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The deposition of a certain amount of nanopolystyrene (NPS) can be observed in the gonad of Caenorhabditis

elegans. However, we still know little about the response of germline towards NPS exposure. In the germline
of C. elegans, NPS (1-1000 pg L™Y increased the expression levels of two G protein-coupled receptors
(GPCRs), namely PAQR-2 and CED-1. Moreover, susceptibility to NPS toxicity was observed in ced-1(RNAI)
worms, which suggested that the protective response of germline was mediated by GPCR CED-1. In the
germline, five proteins (CED-10, VPS-34, SNX-1, RAB-7, and RAB-14) functioned as downstream targets of
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GPCR CED-1 in controlling NPS toxicity. Furthermore, these five targets in the germline regulated NPS

toxicity by affecting the activities of p38 MAPK and insulin signaling pathways in intestinal cells. Therefore,
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1. Introduction

Based on the observations of ubiquity and degradation into
smaller particles (microplastics (MP) or nanoplastics (NP)), it has
been gradually recognized that plastic pollution is already
a serious environmental concern.> Moreover, a growing number
of literature on exposure to MP or NP have indicated their adverse
effects on biota.>* Exposure to MP or NP could potentially induce
damage to development, movement activity, immune system,
reproductive capacity, etc.>® A few determining factors, including
particle size, exposure concentration, exposure duration, species,
and polymer type, can affect the toxicity induction of MP or NP.°
After the exposure, the determination of MP or NP toxicity was
closely related to the activation of oxidative stress in organisms.'*"*

The NP particles are supposed to be abundant in different
environments (such as aquatic environments) due to their role
at the expected lower end of size distribution.*” The emergence
of possible impacts due to NP exposure on environmental
animals and humans has received increasing attention."
Recently, the nematode Caenorhabditis elegans has been applied
for the evaluation of NP toxicity.'** It is an animal model
having sensitivity towards numerous environmental expo-
sures.'® Potential exposure to NP particles induces at least
reproductive toxicity, intestinal toxicity, and neurotoxicity in C.
elegans."” " After exposure, the NP particles could not only be
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we raised a GPCR CED-1-mediated signaling cascade in the germline in response to NPS exposure, which
is helpful for understanding the molecular basis of the germline in response to NPS exposure.

accumulated in the intestinal lumen but could also further be
translocated and enriched in the gonad of nematodes.”**

Bioavailable environmental toxicants normally induce the
response by inhibiting or activating some G protein-coupled
receptors (GPCRs) on the cytoplasmic membrane.?*** C. ele-
gans is a powerful model to examine the molecular response of
GPCRs towards toxicants.** A certain number of GPCRs has
been identified in different tissues to control stress response
towards toxicants.”® For example, the intestinal GPCR of DAF-2
regulated nanoplastic toxicity by activating the downstream
signaling cascade of AGE-1-AKT-1-DAF-16.>° Nevertheless,
GPCRs in the germline dysregulated by the NP exposure are
largely unclear in organisms.

The primary goal of this study is to determine GPCRs in the
germline required for controlling response towards NP. Specific
goals are: (i) to identify germline GPCRs dysregulated by NP
exposure; (ii) to examine the role of germline GPCRs in controlling
responses towards NP, and (iii) to determine the molecular basis
for germline GPCRs in controlling NP toxicity. Nanopolystyrene
(NPS) can be potentially used in at least food containers, packaging,
textiles, and adhesives.””?® Thus, we selected NPS as the model NP
and C. elegans as the animal model. We hypothesized that specific
GPCRs existed in the germline required for response towards NPS.
We also raised the evidence that GPCR CED-1 mediated the
response of worms in the germline to the NPS exposure.

2. Experimental section
NPS characterizations

NPS (100 nm) suspended in water was purchased from Janus
New-Materials Co. (Nanjing, China). The transmission electron
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Identification of the germline GPCRs in response to NPS exposure in wild-type nematodes. (A) TEM image of NPS in the K medium before
sonication. (B) Effect of NPS exposure on the expressions of genes encoding germline GPCRs in wild-type nematodes. Approximately 40 intact
gonads were isolated for the extraction of total RNAs. Bars represent means 4+ SD. **P < 0.01 vs. control. Statistical significance of differences
between treatments was examined using one-way ANOVA.

