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• Sea urchin development is disturbed by
plastic particle leachates.

• Abnormalities include radialisation; skele-
ton, neural and immune cellsmalformation.

• Transcriptomics reveal altered gene expres-
sion determining malformed structures.

• Metabolomics show high redox stress;
low mitochondria activity and DNA/RNA
synthesis.

• PVC leachates have high concentrations of
zinc.
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Microplastics are now polluting all seas and, while studies have found numerous negative interactions between plastic
pollution and marine animals, the effects on embryonic development are poorly understood. A potentially important
source of developmental ecotoxicity comes from chemicals leached from plastic particles to the marine environment.
Here we investigate the effects of leachates from new and beach-collected pellets on the embryonic and larval devel-
opment of the sea urchin Strongylocentrotus purpuratus and demonstrate that exposure of developing embryos to these
leachates elicits severe, consistent and treatment-specific developmental abnormalities including radialisation of the
embryo and malformation of the skeleton, neural and immune cells. Using a multi-omics approach we define the
developmental pathways disturbed upon exposure to PVC leachates and provide amechanistic view that pinpoints cel-
lular redox stress and energy production as drivers of phenotypic abnormalities following exposure to PVC leachates.
Analysis of leachates identified high concentrations of zinc that are the likely cause of these observed defects. Our
findings point to clear and specific detrimental effects of marine plastic pollution on the development of echinoderms,
demonstrating that chemicals leached from plastic particles into sea water can produce strong developmental abnor-
malities via specific pathways, and therefore have the potential to impact on a wide range of organisms.
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1. Introduction
Plastic pieces are an ever-growing pollutant and have been most exten-
sively studied in the marine environment (Eriksen et al., 2014; Thushari
and Senevirathna, 2020), threatening marine ecosystems by several mech-
anisms, at different life stages and affecting a large swathe of animals
(Wright et al., 2013). Microplastics (plastic particles smaller than 5 mm)
can come from the degradation of bigger plastic items lost in the environ-
ment, such as plastic bottles or bags. They can also be purposely made
small, or derived from abrasion during manufacturing or use (Sundt and
Per-Erik Schultze, 2014), arriving to the environment already as small plas-
tic particles. Examples of the latter, known as primary microplastics, are
plastic preproduction pellets, cosmetic microbeads and abrasion particles
from synthetic textiles and tyres (Boucher and Friot, 2017; Rochman
et al., 2019).

Plastic pre-production pellets are the rawmaterial used in the manufac-
ture of plastic items. Shaped similarly to lentils, these small, typically
2–5 mm in diameter (Karlsson et al., 2018), plastic beads are made from
any type of plastic polymer and shipped around the world to their destina-
tion factories to produce everything from water bottles to drain pipes
and garden furniture. In the producing process, these plastic nurdles are
supplemented with different types of chemical additives that will act as
plasticisers (such as phthalate esters), stabilisers or antioxidants, among
others. Unfortunately, accidental loss of these pellets during manufacture,
processing and transport is not uncommon (Essel et al., 2015; Karlsson
et al., 2018), with first occurrences being reported 50 years ago
(Carpenter and Smith, 1972; Carpenter et al., 1972).

Around 230,000 t of nurdles end up in the ocean every year
(Sherrington, 2016), and in the UK only, between 5 and 53 billion pellets
are estimated to be lost from production plants (Cole and Sherrington,
2016). Some recent spills have had catastrophic consequences for the envi-
ronment around the spill site, and after, these beads can be found hundreds
of miles away and in other territories (van der Molen et al., 2021). A recent
example of such an environmental tragedy is the Express pearl disaster in
Sri Lanka in 2021 (Sewwandi et al., 2022), but a fewmore areworth noting
(recently, South Africa 2020 and 2018, North Sea 2019 and 2020). Once in
the water, fish and other animals can ingest these particles by mistake, and
they can end up in their digestive tracts (Carpenter et al., 1972; Provencher
et al., 2015). Moreover, not only can they leach the native additives, but
they are also capable of adsorbing persistent organic pollutants,
transporting them, and later releasing them back into the water (Teuten
et al., 2009; Engler, 2012; Gauquie et al., 2015; Rendell-Bhatti et al.,
2020). At the spill site, the concentration of plastic can be overwhelming,
and due to the potential high concentration of toxic leachates it is very
important to understand the short-term effect of these leachate additives
for marine life. It is also of interest to know the evolution of the hazardous
nature of the particle if it stays in the water and has a longer life at sea. One
particularly sensitive life stage is during early development when, rather
than being affected by consumed plastics, the toxic effects occur through
the leaching of chemicals into the water (Li et al., 2016; Oliviero et al.,
2019; Rendell-Bhatti et al., 2020; Gardon et al., 2020).

Development is highly regulated, and the processes involved are highly
conserved in the animal kingdom. Fertilisation of gametes and develop-
ment of marine embryos mostly occur in the water, and in the case of inver-
tebrates, this is usually a very fast process. Hence, exposure to high
concentrations of plastic leachates, which are not expected in normal
marine environments, during early life stages may lead to impairment of
normal embryo development and populations might decrease as a conse-
quence of reduced recruitment.

Sea urchins are ideal experimental systems to investigate such conse-
quences, due to the stereotypic development of their embryos and early
larvae, the availability of genetic resources and the detailed description of
their cell type repertoire (Angerer and Davidson, 1984; Andrew Cameron
and Davidson, 1991; Ernst, 2011; Massri et al., 2021; Paganos et al.,
2021). Importantly, sea urchin embryos offer the possibility to untangle
the molecular mechanisms related to a given phenotype as a result of
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gene perturbation or exposure to different substances, due to the fact that
most gene regulatory networks (GRNs) controlling axial establishment, as
well as the specification and differentiation of most of its cell types, have
been reconstructed in great detail (Li et al., 2012; Annunziata and
Arnone, 2014; Andrikou et al., 2015; Arnone et al., 2016; Martik et al.,
2016; Ettensohn, 2020).

We have previously shown strong developmental abnormalities caused
by plastic leachates in the sea urchin Paracentrotus lividus (Rendell-Bhatti
et al., 2020). One of the most severe phenotypes was caused by PVC leach-
ates that induced deficits in neurogenesis, skeletogenesis and axial pattern-
ing, but the mechanistic processes behind those have not been studied.
Here, we use a multi-omics approach to unravel the molecular mechanisms
and pathways affected by the exposure of embryos and larvae of the sea ur-
chin Strongylocentrotus purpuratus to PVC leachates. In detail, we performed
differential RNA sequencing (deRNA-seq) on embryos/larvae reared in nor-
mal filtered seawater (FSW) and in PVC leached FSW. Next, by taking ad-
vantage of the already established S. purpuratus larvae cell type family
atlas (Paganos et al., 2021) we mapped the differentially transcribed
genes into distinct domains of the embryo and larva to uncover which are
the specific cell types and GRNs affected. In parallel, we performed
metabolomic profiling of the PVC leachate-treated specimens and in
combination with deRNA-seq we reconstructed the precise metabolic
pathways affected in response to the leachates. Finally, chemical analysis
of the PVC leachates revealed the presence of contaminants in the
water, all in all providing evidence of the impact of PVC contamination
on marine life.

