs to mainly accumulate in the digestive tract, and the amount
of MPs increased as the exposure concentration increased.

Our results showed accumulation of MPs was only in the intestine
and theMPs were largely expelled by themuscle contraction of defeca-
tion. Exposure to 1 μm MPs at 2.4 × 108 particles/m2 induced a signifi-
cant decrease on defecation interval, while there was no change for
the 5-μm MP treatment at the same concentration (Fig. 3). Lei et al.
(2018b) also found that 1 μm particles resulted in a larger toxicity to
C. elegans than larger particles. The 1 μm MPs may be more actively
taken up and accumulated in C. elegans as their size and shape are closer
to that of E. coli cells, their primary food source in these studies (Yuya
et al., 2012). The C. elegans pharynx, in combinationwith the buccal cav-
ity, is adapted to entrap and transport particles of a specific size range
dictated by their bacteria-dominated food source (Christopher et al.,
2009). The E. coli OP50 has an approximate size range of 0.5 × 2 μm
making them similar in size to the 1 μm MPs used in this study. There-
fore, uptake of 1 μm MPs could hinder E. coli uptake and result in
changes in C. elegans physiological and biochemical levels. This observa-
tion is consistent with MP exposure to earthworms (Lumbricus
terrestris), P. nana and zebrafish (Danio rerio), which showed that a
greater proportion of smaller plastics were retained, as opposed to
larger plastics (Batel et al., 2018; Fackelmann and Sommer, 2019;
Huerta Lwanga et al., 2016; Jeong et al., 2017). This could result from
preferential uptake of smaller sizedMPs contributing to a greater reten-
tion potential.

In addition to MP excretion by muscle contraction and expulsion
within the intestine, excretion may occur by other means, such as the
nematode excretory cells, whose role includes osmotic/ionic regulation
and waste elimination, analogous to the renal system of higher animals
(Altun and Hall, 2009b). Further information concerning the excretion
dynamics of nematodes in response to MP exposure is an important



Fig. 4. Effect of 1 μm MPs on the fluorescence expression of AVL and DVB. *: P b .05 vs the control.
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future research topic given the possibility of nematodes introducing
MPs into the food web.

Defecation rhythm is regulated not only by physiological factors, but
also by genetic and molecular responses in the intestine of C. elegans
(Espelt et al., 2005). AVL and DVB neuronswere reported to be involved
in the control of defecation behavior (Sun et al., 2015; Wu et al., 2014).
Exposure to 1 μm MPs increased the fluorescence intensity of the AVL
motor neurons, which suggests that damage of the AVL and DVB neu-
rons resulted in an abnormal defecation behavior.

After exposure to 1 and 5 μm MPs, nematode lifespan decreased by
about 50% for the most severely impacted treatments. Unexpectedly,
the lifespan for the lower concentration exposure groups decreased
more than for the higher concentration exposure groups. Commonly,
dose–response relationships in toxicological studies show a threshold
or linear non-threshold response. However, Calabrese and Baldwin
(2003) reported that a biphasic dose-response, or hormesis-like dose–
response, characterized by a low dose stimulation or beneficial effect
versus a high dose inhibitory or toxic effect, was also common. Some
common environmental pollutants like endocrine-disrupting com-
pounds have been reported to have more severe low dose responses
(Vandenberg et al., 2012).

The lifespan of C. elegans seems to be an appropriatemetric to reflect
the effects of chemicals on a spectrum of changes over time, and sensi-
tive enough to assess the low-dose effect. As previously reported, acryl-
amide induced a significant decrease in lifespan even at an extremely
low dose of 0.5 μg/L, while such adverse effects were not found at
5 mg/L (Hasegawa et al., 2004). The more adverse effect of MPs on
C. elegans lifespan at lower concentrations may result from prolonged
Fig. 5. Gene expressions related with lifespan and defecation in the intestinal
retention of MPs at lower concentrations (data not shown). The intesti-
nal mucus secretion level and protein levels of the cystic fibrosis trans-
membrane conductance regulator (CFTR), which play a critical role in
regulation of epithelial secretions in the intestinal canal, were shown
to decrease more significantly at lower exposure concentrations to
5 μm MPs (Jin et al., 2019). However, other experimental studies
found that MPs did not significantly reduce the lifespan of marine
worms (Kaposi et al., 2014).

The changes in lifespan were further supported by the gene expres-
sion results in this study. Skn-1 is mainly involved in detoxification and
lifespan regulation in nematodes (Blackwell et al., 2015). Loss of skn-1
shortens lifespan and skn-1over-expression or gain-of-function usually
increases the lifespan (Tullet et al., 2017). Thus, the shortened lifespan
maybeattributed todown-regulatedexpressionof skn-1 at the2.4×10-
7 particles/m2 concentration for both particle size groups.

We further investigated the expression level of genes known to reg-
ulate the development and function of the intestine (Altun and Hall,
2009a; Maduro, 2017). In this study, we found that exposure to 1 and
5 μmMPs at a concentration of 2.4 × 108 particles/m2 for 72 h increased
the transcriptional expressions ofmkk-4, pmk-1, cpr-1 and itr-1 (Fig. 5),
which may induce a protection response to MP exposure. Qu et al.
(2018) found that exposure of acs-22 mutant nematodes to nano-
polystyrene particles (1 μg/L) enhanced intestinal permeability by trig-
gering a protection mechanism through enhanced transcriptional ex-
pression of genes in the SOD, catalases, and Nrf signaling pathways.
These possible protection responses in our study seem to counteract
the toxicity induced by MPs to varying degrees, which may explain
why the defecation rhythm response and the expression of
tract. **: P b .01, ***: P b .001, vs the control (if not specifically indicated).
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corresponding neuronswere differentially mediated by 1 and 5 μmMPs
at the 2.4 × 108 particles/m2 concentration (Figs. 3 and 4). In sum, the
gene expression results provide primary evidence that the lifespan
and intestine function of nematodes responded to MP exposure and
demonstrated enhanced sensitivity to lower MP concentrations.

5. Conclusions

In this study, C. eleganswas exposed to 1 and 5-μmMPs across a con-
centration range of 107–1010 particles/m2 for 72 h. Results demon-
strated that 1 and 5 μm MPs were readily ingested. Ingestion
increased at higher exposure concentrations, and induced toxic effects
on lifespan and the intestine at the physiological, genetic, andmolecular
levels. The 1 μm MPs, especially at the lowest concentration evaluated
(2.4 × 107 particles/m2), produced more adverse effects than the 5 μm
MPs. Unexpectedly, lower MP concentrations resulted in more severe
impacts on C. elegans lifespan than higherMP concentrations suggesting
a biphasic dose-response to MP exposure.
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