Fig. 1

microscopy (TEM) image of NPS before sonication is given in
Fig. 1A, which shows the spherical morphology of NPS. Some
other properties of this commercial NPS have been described in
previous studies via Fourier transform infrared (FTIR) spec-
troscopy and Raman spectroscopy.’”®* The zeta potential
measurement indicated the value of —9.143 + 0.258 mV for
NPS. The dynamic light scattering (DLS) measurement indi-
cated that the size of NPS was 102.55 + 3.8 nm. Working
concentrations for NPS suspensions were 1-1000 pg L. Before
the exposure, the working NPS suspensions were sonicated at 40
kHz (100 W) for 30 min. After sonication, the NPS suspensions
did not show obvious aggregation for at least two days.>**°

Strains and cultivation

The worm strains (unless otherwise described) and Escherichia
coli strains (HT115 and OP50) were from the Caenorhabditis
Genetics Center. Information for C. elegans strains is given in
Table S1.t1 C. elegans was cultured as per standard procedure on
nematode growth medium (NGM) agar seeded with OP50 in
Petri dishes.*” To obtain a synchronized L1-larvae population,
gravid worms were treated with a bleaching solution containing
NaOH (0.45 M) and 2% HOCI (2%) to release enough eggs on
NGM plates.*® Following that, the eggs were allowed to develop
into L1 larvae.

NPS exposure

The synchronized L1 larval worms were transferred and exposed
in NPS suspensions added with OP50 (~4 x 10°® CFUs) to adult
day-3 (approximately 6.5 days).*® The liquid PS-NP suspensions
were used for exposure. NPS suspensions were refreshed daily
during the exposure process by transferring worms into new
liquid PS-NP suspensions. During the NPS exposure, we did not
observe clear developmental defects.

Assessment endpoints

The production of reactive oxygen species (ROS) was applied in
order to reflect the induction of oxidative stress.** C. elegans was
treated for 3 h with CM-H,DCFDA (1 uM) in darkness, followed
by washing using M9 buffer. Fluorescent signals in C. elegans
were observed at 510 nm (emission filter)/488 nm (excitation
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wavelength) under a laser scanning confocal microscope. In
worms, the strongest ROS fluorescent signals are located in the
intestine. Intestinal fluorescence intensities were analyzed by
normalization against autofluorescence. For each exposure, 50
worms were determined.

The locomotion behavior was used to indicate the possible
neurotoxicity of NPS.** C. elegans was first washed with the M9
buffer, and after further recovery on the NGM plate for 1 min,
their locomotion behaviors were analyzed under a dissecting
microscope. To determine the head thrash, alteration in the
direction of posterior bulb along the y-axis was analyzed,
assuming that the traveling direction was along the x-axis. To
determine the body bend, alteration in the bending direction at
mid-body was analyzed. For each exposure, 40 worms were
determined.

Brood size can reflect the reproductive capacity in worms.®
The brood size was counted as the number of offsprings at all
stages beyond the egg under an optical microscope.** For each
exposure, 30 worms were examined.

Quantitative real-time polymerase chain reaction (qRT-PCR)

The worms were first ground in liquid nitrogen. Total RNA was
extracted using TRIZOL (Invitrogen) according to the manu-
facturer's protocol. The concentration and purity of extracted
RNAs were further determined using a spectrophotometer. The
complementary DNA (cDNA) was synthesized from the same
amount of total RNAs in the reverse transcriptase reaction using
a Superscript III first-strain synthesis system (Invitrogen). qPCR
was carried out with the StepOnePlus™ real-time PCR system
using gene-specific primers (Table S21) and SYBR Green qRT-
PCR master mix in order to determine the transcriptional
expressions of examined genes. The relative mRNA expressions
were examined by normalization against the mRNA of TBA-1, an
alpha-tubulin protein. Three independent experiments were
then carried out.

RNA interference (RNAi)

RNAI experiments were carried out by feeding C. elegans with
bacteria (HT115) expressing double-stranded (ds) RNAs of
PAQR-2, CED-1, CED-10, VPS-34, SNX-1, RAB-7 or RAB-14.%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Before the growth on NGM plates, HT115 was transferred into
an LA broth (LB broth containing 100 pug L™' ampicillin) with
the addition of 5 mM isopropyl 1-thio-B-p-galactopyranoside
(IPTG). Then, the L1 larvae were cultured on RNAi plates with
specific RNAi clones or an empty RNAi vector (L4440). The next
generation was used for exposure to NPS. The DCL569 strain
was a tool for the germline RNAi knockdown.’” The RNAI
knockdown efficiency was confirmed by the qRT-PCR analysis.