2. Materials and methods

2.1. Animal husbandry and fertilisation

Adult S. purpuratus were housed in circulating seawater at 14 °C, to pre-
vent them from spontaneous spawning, in the aquarium facility of the
Stazione Zoologica Anton Dohrn, Naples (Italy). Gamete release was
induced by vigorously shaking ripe animals. Eggs were cleaned of any
debris by filtering through 100 μm mesh. For each fertilisation, 5 μl of dry
sperm was diluted with 13 ml of Filtered Seawater (FSW) and eggs were
fertilised by adding 5 drops of the diluted sperm in single crossings.
Fertilisation success was checked to ensure the elevation of the fertilisation
membrane in >95 % of eggs. Embryos and larvae were let to develop at
15 °C in 9:1 diluted FSW (9 parts filtered Mediterranean Sea seawater,
1 part distilled water) to reach the appropriate salinity of approximately
35 ppt.

2.2. Generation of microplastic leachates and embryo exposure

Plastic particles were used to obtain leachates. Beach pellets were col-
lected from Cornwall, UK. These pellets were separated in two classes:
Nurdles and Biobeads, and were manually sorted from other plastics and
organic matter. Nurdles are the pre-production plastic material that feeds
any factory making plastic products, and can be of any type of plastic avail-
able (Mato et al., 2001). Biobeads are floating filters of the same size as
nurdles but with a rugged edge to increase surface area to aid their filtering
properties. They are made of plastics recycled from end-of-life electrical
and electronic material and are used in water treatment plants in
the South west of England, among other places (Turner et al., 2019). Com-
mercial PVC nurdles (from now on just referred to as PVC) purchased from
Northern Polymers and Plastics Ltd. (UK) were used as non-environmental
pellets. We obtained the microplastic leachates from these plastic pellets as
described in (Rendell-Bhatti et al., 2020) with slight modifications. In brief,
plastic pellets were added to filtered seawater (0.22 μm) at a concentration
of 10 % (v/v). Pellets were leached for 72 h on a Heidolph orbital platform
shaker (Heidolph Unimax 2010), with continuous shaking at room temper-
ature (ca 18 °C) in the dark. Leachates were obtained by filtering through
filter paper in order to remove particles. Leachates were diluted to the
final concentration in filtered seawater (0.22 μm).
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Embryos were added to treatment beakers, containing 500 ml of
microplastic leachate or control FSW, at a density of 50 embryos perml, im-
mediately after confirmation of fertilisation success and left to develop in a
static incubator at 15 °C on a 12:12 light dark cycle until the desired stage
(48 or 72 hpf). Plastic particle concentrations in the treated water ranged
between 1 % and 10 %.

2.3. Transcriptome sequencing and expression analysis

Three batches of control and 10 % PVC leachate-treated embryos were
used to obtain RNA samples at 48 hpf and 72 hpf. Each sample was com-
posed of thousands of embryos/larvae. All samples were snap frozen in liq-
uid nitrogen and stored at −80 °C. Total RNA was extracted using the
Qiagen Rneasy Mini kit with Dneasy column following the manufacturer's
specifications. RNA concentration and quality were assessed using a
nanodrop (Invitrogen) and integrity was visualised in an agarose gel.
These six RNA samples were processed at Genomix 4 Life (Salerno, Italy).
After quality assessment, TruSeq standard mRNA libraries were prepared
and sequencing was performed with an Illumina NextSeq 500 platform
using 75 bp paired-end sequencing. The samples were mapped onto the
newest reference genome (Spur v5.0) obtained from Echinobase
(Arshinoff et al., 2022) using STAR (version 2.7.5c) (Dobin et al., 2013),
with the standard parameters for paired reads. The transcriptomic
sequences have been deposited at GenBank under BioProject ID
PRJNA890282. The quantification of transcripts expressed for each
sequenced sample was performed using FeatureCounts algorithm (version
2.0) (Liao et al., 2014). R was used to create a matrix of all genes expressed
in all samples with the corresponding read-counts and the data were
normalised in a Bioconductor package DESeq2 (Love et al., 2014), using
the median of ratio to perform the differential expression analysis between
control and treated samples at each time point. To evaluate the general sim-
ilarity between the samples, we performed Principal Component Analysis
(PCA) among all samples in each condition considered using pheatmap
and ggplot2, integrated into the package DESeq2. An output table of differ-
ential expression for each comparison was made with DESeq2 (Love et al.,
2014). Gene expression changes were further visualised using the
pheatmap and ggplot2 R packages. Gene ontology (GO) enrichment analy-
sis was carried out using ShinyGO 0.76 (Ge et al., 2020) to identify overrep-
resented GO terms from up-and down-regulated genes of PVC treated
embryos at both time points. Significant GO terms were identified using
the Revigo tool, which also allowed to reduce terms by removing redundant
terms and to visualise the data organised by semantic similarity (Supek
et al., 2011).

2.4. Fluorescent in situ hybridisation (FISH)

Embryos and larvae were fixed and stained as described in Paganos
et al., 2022. Briefly embryos and larvae were fixed in 4 % PFA in MOPS
Buffer overnight (ON) at 4 °C. Specimens were washed with MOPS Buffer
several times and stored in 70 % EtOH in −20 °C. Antisense probes were
transcribed from linearized DNA as described in (Perillo et al., 2021) and
labelled using Digoxigenin (Roche) or Fluorescein (Roche) following the
manufacturer's instructions. We used the following genes specific to
particular cell types: Sp-Pks1 (Perillo et al., 2020), Sp-Chordin, Sp-Nodal,
Sp-Spec1A, Sp-Fbsl_2, Sp-FoxABL, Sp-Bra, Sp-Otp, Sp-Tph, Sp-Hbn, Sp-Fgf9/
16/20, Sp-Pdx1, Sp-Cdx, Sp-Rhox3 and Sp-SoxC (Paganos et al., 2021), Sp-
Ets1 (Rizzo et al., 2006), Sp-Syt1 (Burke et al., 2006), Sp-ManrC1A
(Annunziata and Arnone, 2014), Sp-Ptf1a and Sp-Cpa2L (Perillo et al.,
2016). Specimens were hybridised with the respective probes ON at
65 °C. Anti-Digoxigenin or Anti-Fluorescein antibodies, depending on
which substrate was used to label the probe, were used at a dilution
1:1000 in PerkinElmer blocking reagent and incubated for 1 h at 37 °C. Sig-
nal was amplified using the TSA amplification system (Akoya Biosciences,
Cat. #NEL752001KT). Embryos and larvae were mounted with DAPI for
imaging with a Zeiss 700 confocal microscope. Images were analysed
using FiJi.
3

2.5. Immunohistochemistry (IHC)

Immunohistochemical detections of Msp130 (gift from Dr. McClay)
labelling skeletogenic cells (Harkey et al., 1992), Myosin Heavy Chain
(MHC-PRIMM, Italy) labelling the esophageal muscles (Andrikou et al.,
2015) and β-tubulin marking cilia and cell membranes (Thompson et al.,
2021) were performed as described in (Perillo et al., 2021). Dilution factor
for anti-Msp130 was 1:20, for anti-MHC (1:50) and for anti-β-tubulin
(1:200) in MOPS Buffer containing 1 mg/ml Bovine Serum Albumin
(BSA) and 4 % sheep serum (SS). Specimens were washed several times
in MOPS buffer and incubated for 1 h at room temperature (RT) with the
appropriate secondary antibody (AlexaFluor) diluted 1:1000 in MOPS
Buffer. Next, embryos and larvae were washed several times with MOPs
buffer and mounted with DAPI for imaging with a Zeiss 700 confocal
microscope.