Constructs generation and transformation

For the construction of Pmex-5-ced-1, ced-1/Y47H9C.4a.1 was
inserted in pPD95_77 with Pmex-5 (expressed in the germline)
promoter. The transgene was performed by the coinjection of
constructs (50 pg mL ") and marker construct (Pdop-1::7fp, 50
ug mL ') in the gonad.®® Related primers are given in Table S3.7

Data analysis

Using the SPSS Statistics 19.0 software, we performed the data
analysis, and the data were presented as the mean =+ standard
derivation (SD). The statistical significance of differences
between treatments was examined using the one-way analysis of
variance (ANOVA), followed by the post hoc test. Besides one-
way ANOVA, two-way ANOVA was also carried out for
comparing multiple factors.

3. Results and discussion
Identification of germline GPCRs in response to NPS exposure

Previous studies have suggested that some genes encoding
germline GPCRs (PAQR-2, GLC-1, SER-7, GLP-1 and CED-1) were
potentially required for stress response.**** After the exposure,
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NPS (1-1000 pg L") did not influence glc-1, ser-7, and glp-1
expressions in the germline (Fig. 1B). However, exposure to NPS
(1-1000 ug L) increased the expressions of pagr-2 and ced-1 in
the germline (Fig. 1B). In NPS (1-1000 pug L") exposed C. ele-
gans, an increase in the expression levels of pagr-2 and ced-1 in
the germline was concentration-dependent (Fig. 1B).

Germline RNAi knockdown of ced-1 led to susceptibility to
NPS toxicity

Using the DCL569 strain, the germline RNAi knockdown of
paqr-2 or ced-1 could not result in a clear production of ROS,
affected locomotion behavior, and influenced brood size under
normal conditions (Fig. 2 and S11). The germline RNAi knock-
down of pagr-2 did not influence the NPS toxicity (Fig. 2 and
S1t). Different from this, the toxicity of NPS exposure in
inducing ROS production, inhibiting locomotion behavior, and
reducing brood size was enhanced by the germline RNAi
knockdown of ced-1 (Fig. 2 and S1}). Thus, the GPCR CED-1
function in the germline is to control the NPS toxicity. The
efficiency for the germline RNAi knockdown of paqr-2 or ced-1 is
shown in Fig. S2.1

Target identification for germline CED-1 in controlling NPS
toxicity

Potentially targeted genes of CED-1 have been raised during the
control of different processes, and some of them can be
expressed in the germline.*** Among 16 potential targeted
genes for germline ced-1, the germline RNAi knockdown of ced-1
decreased the expression of CED-6, CED-10, DYN-1, VPS-34,
LST-4, SNX-1, SNX-6, RAB-7, RAB-14, and EPN-1 in NPS-exposed
DCL569 nematodes (Fig. 3A). Among these 10 candidate genes,
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Fig.2 Effect of the germline RNAi knockdown of pagr-2 or ced-1 on the toxicity of NPS. (A) Effect of the germline RNAi knockdown of pagr-2 or
ced-1 on the toxicity of NPS in inducing ROS production. (B) Effect of the germline RNAi knockdown of paqr-2 or ced-1 on the toxicity of NPS in
decreasing the locomotion behavior. The NPS exposure concentration was 1 ug L™, Bars represent means + SD. **P < 0.01 vs. control (if not
specially indicated). If not specially indicated, the statistical significance of differences between treatments was examined using one-way ANOVA.
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Fig. 3 Identification of downstream targets of intestinal CED-1 in regulating the response to NPS exposure. (A) Effect of the germline RNAI
knockdown of ced-1 on gene expressions in NPS-exposed nematodes. L4440, empty vector. Bars represent means + SD. **P < 0.01 vs. DCL569.
Statistical significance of differences between treatments was examined using one-way ANOVA. (B) Effect of NPS exposure on the expressions of
CED-6, CED-10, DYN-1, VPS-34, LST-4, SNX-1, SNX-6, RAB-7, RAB-14, and EPN-1 in wild-type nematodes. Bars represent means + SD. **P <
0.01vs. Control. Statistical significance of differences between treatments was examined using one-way ANOVA. (C) Effect of the germline RNAi
knockdown of ced-10, vps-34, snx-1, rab-7, or rab-14 on NPS toxicity in inducing ROS production. L4440, empty vector. Bars represent means +
SD. **P < 0.01 vs. control (if not specially indicated). If not specially indicated, the statistical significance of differences between treatments was
examined using one-way ANOVA. (D) Effect of the germline RNAi knockdown of ced-10, vps-34, snx-1, rab-7, or rab-14 on NPS toxicity in
decreasing locomotion behavior. L4440, empty vector. Bars represent means + SD. **P < 0.01 vs. control (if not specially indicated). If not
specially indicated, the statistical significance of differences between treatments was examined using one-way ANOVA. The NPS exposure
concentration was 1 pg L™,