2.6. Identification of the cell types affected through scRNA-seq

The cell type family enrichment of the differentially expressed genes of
PVC leachate treated embryos and larvae was estimated using available
scRNA-seq data. The average score of the differentially expressed genes
was estimated at 48 hpf gastrula (unpublished data, Arnone lab) and
72 hpf early pluteus larva (Paganos et al., 2021) and represented as
dotplots, generated in R (version 4.1.1) using the DotPlot function incorpo-
rated into the Seurat R package (version 4.0.2) (Hao et al., 2021). Each
dotplot shows the average score of the differentially expressed genes
(log2FC ≥ 1.5) in distinct cell type families as well as the percentage of
expressing cells.

2.7. Metabolites extraction

Embryos were collected at the same time and as described in
Section 2.3. Pellets were washed with NaCl 0.9 % and quenched with
500 μl ice-cold 70:30 acetonitrile:water. Samples were placed at −80 °C
for 10 min, then sonicated 5 s for 5 pulses at 70 % power for four times.
Samples were centrifuged at 12,000g for 10 min and supernatants were
collected in a glass insert and dried in a centrifugal vacuum concentrator
(Concentrator plus/Vacufuge plus, Eppendorf) at 30 °C for about 2.5 h.
Samples were then resuspended with 150 μl H2O prior to analyses.

2.8. LC-MS metabolic profiling

LC separationwas performed using an Agilent 1290 Infinity UHPLC sys-
tem and an InfintyLab Poroshell 120 PFP column (2.1 × 100 mm, 2.7 μm;
Agilent Technologies). Mobile phase A was water with 0.1 % formic acid.
Mobile phase B was acetonitrile with 0.1 % formic acid. The injection
volume was 10 μl and LC gradient conditions were: 0 min: 100 % A;
2 min: 100 % A; 4 min: 99 % A; 10 min: 98 % A; 11 min: 70 % A;
15 min: 70 % A; 16 min: 100 % A with 5 min of post-run. Flow rate was
0.2 ml/min and column temperature was 35 °C. MS detection was per-
formed using an Agilent 6550 iFunnel Q-TOF mass spectrometer with
Dual JetStream source operating in negative ionisation mode. MS parame-
ters were: gas temp: 285 °C; gas flow: 14 l/min; nebulizer pressure: 45 psig;
sheath gas temp: 330 °C; sheath gas flow: 12 l/min; VCap: 3700 V;
Fragmentor: 175 V; Skimmer: 65 V; Octopole RF: 750 V. Active reference
mass correction was done through a second nebulizer using masses
with m/z: 112.9855 and 1033.9881, dissolved in the mobile phase 2-
propanol–acetonitrile–water (70:20:10 v/v). Data were acquired from m/
z 60–1050. Data analysis and isotopic natural abundance correction were
performed with MassHunter ProFinder (Agilent Technologies). Relative
metabolites abundance was carried out after normalisation using Reserpin
internal standard and protein content and statistical analyses were
performed using Mass Profiler Professional (Agilent Technologies)
(Bonanomi et al., 2021). Raw data is provided in Supplementary file 2.
The circos plot was generated with CIRCOS (Krzywinski et al., 2009) to
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show the identified down-regulated genes and pathways belonging to the
same KEGG pathways.

2.9. Microplastic leachate chemical analysis by inductively coupled plasma –
optical emission spectrometry (ICP-OES)

Leachates were obtained as explained above. Leachates of 10 %
biobeads, nurdles and PVC plastics were gravimetrically diluted c. 1:200
using 50ml centrifuge tubes in 2%Nitric Acid in order to adjust the sample
matrix for optimal analytical conditions.

Analyses were carried out using an Agilent 5110 VDV Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES). From initial
qualitative measurements of metals that could be detrimental to larval
development (Cd, Co, Cr, Cu, Mn, Pb, Sn, V and Zn), only Zn was found
in significant concentration and subsequently quantified. Zn concentrations
were quantified using a set of three synthetic calibration solutions prepared
from a single element certified Zn plasma standard covering a concentra-
tion range of 10.8 to 53.3 ng/g and a blank, all of whichwere doped forma-
trixmatchingwith 0.5wt% of natural seawater. The seawaterwas collected
in the Carrick Roads near Mylor Yacht Harbour (50°11′0″N; 5°02′32″W) on
June 21st 2022. Matching sensitivity and absence of Zn in natural seawater
were confirmed by an equivalent second calibration set made from the
same single element plasma standard that was not doped with seawater.
The Zn signal was quantified using the 213.857 nm line, yielding an effec-
tive detection limit (3 s.d. of baseline readings) of c. 0.06 μg/g in solution
when accounting for the 1:200 dilution of the samples. In the absence of
a certified standard for Zn in seawater, two synthetic solutions with
26.65 ng/g (1st batch run) and 25.67 ng/g (2nd batch run) Zn that were
gravimetrically prepared from a certified Zn plasma standard doped with
0.5 wt% seawater from Carrick Roads was used to ascertain consistency
of the results. The first quality control solution reproduced to 26.54 ±
0.19 ng/g (2 s.d., n = 9) and the second to 26.79 ± 0.15 ng/g (2 s.d.,
n= 8) ng/g, indicating analytical bias <1 % and repeatability within 1 %
(2 r.s.d.) for concentrations much greater than detection limit. As un-
knowns had lower Zn concentrations of<6 ng/g Zn (<1.2 μg/g equivalent),
uncertainty of individual Zn measurements in unknowns is better reflected
by the stability of signal intensity which was determined in 12 blocks of 5 s,
yielding typical standard errors of the mean (2 s.e.) equating to 13 ng/g. In
addition to quantitative Zn measurements, intensities of Ca (317.933 nm,
422.673 nm), Mg (279.553 nm, 280.270 nm, 285.213 nm), Na
(589.592 nm), Sr (407.771 nm, 421.552 nm), S (181.972 nm) and Ba
(455.403 nm) were monitored to verify the consistency of the sample
dilution, and to test for possible presence of Ba.

Variability of experimental results and in natural seawater was further
controlled by analysing 4 independent leachate replicates of each treatment
and seawater samples.

3. Results and discussion

3.1. Phenotypic assessment of the S. purpuratus embryos and larvae upon rearing
in plastic leachates

We exposed S. purpuratus fertilised eggs to leachates from new and
beach-collected pellets and assessed the phenotypes observed at 48 and
72 hpf as described in the Materials and methods section. At the gastrula
stage, we could already observe deficient development. At 72 hpf, none
of the treated embryos had developed into a proper pluteus larva (Fig. 1),
with typical characteristics such as pyramidal body shape, tripartite gut,
skeletal rods and well-formed ciliary band (Fig. 1. A). Instead, we observed
totally radialised larvae in all plastic treatments, with a clear exogastrula
phenotype with an apical outgrowth in the 10 % PVC treatment (Fig. 1.
B), and spherical larvae with no other distinguishable phenotypic charac-
teristics than a rudimentary internal gut in the 10 % nurdle and biobead
treatments (Fig. 1. C, D). Lower nurdle and biobead concentration treat-
ments did not show aberrant phenotypes, but abnormal phenotypes were
still obtained as we decreased the concentration of PVC. The phenotype
4

changed to an internal through gut with an apical outgrowth at 5 %
(Supplementary Fig. S1. C), and a through gut and no outgrowth at 1 %
(Supplementary Fig. S1. B). These consistent concentration specific pheno-
types were far from the wild type pluteus larvae found in the controls
(Supplementary Fig. S1. A).