NPS (1 pg L™ 1) further increased the expression levels of CED-
10, VPS-34, SNX-1, RAB-7, and RAB-14 in wild-type nematodes

toxicity. These findings implied the potential function of CED-
10, VPS-34, SNX-1, RAB-7, and RAB-14 as targets for the germ-

(Fig. 3B). In NPS exposed DCL569 worms, the germline RNAi
knockdown of ced-10, vps-34, snx-1, rab-7, or rab-14 caused
severe production of ROS, suppression in the locomotion
behavior, and reduction in the brood size (Fig. 3C, D and S37),
indicating the susceptibility of ced-10(RNAi), vps-34(RNAi), snx-
1(RNAi), rab-7(RNAi), and rab-14(RNAi) animals towards NPS

2000 | Nanoscale Adv, 2021, 3, 1997-2006

line CED-1 in controlling responses towards NPS exposure. ced-
10 encodes a small GTPase, vps-34 encodes a VPS protein, snx-1
encodes a BAR domain-containing sorting nexin, rab-7 encodes
a GTPase, and rab-14 also encodes a GTPase. The efficiency for
the germline RNAi knockdown of ced-10, vps-34, snx-1, rab-7 or
rab-14 is shown in Fig. S4.1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Genetic interaction between CED-1 and CED-10, VPS-34, SNX-
1, RAB-7, or RAB-14 in the germline to control response to NPS
exposure

To confirm the role of CED-10, VPS-34, SNX-1, RAB-7 or RAB-14
as the targets of the germline CED-1 in controlling NPS toxicity,
we examined the genetic interaction between CED-1 and CED-
10, VPS-34, SNX-1, RAB-7, or RAB-14 in the germline. The
germline overexpression of CED-1 significantly suppressed the
production of ROS, enhanced the locomotion behavior, and
increased the brood size in NPS exposed worms (Fig. 4 and S57),
indicating the resistance of animals overexpressing germline
CED-1 (Is(Pmex-5-ced-1)) to the NPS toxicity. Moreover, the RNAi
knockdown of ced-10, vps-34, snx-1, rab-7, or rab-14 could cause
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a clear production of ROS, inhibition of the locomotion
behavior, and reduction in the brood size in NPS exposed Is(P-
mex-5-ced-1) worms (Fig. 4 and S57), demonstrating that CED-
10, VPS-34, SNX-1, RAB-7, and RAB-14 acted downstream of
germline CED-1 to control the NPS toxicity.

Effect of the germline RNAi knockdown of ced-10, vps-34, snx-
1, rab-7, or rab-14 on the expressions of genes encoding
intestinal signaling

In C. elegans, the insulin, Wnt, p38 MAPK, and ELT-2 signaling
pathways functioned in intestinal cells to control NPS
toxicity.>******* In the insulin signaling pathway, DAF-16 is
a FOXO transcriptional factor; in the Wnt signaling pathway,
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Fig. 4 Genetic interactions between CED-1 and CED-10, VPS-34, SNX-1, RAB-7, or RAB-14 in the germline to regulate the response to NPS
exposure. (A) Genetic interaction between CED-1 and CED-10, VPS-34, SNX-1, RAB-7, or RAB-14 in the germline to regulate the NPS toxicity in
inducing ROS production. (B) Genetic interactions between CED-1and CED-10, VPS-34, SNX-1, RAB-7, or RAB-14 in the germline to regulate the
NPS toxicity in decreasing locomotion behavior. The exposure concentration of NPS was 1 ng L™, Bars represent means + SD. **P < 0.01 vs.
control (if not specially indicated). If not specially indicated, the statistical significance of differences between treatments was examined using

one-way ANOVA.
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BAR-1 is a B-catenin transcriptional factor; and in the p38 MAPK
signaling pathway, PMK-1 is a p38 MAPK. In insulin, Wnt, and
p38 MAPK signaling pathways, only PMK-1/p38 MAPK and
signaling cascades of DAF-2-AGE-1-AKT-1-DAF-16 and GSK-3-
BAR-1 were found to be in response to NPS (1 ug L") expo-
sure.>***%° After NPS exposure, the germline RNAi knockdown of
ced-10, vps-34, snx-1, rab-7 or rab-14 could not influence the
expression levels of BAR-1 and ELT-2 (Fig. 5A). In contrast, the
germline RNAi knockdown of ced-10, rab-7 or rab-14 decreased
the DAF-16 expression, and the germline RNAi knockdown of
vps-34 or snx-1 decreased PMK-1 expression (Fig. 5A). Moreover,
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we found that the germline RNAi knockdown of ced-1 could
further decrease the expression of DAF-16 and PMK-1 in NPS-
exposed DCL569 worms (Fig. S61). Nevertheless, after the NPS
exposure, the germline RNAi knockdown of ced-1 could not
affect the expressions of BAR-1 and ELT-2 (Fig. S67).

During the regulation of stress response, the germline is an
important organ.” In C. elegans, the bioavailable NPS particles
were not only accumulated in the intestinal lumen but were also
translocated and deposited in some reproductive organs, such
as the gonad.”®*' This observation implied that the NPS parti-
cles can directly activate the response of C. elegans in the
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Fig. 5 The germline RNAi knockdown of ced-10, vps-34, snx-1, rab-7, or rab-14 affected expressions of DAF-16 and PMK-1 in NPS exposed
DCL569 nematodes. (A) Effect of germline RNAi knockdown of ced-10, vps-34, snx-1, rab-7, or rab-14 on expressions of DAF-16, PMK-1, BAR-1,
and ELT-2in NPS exposed DCL569 nematodes. L4440, empty vector. The NPS exposure concentration was 1 ug L™, Bars represent means = SD.
**P < 0.01 vs. DCL569. Statistical significance of differences between treatments was examined using one-way ANOVA. (B) A diagram showing
the molecular basis for the germline CED-1 in response to NPS exposure in nematodes.
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germline to NPS exposure. Nevertheless, there is still no direct
evidence to support this assumption. Here, we found that NPS
(1-1000 pg L") increased the expressions of two GPCRs in the
germline (PAQR-2 and CED-1) (Fig. 1B). That is, a certain
number of GPCRs can be activated in the germline by NPS
exposure. This provides evidence for the existence of direct
molecular response in the germline to NPS exposure in C.
elegans.

For the two candidate germline GPCRs, the phenotype
analysis indicated that only RNAi knockdown of ced-1 affected
the toxicity of NPS (Fig. 2 and S17). The susceptibility could be
observed in ced-1(RNAi) worms (Fig. 2 and S1%). Initially, CED-1
was identified to mediate the degradation and engulfment of
cell corpses,®*® which indicates that CED-1 has the ability to
recognize apoptotic cells by acting as a phagocyte receptor.>*
Due to this biological role, CED-1 is also required for the
removal of neuronal debris during neuronal regeneration.*
Moreover, CED-1 is involved in innate immunity control by
activating the expression of genes for unfolded protein
response.* In this study, our results further demonstrated that
GPCR CED-1 in the germline can control the stress response by
mediating a protective response towards certain toxicants such
as NPS (Fig. 5B).