These results are consistent with those observed previously in P. lividus,
where beached and PVC pellet leachates elicited changes including abnor-
mal gastrulation, impaired skeletogenesis, abnormal neurogenesis and em-
bryo radialisation (Rendell-Bhatti et al., 2020), indicating that these types
of developmental abnormalities may not be species-specific but affect the
whole clade similarly. The PVC treatment-induced phenotypewas of partic-
ular interest as it clearly resembles the one obtained when the specification
of the secondary axis of the sea urchin embryo (oral-aboral) is disturbed.
Similar to our P. lividus data (Rendell-Bhatti et al., 2020), embryos exposed
to PVC leachates are unable to produce a proper skeleton. In normal
gastrula embryos, skeletogenic cells are spatially organised around the
archenteron, forming a syncytium to which biominerals are deposited
(Fig. 2. E). At the pluteus stage, the larval skeleton consists of different skel-
etal rods that are responsible for the characteristic shape of the larvae
(Fig. 2. F). PVC leachate-treated S. purpuratus gastrulae seem to be missing
differentiated skeletogenic cells as indicated by the absence of the skeletal
marker MSP130 immunoreactivity (Fig. 2. I), while the same marker at
72 hpf reveals the presence of radialised syncytium of differentiated
skeletogenic cells (Fig. 2. J). Another visible abnormality of the treated lar-
vae is the absence of a well-formed ciliary band, an observation confirmed
by the β-tubulin staining showing a reduced ciliary surface when compared
to controls (Fig. 2. G, H). Esophageal muscles originate frommyoblasts that
at gastrula stage populate the tip of the embryonic foregut and at the
pluteus stage they differentiate towards circumesophageal muscles control-
ling the contraction of the sea urchin esophageal region and therefore feed-
ing (Andrikou et al., 2013, 2015). Immunohistochemical staining for the
esophageal muscles marker Sp-MHC revealed that exogastrulated larvae
are lacking any muscular structure suggesting that exogastrulation
impaired muscle development (Fig. 2. K, L).

In the Rendell-Bhatti et al. (2020) study we found PCB and PAH in the
leachates of environmental samples, and PAH and HCB in PVC leachates,
which we suggested were the possible causes of the malformations
observed (Rendell-Bhatti et al., 2020). We had not observed exogastrulas
before, but another study had found otherwise well-formed P. lividus
pluteus larvae with everted gut rudiments when exposed to micronized
plastic toys (Oliviero et al., 2019). However, the phenotypes here observed
in the PVC treatments clearly mirror phenotypes from classical and new
experiments exposing S. purpuratus and other sea urchins to heavy metals
(Mitsunaga and Yasumasu, 1984; Kobayashi and Okamura, 2004;
Cunningham et al., 2020), as well as to oral-aboral axis formation
disorganisation (Duboc et al., 2004). Indeed, we see radialised/oralised
embryos similar to those described when the developmental pathways
involved in oral/aboral (O/A) and left/right (L/R) axis formation are
disrupted (Duboc et al., 2004, 2008). These results prompted us to investi-
gate what transcriptomic changes were taking place in the embryos to be
able to identify the mechanisms by which the plastic leachates were affect-
ing development.

3.2. Identification of transcriptomic differences derived from PVC leachate exposure

To gain understanding of the functional genetic perturbations caused by
exposure to microplastic leachates we compared genome-wide transcription
profiles of animals exposed to PVC leachates with their non-exposed siblings.
We focused on the PVC treated embryos for the interesting and clear aberrant
phenotype observed, including an exogastrula with an apical outgrowth,
and because we think there is a more likely possibility of finding higher con-
centrations of newparticles, right after a spill, rather than drifted ones.We se-
quenced three biological replicates consisting of thousands of larvae each for
10%PVC leachates and not-exposed siblings at 48 hpf (corresponding to late
gastrula in the control) and 72 hpf (corresponding to pluteus larva in the
control). The choice of the developmental stages analysed was based on the



Fig. 1. Phenotypes of plastic leachate treated larvae. Phenotypic comparison of control and treatment Strongylocentrotus purpuratus larvae at 72 hpf. Treatments plastic
leached for 72 h. PVC (B), Biobead (C) and Nurdle (D) leachates at 10 % particle concentrations (v/v). Scale bars are 55 μm.
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fact that 48 hpf corresponds to the embryonic stage in which most of the cell
fates have been sealed, while at 72 hpf larval free swimming and feeding life-
style begins. The yield per sample ranged between 26 and 48 million paired-
end 75-bp reads, with an average yield of 38.6 million reads per sample
(Dobin et al., 2013; Liao et al., 2014; Kudtarkar and Cameron, 2017). Differ-
ential gene expression analysis was estimated DESeq2 (Love et al., 2014).
PCA analysis showed distinct signatures for treated and control samples, as
well for the two different stages (Fig. 3. A). A comprehensive list of differen-
tially expressed genes is provided in Supplementaryfile 1. At 48 hpf, a total of
1590 were differentially expressed, using a log2fold-change of |1.5| or more
and an adjusted p-value of <0.05. Of these, 219 were up-regulated and 1371
were down-regulated (Fig. 3. B, C). Using the same parameters, at 72 hpf, a
total of 1929 genes were differentially expressed, 440 up-regulated and
1489 down-regulated (Fig. 3. B, D). In both stages, down-regulated genes
represented >75 % of the differentially expressed genes (86 % at 48 hpf
and 77 % at 72 hpf) suggesting that the effect by PVC leachates is of
repressive nature, leading to a developmental program failure. At both
time-points, the number of differentially expressed genes represents approxi-
mately 1/10 of the total amount of genes expressed by the end of S. purpuratus
embryogenesis (Tu et al., 2014).

To analyse what type of processes are altered in the treated embryos
we performed a gene ontology (GO) enrichment analysis using ShinyGO
0.76 platform (Ge et al., 2020) followed by REVIGO (Supek et al.,
2011) to reduce redundant terms and visualise the data, separately for
up- and down-regulated genes and each time point. We found several
5

overrepresented GO terms at 48 h for both up- and down-regulated genes,
broadly including: detection and response to stimuli, signaling pathways,
development and developmental processes, metabolic and biosynthetic
processes, regulation of processes and transport. At 72 hpf we find meta-
bolic processes, regulation and development to be overrepresented in
both up- and down-regulated genes. Moreover, for up-regulated genes we
see response to external stimuli and cell organisation GO terms overrepre-
sented, while for down-regulated genes we find signaling pathways and
transport overrepresented (Supplementary Fig. S2).

To further characterise which cell types were most likely to be affected
by the leachate treatment, we mapped the differentially expressed genes
found in our transcriptomic data to single cell type atlases available for
S. purpuratus (Paganos et al., 2021). We selected differentially expressed
genes with log2fold-change of |1.5| or more and an adjusted p-value of
<0.05, and scored their average expression across the cell type families in
both developmental stages. According to the single cell analysis (Fig. 4),
the majority of the downregulated genes at both developmental stages
are enriched in ectodermally-derived cell types such as the anterior
neuroectoderm/apical plate, aboral ectoderm and neurons, which is also
in line with the morphological features of the treated larvae observed.
Moreover, at both stages downregulated genes mapped to the immune
cells (pigment and globular at 48 hpf), and skeletal cells. Surprisingly, no
downregulated genes were found enriched in the endodermally derived
cell types families at 48 hpf, despite the observed absence of a well-
formed gut in the treated embryos, while at 72 hpf the anal and intestinal



Fig. 2. Phenotypic characteristics of the PVC treated embryos and larvae. (A) Control 48 hpf gastrula embryo. (B) 48 hpf PVC treated embryo. (C) 72 hpf control pluteus larva.
(D) 72 hpf PVC treated specimen. IHC detection of the skeletal marker Msp130 in (E, I) control and (F, J) PVC treated specimens. IHC detection of the cilia marker β-tubulin
(G) in control and (H) PVC treated samples and of themusclemarkerMHC in (K) control and (L) PVC treated samples. DAPIwas used to visualise nuclei (grey). Scale bar is 36
μm. Inset in (K) shows a magnification of muscle staining. AE, Aboral ectoderm; ANE, Anterior neuroectoderm; AO, Apical Organ; CS, Cardiac sphincter; G, gut; In, Intestine;
Es, Esophagus; OE, Oral Ectoderm; Sk, Skeletogenic cells; St, Stomach.
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cell type families appear to contain target genes. On the contrary, an enrich-
ment of upregulated genes in several endodermally-derived clusters is re-
ported, suggesting that the malformation of the gut could be a result of
gene upregulation rather than silencing. The enrichment of upregulated
genes in the midgut and foregut domains appears to be conserved at the
two developmental stages, as is the enrichment in the small micromeres/
coelomic pouches and oral ectoderm domains. Overall, this comparison
allowed us to verify the quality of our deRNA-seq data and analysis, as
most of the deregulated genes are found in cell types that are clearly
affected as judged by the specimens' morphology.

Next, we characterised in detail key genes that appear to be deregulated
and are either part of cell type specification gene regulatory networks
(GRNs) or markers of distinct cell types. In particular, based on the similar-
ity of the PVC-obtained phenotype to the one obtained when the ectoderm
of the embryo is oralised, we looked at members of the oral/aboral (OA)
axis specification gene regulatory networks affected in our earliest time-
point (48 hpf), a stage in which the AO axis is specified in normal condi-
tions. The oral/aboral axis in sea urchin is established at blastula stage
through the action of the Tgfβ family members and especially Nodal and
Bmp2/4 as well as Chordin and Lefty (Molina et al., 2013). mRNAs of all
four genes are expressed in the oral ectoderm organiser-like domain and
are under the control of Nodal signaling, which is the main activator of
the oral ectoderm gene regulatory network (Duboc et al., 2004, 2008;
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Bradham et al., 2009; Saudemont et al., 2010), while Nodal expression is
controlled through a redox-sensitive mechanism (Nam et al., 2007). On
the other hand, Nodal downstream targets Bmp2/4 and Bmp5/8 are tran-
scribed in the oral ectoderm domain and through protein transport are
activating the aboral ectoderm GRN (Ben-Tabou de-Leon et al., 2013).
Lefty and Chordin proteins ensure that Nodal and Bmp2/4 signalings are
restricted to the oral and aboral ectoderm respectively. In our transcripto-
mic data (summarised for the OA axis in Fig. 5) Sp-Nodal, Sp-Chordin, and
Sp-Lefty are upregulated, indicative of ectoderm oralisation. Moreover, Sp-
Univin, a known activator of Nodal as well as Sp-Admp, Sp-Not, Sp-Gsc, Sp-
Bra and Sp-FoxA, all known members of the oral ectoderm GRN and
whose expression is Nodal dependent, were found upregulated in our
data. On the contrary, genes sitting on top of the GRN hierarchy including
Sp-Bmp5/8, Sp-Tbx2/3, Sp-Hox7, Sp-Msx, Sp-IrxA, Sp-Dlx and Sp-Hmx are
downregulated, suggesting that the aboral ectoderm is not specified in
the PVC treated larvae. Indeed, FISH confirmed the ectopic expression of
Nodal, and Chordin and Bra both at 48 and 72 hpf (Fig. 6. A1–A4, B1–B4,
Supplementary Fig. S3. B, B′) as well as of the oral ectoderm marker Sp-
FoxABL (Paganos et al., 2021) (Supplementary Fig. S3. A, A′). On the
other hand, the ectoderm oralisation was validated by testing for the
expression of genes normally found in the other two major ectodermal
domains of ciliary band and aboral ectoderm. FISH for the ciliary band
marker Sp-Fbsl_2 (Paganos et al., 2021) shows accumulation of such



Fig. 3. Sample similarities and differential gene expression. (A) Principal component analysis plot of PVC treated and control samples at 48 and 72 hpf. Red: control treatment
at 48 hpf; green: control treatment at 72 hpf; teal: PVC treatment at 48 hpf; magenta: PVC treatment at 72 hpf. (B) Heatmap of the normalised counts of each individual
transcriptome corresponding to genes with log2fold change (≥|1.5|) and that are simultaneously differentially expressed both at 48 hpf and 72 hpf. Blue
is downregulated genes and red is upregulated genes. (C) 48 hpf and (D) 72 hpf volcano plots of down-regulated (blue) and up-regulated (red) genes at log2fold change
≥|1.5| and adjusted p-values of <0.05. Grey is non-significant differentially expressed genes.
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transcripts within the very well defined region of ciliary band, while PVC
leachates treated specimens appear to be lacking it, with the exception of
two ciliated patches found in the posterior part of the body closed to the
7

gut (Fig. 6. A9, A10, B7, B8). Finally, the loss of the aboral ectoderm was
confirmed by FISH for the aboral ectoderm marker Sp-Spec1a (Hardin
et al., 1988) (Fig. 6. A7, A8, B3, B4).



Fig. 4. Distribution of the deregulated genes across the embryonic and larval cell type families. Dotplot showing the average score of the downregulated (purple) and
upregulated (green) genes after PVC treatment at (A) 48 and (B) 72 hpf.
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According to our scRNA-seq analysis many of the deregulated
genes at both developmental time-points are expressed by anterior
neuroectoderm/apical plate, muscle, immune and skeletal cell type fami-
lies. Further exploring our deRNA-seq data, we identified transcription fac-
tors related to the apical plate (Paganos et al., 2021) downregulated, such
as Sp-FoxJ1, Sp-Z167, Sp-Hbn, Sp-Ac/Sc, Sp-Emx, Sp-Mox, Sp-Rx, Sp-Pax6
and Sp-Zic, while Sp-Otp has been found to be expressed in larval pre-
pancreatic neurons and to be involved in their differentiation (Slota and
McClay, 2018; Paganos et al., 2021). It has been shown that downregula-
tion of one or two of the apical plate transcription factors is sufficient for
the malformation of serotonergic neurons. In line with our transcriptomic
data, FISH for Sp-Hbn, Sp-Pax6 and Sp-Otp validated their downregulation
in treated specimens (Supplementary Fig. S3. D, D′, E, E′, L, L′). Further-
more, evidence of neuronal deficits is the downregulation of genes
encoding for neurotransmitter, neuropeptides and synaptic machinery
such as Sp-Syt1, Sp-Chat, Sp-Salmfap, Sp-Tph, Sp-Th, Sp-An and Sp-Ngfffap.
FISH for the serotonergic neuron marker Sp-Tph both at 48 and 72 hpf ver-
ified the absence of TphmRNAs in the treated specimen suggesting that se-
rotonergic neurons are absent (Supplementary Fig. S3. C, C′, Q, Q′). In fact,
FISH for sea urchin pan-neuronal marker Sp-Syt1 (Burke et al., 2006) con-
firmed the absence of differentiated neurons in the PVC oralised larvae
(Fig. 6. B5, B6), while the Sp-SoxC transcript, indicative of the presence of
neuronal precursors, was found upregulated (Supplementary Fig. S3. S, S′).