During the control of NPS toxicity, we provided several lines
of evidence to prove the roles of CED-10, VPS-34, SNX-1, RAB-7,
and RAB-14 as downstream targets activated by GPCR CED-1 in
the germline in controlling NPS toxicity. First, the genes
encoding these five proteins could be increased by NPS expo-
sure (Fig. 3B) and decreased in NPS exposed ced-1(RNAi) worms
(Fig. 3A). Second, the susceptibility to NPS toxicity could be
detected in ced-10(RNAI), vps-34(RNAi), snx-1(RNAi), rab-7(RNAi),
and rab-14(RNAi) worms (Fig. 3C, D and S37). More importantly,
the resistance of Is(Pmex-5-ced-1) worms towards NPS toxicity
was inhibited by the RNAi knockdown of ced-10, vps-34, snx-1,
rab-7, and rab-14 (Fig. 4 and S57). During the removal of cell
corpses, CED-10 linked different engulfment pathways by
functioning downstream of CED-7, CED-6 and CED-1.*® During
the phagolysosome formation, RAB-7 was a downstream
effector of CED-1.>” VPS-34 and RAB-14 functioned in an
ordered manner downstream of CED-1 to control phagosome
maturation.***>*® SNX-1 (a nexin) was required in driving the
degradation of cell corpses in the signaling cascade initiated by
CED-1."® Here, we further raised the signaling cascade of CED-1-
CED-10/VPS-34/SNX-1/RAB-7/RAB-14 in the germline to control
NPS toxicity, which strengthened the understanding of the
molecular basis for the germline in response to exposure to
toxicants such as NPS (Fig. 5B). Nevertheless, the molecular
basis for the germline in response to NPS exposure was still very
limited. Future work on the elucidation of molecular signals
mediated by germlinez CED-10, VPS-34, SNX-1, RAB-7 and RAB-
14 in controlling NPS toxicity is needed.

In C. elegans, during the degradation and engulfment of the
apoptotic cell, CED-6 (an adaptor protein) and DYN-1 (a GTPase
dynamin) mediate the CED-1 function.*>* At the early step, LST-
4 promoted the phagosome maturation process.’® SNX-6 is
another nexin in the signaling cascade initiated by CED-1 to
regulate the degradation of cell corpses.”® EPN-1 (an adaptor
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epsin) functioned in the same CED-1 pathway to control cell
corpse engulfment.”® We further observed that besides the
expression levels of CED-10, VPS-34, SNX-1, RAB-7, and RAB-14,
the expression levels of CED-6, DYN-1, LST-4, SNX-6, and EPN-1
were also inhibited in 100 nm NPS exposed ced-1(RNAi) worms
(Fig. 3A). In C. elegans, the smaller NPS particles induced more
severe toxic effects than polystyrene having large sizes.®® Doses
(=1 pg L") have been raised as predicted environmental doses
for NP particles.® Thus, CED-6, DYN-1, LST-4, SNX-6 and EPN-1
may also potentially function downstream of the germline
GPCR CED-1 to control the toxicity of NPS with the smaller size
and at the predicted environmental concentration.

Furthermore, we found the germline-intestine communica-
tion mediated by CED-6, DYN-1, LST-4, SNX-6, and EPN-1
during the control of NPS toxicity (Fig. 5B). In NPS-exposed
nematodes, the expressions of DAF-16 and PMK-1 could be
inhibited in ced-10(RNAi), vps-34(RNAi), snx-1(RNAi), rab-7(RNAi)
or rab-14(RNAi) worms (Fig. 5A). Previous studies have indicated
that the functions of both p38 MAPK and insulin signaling
pathways in controlling NPS toxicity were only restricted in the
intestinal cells.”®*° Therefore, CED-1 activated signaling cascade
in the germline could control the NPS toxicity by affecting the
activities of p38 MAPK and insulin signaling pathways in the
intestinal cells. That is, besides the neuron-intestine commu-
nication,®* the germline-intestine communication is further
required for controlling NPS toxicity.

4. Conclusions

Together, we examined the GPCRs in the germline in response
to NPS exposure. We detected two GPCRs in the germline
(PAQR-2 and CED-1) activated by NPS (1-1000 pg L™ "). After the
NPS exposure, the increase in the germline GPCR CED-1
mediated a protective response. CED-1 mediated this protec-
tive response to NPS exposure by activating the downstream five
targets (CED-10, VPS-34, SNX-1, RAB-7, and RAB-14). Moreover,
these five germline targets further controlled the NPS toxicity by
affecting the functions of p38 MAPK and insulin signaling
pathways in the intestine. Our findings strengthened the
understanding of the molecular basis for the germline in
response to NPS exposure.
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