Esophageal muscles and immune cells are two cell types consistently
targeted by our PVC treatments across the development stages analysed.
The ontogeny of both populations has been studied in great detail and it
has been demonstrated that they arise from different partitions of the
non-skeletogenicmesoderm; muscle progenitors from the oral and immune
cells from the aboral mesoderm. Our transcriptomic analysis and FISH ver-
ified the loss of immune cells such as pigment cells. For instance, we find
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downregulation of Sp-Gcm, a gene necessary for the specification of pig-
ment cells (Ransick and Davidson, 2006; Perillo et al., 2020), and Sp-
Pks1, typically expressed in these cells (Griffiths, 1965), as well as other pig-
ment cell markers (Sp-Fmo2, 3 and 5, Sp-Mif4 and 5), and downregulation
of Sp-MacpfA2, a marker for globular cells (CHHo et al., 2016).We confirm
the absence of pigment cells by observing the downregulation of the Sp-
Pks1 gene at 48 and 72 hpf (Fig. 6. A5, A6, B9, B10). Regarding the muscle
GRN, we find some of those genes only show expression divergences at
48 hpf. Interestingly, we report the downregulation of key transcription fac-
tors such as Sp-ScratchX, Sp-Eya, Sp-FoxY, Sp-SoxE, Sp-Tbx6, Sp-FoxF, Sp-
FoxL1, Sp-Six1/2, all necessary for the specification of muscle progenitors
(Andrikou et al., 2015). Finally, as demonstrated also by IHC Sp-MHC
(Fig. 2. K, L), one of the terminal differentiation products of the aforemen-
tioned GRN (Andrikou et al., 2015), is also downregulated in the PVC
treated larvae.

We also find that, while the ectodermal and mesodermal genetic pro-
grams appear to have been extensively rewired or even repurposed upon
PVC treatment, the one operating in the endodermal cells is sufficient to
form a partitioned, however mispatterned, digestive tract. FISH for the
hindgut markers and downregulated genes in our differential analysis Sp-
Cdx1, Sp-Pdx1, Sp-Rhox3 (Cole and Arnone, 2009; Paganos et al., 2021) re-
vealed the absence of such transcripts at 48 hpf treated embryos (Supple-
mentary Fig. S3. H, H′, I, I′, J, J′) and a restricted expression domain at
72 hpf pluteus stage in regard to the controls (Supplementary Fig. S3 P, P
′, T, T′). Moreover, the midgut marker domain Sp-ManrC1a revealed that
the midgut/stomach domain is specified (Fig. 6. A11, A12, B11, B12),
while FISH for Sp-Ptf1a and Sp-Cpa2L markers of the specialised for diges-
tion acinar-like cells showed that, although less in number, acinar cells
are specified (Supplementary Fig. S3. F, F′, R, R′). The reduction of the num-
ber of acinar-like cells is in line with the predicted downregulation of Sp-



Fig. 5. PVC treatment disturbs genetic networks involved in oral aboral axis specification. Bar plot showing the upregulation (green) of the oral ectoderm GRNmembers and
the downregulation (purple) of the aboral ectoderm GRN ones.
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Ptf1a, the main driver of acinar-like cells specification (Perillo et al., 2016),
validated by FISH (Supplementary Fig. S3. F, F′). Finally, we tested whether
the expression of Sp-Fgf9/16/20, a gene with multiple roles during sea ur-
chin development, is affected as predicted by the deRNA-seq analysis. At
pluteus stage, Sp-Fgf9/16/20 is normally expressed in the cardiac, pyloric
and anal sphincter domains of the larva. Interestingly, in the PVC treated
specimens at 72 hpf Sp-Fgf9/16/20 expression is found in two band like do-
mains at the two ends of the Sp-ManrC1A positive midgut region (Supple-
mentary Fig. S3. O, O′) suggesting that pyloric and cardiac sphincters are
partially formed. However, at 48 hpf gastrula stage, a stage in which this
FGF ligand is involved in skeletogenesis, no transcripts were found in the
treated embryos (Supplementary Fig. S3. G, G′), corroborating the differen-
tial analysis and the mispatterning of the skeleton shown by Msp130 IHC
(Fig. 2. F and J). The mispatterning of the skeleton is also supported by
the upregulation of the transcription factor Sp-Ets1, typically found in
skeletogenic cells and sitting on top of the gene regulatory hierarchy, some-
thing also confirmed by FISH (Supplementary Fig. S3. K, K′, U, U′).

3.3. Identification of metabolic differences derived from PVC leachate exposure

To validate the surprisingly high number of metabolic pathways found
affected in our functional gene enrichment analysis, we performed untar-
geted metabolomic analysis of our samples (Supplementary file 2). To as-
sess metabolic alterations due to PVC treatment, we first analysed the
basal physiological metabolism of embryos growth in normal conditions
(Fig. S4. A). Hierarchical clustering obtained by fold change analysis (cut-
off 2.0) in 72 hpf samples identified increased metabolic activity compared
to the 48 hpf, as expected in normal embryo development (such as: nucleo-
tides, aminosugars, amino acids, TCA cycle, unsaturated fatty acids and
linoleic metabolism) (Fig. S4. A). At 48 hpf, the untargeted metabolic pro-
file of PVC treated embryos showed seventy-three significant metabolites
largely increased as compared to controls, essentially involved in lipid
and fatty acids metabolism (Fig. S4. B). This increase in metabolites at
early stages is seen in other animal models during embryonic development
or under stress conditions to overcome a need to find new pathways to
make energy (Wang et al., 2019, 2022). Rapid metabolic changes must
occur in response to environmental changes to maintain redox and ener-
getic homeostasis, survival and development (Koyama et al., 2020).
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However, the metabolic activation at 72 hpf seen in the controls was lost
in embryos exposed to PVC leachates. Metabolic signatures showed
eighty-one significant metabolites largely decreased at 72 hpf in PVC-
leached treatment (Fig. S4. C). The enrichment analysis shows the profound
impact of PVC treatments on a broad range of cellular metabolic pathways,
including: nucleotides, amino sugars, glucose metabolism, fatty acids and
redox metabolism as compared to controls (Fig. S4. C). This later metabolic
decrease at 72 hpf could be related to the malformation of the gut, which is
a large regulator of development of sea urchin larvae (Buckley et al., 2019;
Fleming et al., 2021), or because the embryos have suffered such a cata-
strophic alteration that metabolic homeostasis cannot be achieved. In any
case, from our results we suspect malfunction of the DNA/RNA synthesis
program and decreased mitochondrial activity, by the observation of de-
creased levels of metabolites involved in nucleotides and increased redox
stress (Fig. S4. C).

To gain a deeper understanding of the impact of PVC leachates in em-
bryonic development, we performed targeted analysis looking into TCA
cycle metabolites (Supplementary file 3). This shows decreased relative
abundance of TCA cycle intermediates in PVC treated embryos both at 48
and 72 hpf, consistent with transcriptomic data (Fig. 7. A), and suggesting
a failure in themitochondrial ability to produce energy. Themetabolic plas-
ticity observed between 48 and 72 hpf in response to PVC leachate expo-
sure suggests how metabolites might impact on the misregulated genes
shown by the transcriptomic analysis. At 48 hpf, we find a faint correlation
between the metabolic pathways affected and the misregulated genes (data
not shown), that is potentially linked to the absence of the main metabolic
and detoxification centre of the embryo: the archenteron (Fleming et al.,
2021). Interestingly, based on the metabolomic and transcriptomic infor-
mation of PVC treatments at 72 hpf, the metabolic pathways related to nu-
cleotides metabolism (purine metabolism, pyrimidine metabolism and
pentose phosphate pathway) are downregulated, as shown both at tran-
scriptomic and metabolic level (Fig. 7. B), confirming problems in the syn-
thesis of DNA and RNA. Moreover, the significantly decreased glutathione
levels and its total conversion to the oxidised form in treated samples, as
compared to control at 48 hpf, demonstrate high oxidative stress due to
PVC exposure (Fig. 7. C). Furthermore, the GSH levels are restored at
72 hpf in PVC samples (Fig. 7. C), derived from the de novo synthesis
(Fig. 7. D). All these suggest an attempt to recover the protection from
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redox stress during abnormal development. Taken together, these results
confirm how broad alteration in metabolism and in redox homeostasis
due to PVC leachates contributes to abnormal embryo development.

3.4. Elemental analysis of microplastic water leachates

Following the observation of the phenotypes described, which are very
similar to those found in the literature as caused by heavy metal exposure
(Mitsunaga and Yasumasu, 1984; Hardin et al., 1992; Kobayashi and
Okamura, 2004; Cunningham et al., 2020), we searched for metal detoxifi-
cation pathways in the PVC-treated larval transcriptomes. Metallothioneins
(MT) are heavy metal-induced proteins involved in the binding of metals
for detoxification, transport and storage of those metals. S. purpuratus has
three metallothioneins: Sp-MTb1, Sp-MTb2 and Sp-MTa (Nemer et al.,
1985; Ragusa et al., 2017). They are developmentally regulated and are in-
duced by 2+metal ions. Several reports show transcriptional activation of
MT upon exposure to Zn: MT have been found to be overexpressed in the
endomesodermal tissues of the pluteus larvae (Nemer et al., 1984) as well
as ectopically expressed in all tissues of radialised embryos (Ragusa et al.,
2017). In our transcriptome, we see upregulation of MTa at both 48 hpf
and 72 hpf, being the second most overexpressed gene in both time points
with a fold change of>115 at 48 hpf and 80 at 72 hpf. This finding points to
an exposure to heavy metals in the embryos, which coincides with our
hypothesis, derived from the comparison of the radialised/oralised pheno-
types found here to phenotypes observed in sea urchin embryos treated
with heavy metals in the literature (Mitsunaga and Yasumasu, 1984;
Hardin et al., 1992; Kobayashi and Okamura, 2004; Cunningham et al.,
2020). Given these insights we next set out to find possible metal contami-
nation in the plastic leachates.

We determined the elements found in excess of the controls (Supple-
mentary file 4) by inductively coupled plasma – optical emission spectrom-
etry (ICP-OES) for all treatments used.We interrogated our samples for a set
of relevant metals (see Materials and methods section) and found that only
in the case of PVC pellets there is a significant increase in the presence of
Zn, with solutions averaging 1.00 μg/g for Zn (n = 4, range = 0.78 to
1.18 μg/g) in the 10 % PVC leachates, while in nurdles and biobeads
the counts for Zn are below the limit of detection for the method, i.e.
<~0.06 μg/g. Of the other tested heavymetals none could be substantiated
in any of the processed samples other than Ba, whichwas persistently above
levels of the seawater control sample in all PVC experiments (4200 to 5300
counts per second with respect to a maximum of 1300 in seawater). We
observe a coupling with a slight increase in Ba and decrease in Sr in the
samples with high concentration of Zn.

Plastic pellets, and in particular PVC, have chemicals other than the
plastic polymer added to obtain desired characteristics of the plastics.
Plasticisers, stabilisers and antifouling agents are necessary for obtaining
a product fit for the production of plastic items. However, some of these
additives are hazardous. An example of these are stabilisers, which improve
the resistance of the plastics as well as facilitate the processing of the
nurdles into a final product. Calcium based stabilisers are regularly used
in the production of PVC and other plastic pellets. These include calcium,
zinc, heat stabilisers, and they are deemed safe by legislation in Europe,
Canada and the USA (European Stabiliser Producers Association). It is
therefore not surprising to find Zn in these particles. Some liquid stabilisers
can use Zn-Ba mixedmetals, possibly explaining the slight increase in Ba in
the PVC samples. We have demonstrated that this Zn can be leached into
seawater from the PVC nurdles in laboratory conditions. We find a concen-
tration of 1μg/g of Zn in 10 % leachates which cause an extreme abnormal
phenotype. At lower PVC concentrations down to 1 %, corresponding to a
concentration of Zn of 100 ng/g, animals do not develop properly either
Fig. 6. In situ validation of the deRNA-seq predicted gene targets. (A) FISH using antisen
48 hpf, in control (A1, A3, A5, A7, A9, A11) and PVC treated specimens (A2, A4, A6, A8,
Syt1, Sp-Fbsl_2, Sp-Pks1 and Sp-ManrC1A at 72 hpf, in control (B1, B3, B5, B7, B9, B11) an
visualise nuclei (grey). Scale bars are 15 μm.
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(Supplementary Fig. S1), and never reach a viable larva. We did not find
an excess of other metals used as stabilisers such as Sn, Ph or Cd (now
phased out) in our samples. The lack of Zn or other metals in our environ-
mental samples indicates that the phenotype they elicit is not due to their
metal content. However, in previous studies we have shown that they are
capable of releasing persistent organic pollutants (Rendell-Bhatti et al.,
2020) and these are most likely the cause of their toxicity here too.
Hence, plastic nurdles have the capacity to be harmful twice: once, when
first lost at sea because of the additives they contain, like we show here,
and then as they collect (Mato et al., 2001; Ogata et al., 2009) and later
release environmental pollutants from the water, as we showed before
(Rendell-Bhatti et al., 2020).

3.5. Correlating plastic derived pollutants, heavy metals and sea urchin embryo
development

Here we report PVC leachate-treated embryos show a radialised pheno-
type. The radialised phenotype has been previously described in the litera-
ture as a perturbation of the organisation of the oral aboral as well as the
left/right axes of the embryo (Duboc et al., 2004). In fact, the gene Nodal
is known to be responsible for this organisation (reviewed in (Molina
et al., 2013)). Nodal is expressed very early in the presumptive oral ecto-
derm, and overexpression of this gene transforms the whole ectoderm
into oral ectoderm, inducing as well ectopic expression of orally expressed
genes (Duboc et al., 2004). The oralisation of the embryo comes at the
expense of other structures. In the case of Nodal overexpression, it is
known that these embryos lack pigment cells (Duboc et al., 2010). High
doses of Nodal are known to block the formation of the skeleton, while
low doses allow the formation of a radialised skeleton (Mcintyre et al.,
2014).Nodal overexpression is also known to generate the absence of sero-
tonergic neurons in the anterior neuroectoderm (McClay et al., 2018). Our
transcriptomic data, also confirmed by FISH, shows an overexpression of
Nodal in our embryos, which also show the loss of structures and cell
types linked to increased Nodal levels.

It is known that exposure of early sea urchin embryos to heavy metals
produces abnormal phenotype larvae (Mitsunaga and Yasumasu, 1984;
Hardin et al., 1992; Duboc et al., 2004; Kobayashi and Okamura, 2004).
Hardin et al. (1992) reported radialised pluteus when treated with NiCl2,
while Kobayashi and Okamura (2004) and Mitsunaga and Yasumasu
(1984) showed radialised exogastrulae when embryos were treated with
Zn. In fact, the link between heavy metal induced radialised phenotypes
and Nodal overexpression was already drawn by Duboc et al. (2004).
They found that NiCl2 treatment caused overexpression of Nodal in a belt
of cells around the embryo at the blastula stage (Duboc et al., 2004). In
our study, matching the phenotypes observed, we see a downregulation
of genes involved in the aboral and dorsal specification of the animal
(Fig. 5). Interestingly, RNAseq analysis of sea urchin embryos exposed to
Zn revealed similar upregulation of the oral ectoderm GRN members
Nodal, Chordin, Lefty and Gsc and the downregulation of the aboral ecto-
derm GRN components Tbx2/3, Msx and Spec1a (Ertl et al., 2011). We
also observe the downregulation of differentiation genes for the skeleton
(Fig. 2. E, F, I, J), immune cells (Fig. 6. A5, A6, B9, B10) and neurons
(Fig. 6. B5, B6), as well as an upregulation of genes responsible for the
oralisation of the animal (Fig. 5). We see an overexpression of Nodal at
both stages (Fig. 6. A1, A2, B1, B2), that explain the misspecification of
both OA and LR axes we see in our larvae, with the oralisation of the ecto-
derm, the radialised skeleton and the absence of differentiated neurons, as
well as the lack of pigment cells. The mechanisms by which heavy metals,
and in our case Zn, affect gene expression is unknown, but here it seems
clear that it is the response to heavy metals leached from the plastic
se probes for Sp-Nodal, Sp-Chordin, Sp-Pks1, Sp-Spec1a, Sp-Fbsl_2 and Sp-ManrC1A at
A10, A12), respectively. (B) FISH using antisense probes for Sp-Nodal, Sp-Spec1A, Sp-
d PVC treated specimens (B2, B4, B6, B8, B10, B12), respectively. DAPI was used to



Fig. 7.Metabolic characterization in PVC treated specimens. (A) Relative abundance of TCA cyclemetabolites at 48 hours post fertilisation (hpf) (left panel) and 72 hpf (right
panel) in control and PVC exposed embryos (n=3). (B) Circos plot (top panel) and relative table (bottom panel) showing significantly downregulated metabolites-genes at
72 hpf under PVC exposure within the same KEGG metabolic pathways. (C) Relative abundance of GSH (left panel), GSSG (right panel) and (D) glutathione synthesis
intermediates at 48 hpf and 72 hpf in control and PVC exposed embryos (n = 3). Error bars indicate SD. *p ≤ 0.05, **p ≤ 0.01. ***p ≤ 0.005.
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particles that is generating the transcriptional dysregulation responsible for
the phenotypes observed. It has been previously demonstrated that Zn af-
fects the later phase of Nodal expression (feedback phase) rather than the
initial one (initiation phase) (Ertl et al., 2011). However, our data suggest
that PVC leachates induce high levels of oxidative stress. Several stressors
such as UVB irradiation or X-rays result in similar skeleton malformations
in sea urchins, while also generating oxidative stress (Bonaventura et al.,
2005; Matranga et al., 2010). Heavy metal poisoning has been shown to
cause mitochondrial damage affecting the cell capacity to cope with oxida-
tive stress (Sun et al., 2022), and to induce oxidative stress in several species
(Kim et al., 2014; Chiarelli et al., 2019). Indeed, our metabolic profiling
shows decreased relative abundance of TCA cycle intermediates suggesting
mitochondrial failure, as well as increased oxidative stress.Moreover, expo-
sure to zinc induces an overexpression of metallothionein genes (Nemer
et al., 1984), similar to what is observed in our transcriptomic data. At
the same time, excess doses of zinc have been shown to decrease glutathi-
one levels, and increase the oxidised/reduced ratio (Walther et al., 2008),
as we observe in our 48 hpf metabolic analysis. The recovery and overpro-
duction of reduced glutathione (GSH) levels in PVC treated larvae at 72 hpf
suggests an upregulation of detoxification mechanisms, as demonstrated in
other systems as an adaptation to zinc exposure (Qu et al., 2014). GSH has
been found to inhibit Zn release from metallothioneins, stabilizing them at
high cellular concentrations of GSH (Ruttkay-Nedecky et al., 2013), and
increased glutathione synthesis has been shown to be able to decrease
zinc mediated toxicity in human cell types (Walther et al., 2008). Hence,
the overexpression of metallothioneins and overproduction of GSH at
72 hpf could be triggering oxidative stress recovery by the subsequent
depletion of Zn in the larvae. Taken together, we hypothesise that either
the PVC-related oxidative stress, probably caused by Zn exposure, is
controlling the redox-sensitive expression of Nodal during the initiation
phase, or that Zn overactivates the Nodal feedback loop mechanism,
resulting in embryo radialisation. As a counteracting mechanism,
metallothioneins are overproduced in an attempt to deplete toxic zinc in
Fig. 8. PVC leachate-inducedmalformations in sea urchin embryos and larvae. Schemati
treatments at 48 and 72 hpf vs the controls as indicated by the present study. The effec
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the larvae and to rescue embryonic development. With our morphological
observations andmapping our transcriptomic data to single cell transcripto-
mic data available for S. purpuratus (Paganos et al., 2021) we have shown
that PVC leachates-treated gastrulae mainly consist of oral ectoderm and
a partially invaginated gut (Fig. 8.), while at 72 hpf most of the larva is
still oral ectoderm, with no aboral or apical structures, no differentiated
neurons, muscles or immune cells and only two patches of ciliated cells in
regards to the wild type. They have however been able to form a small
radial skeleton, and despite it having formed outside the body cavity, the
gut seems to be tripartite and with the correct, although mispatterned,
cell types (Fig. 8.).

Using amulti-omics approach we have been able to decipher themolec-
ular mechanisms involved in the toxicity of PVC leachates in the sea urchin
embryo, as well as a readout of the cellular processes that have been af-
fected.Wehave definedwhich developmental gene pathways are disturbed
and how they cause the phenotypic disturbanceswe have observed, and we
have been able to pinpoint cellular redox stress aswell as energy production
as the cellular problems derived from the exposure to PVC leachates. Being
able to provide a mechanistic understanding of the effect of plastic contam-
ination is a great step forward in the waywe approach this type of research.
We believe that molecular work with deep and organismal-wide informa-
tion like the one provided here is of great importance to advance our
understanding of the consequences of how plastic pollution affects life.

4. Conclusions

Nurdle spills are, sadly, a source of unwanted plastic contamination,
where enormous quantities of plastic nurdles can be found (Partow et al.,
2021; Sewwandi et al., 2022). It is very unlikely that high concentrations
of plastic pellets like the ones used in our study are found in environmental
settings other than in some areas immediately after these accidents. Marine
invertebrate development is a particularly sensitive life stage as it happens
very quickly and directly in the water. We have shown that new plastic
c representations showing themorphological and cell type phenotypic effects of PVC
t on different cell family types is described in the table.
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nurdles are able leach harmful chemicals, in particular heavymetals that, at
high concentrations, disrupt the development of sea urchin embryos. These
chemicals produce transcriptomic changes that involve the disruption of
major developmental gene regulatory networks as well as metabolic path-
ways, and challenge axis formation and cell type specification and
differentiation in sea urchin larvae. Given the highly conserved nature of
developmental processes, it is not difficult to imagine that other organisms
will also be affected in a similar way.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160901.
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