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In addition to many industrial activities that release pollutants in coastal areas,
numerous human behaviors contribute to climate change, inducing global
warming, which can also reshape the environmental impacts of some
pollutants. Therefore, it is extremely important to develop new tools that can
detect pollutants and environmental changes quickly and easily with high levels of
sensitivity. The sea urchin embryo is a well-known model used worldwide in
many research fields, including marine ecotoxicology, as a huge range of
contaminants can affect its embryonic development with species-specific
sensitivity. Morphological abnormalities are already considered biomarkers to
evaluate the effects of pollutants, and, indeed, the sea urchin has long been used
as one of the key species in a battery of bioassays to assess the toxicity of many
pollutants and dredged sediments. At the cellular level, the molecular
mechanisms activated against a stress agent constitute what is known as the
“cell stress response,” analyzed here within a whole organism, namely, the sea
urchin embryo. In this minireview, we have reported the available molecular
biomarkers linked to morphological abnormalities and the genes affected by
environmental changes and emerging pollutants, highlighting those studies that
use high-throughput screening approaches to evaluate the effects of
environmental conditions on sea urchin embryos.
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1 Introduction

In 1962, Ritossa published a discovery regarding “new and unknown factors”
synthesized by Drosophila cells in response to elevated temperatures (Ritossa, 1962).
This study, not well-acknowledged at that time, opened the way to heat shock protein
(HSP) research and, more generally, to cell stress response studies that had an unexpected
impact onmany research fields (DeMaio et al., 2012). Nowadays, it is well known that HSPs
play key roles in many cellular processes as well as in many human diseases and cancer (Hu
et al., 2022). Considering marine invertebrates, HSP expression is often tightly coupled to
environmental thermal conditions (Tomanek, 2010) as well as to pollutant exposure
(Magesky and Pelletier, 2018). In nature, embryos and larvae are part of the
zooplankton and must cope with many adverse environmental conditions, such as food
deprivation, temperature, UV radiation, and pollutants (always as mixtures), that can affect
their development, and, consequently, the successful transition to the adult stage (Hamdoun
and Epel, 2007). The sea urchin embryo represents an acknowledged model organism in
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ecotoxicology (Morroni et al., 2023). It is able to activate a variety of
actions to counteract external and internal harmful signals, which
constitute the cell stress response (Goldstone et al., 2006;
Bonaventura and Matranga, 2017), similarly to many other
organisms, from the lowest to the highest evolutionary levels.
Many studies used sea urchin embryos to analyze the molecular
mechanisms adopted to cope with various pollutants, as, for
example, metals (Bonaventura et al., 2015; Martino et al., 2017);
climate change factors, such as CO2-increase, acidification, and
ocean warming (Stumpp et al., 2011; Layous et al., 2021); UV
radiation (Bonaventura et al., 2005; Russo et al., 2010);
nanoparticles (Della Torre et al., 2014; Gambardella et al., 2016);
and microplastics (Rendell-Bhatti et al., 2021; Paganos et al., 2023).
For example, a survey for the homologs of gene families involved in
the protection against chemical stressors (“chemical defensome”)
identified more than 400 genes in the sea urchin genome (Goldstone
et al., 2006). Following exposure to pollutants such as heavy metals,
physical factors, and toxic natural compounds, the sea urchin
embryo can activate apoptosis or autophagic processes (Di
Tuccio et al., 2023), depending on the intensity of the stress stimuli.

Here, we have highlighted studies using high-throughput
screening approaches, with techniques such as qPCR, cDNA
microarray, NanoString nCounter technology, and RNA-seq.
Indeed, these approaches have been increasingly applied to
deeply analyze the molecular response to pollutants, in addition
to chemical and physical stresses, in embryos of different sea
urchin species.

In particular, we focused our attention on the gene modulations
following different exposure conditions of the sea urchin embryo,
considering the genes involved in the cellular stress response as well
as in the developmental program, which could be exploited as
biomarkers of pollutants with harmful effects in the marine
biomonitoring field. Biomarkers are quantifiable parameters at
the cellular, biochemical, molecular, and physiological levels of
an organism, which, thanks to their changes in response to
pollution stress, are used as indicators of the presence of
pollutants in the environment. Biomarkers can be specific to a
single pollutant and must be sensitive enough to promptly reveal
environmental changes according to the pollutant levels considered
harmful for biomonitoring.

2 Pollutant effects on embryo
morphology and gene
expression signature

The key role of the sea urchin embryo as a study model, first in
embryology and afterward in many other fields, is beyond doubt
(Ernst, 2011).

In ecotoxicological studies, the morphological abnormalities of
sea urchin embryos exposed to different classes of contaminants are
a fundamental first step of analysis and can be used as biomarkers of
pollution stress (Gambardella et al., 2021).

In recent decades, a deep understanding of gene regulatory
networks (GRNs) has been achieved, describing the specification
of embryonic territories under physiological conditions (Davidson
et al., 2002; McClay et al., 2016). This deep understanding of the
molecular mechanisms governing sea urchin embryo development

has allowed an evolution in the type of approaches used in
ecotoxicological studies. However, when embryos are treated with
a stress agent in “in vitro” experiments, the first step of analysis
usually remains the evaluation of their morphologies. The
embryonic skeleton, both its formation and patterning, is one of
the main targets affected by different pollutants (Matranga et al.,
2011). This target structure is damaged, for example, by UV
radiation (UVR) and cadmium, as well as by their combination
(Bonaventura et al., 2015), by lithium, nickel, and zinc (Bonaventura
et al., 2018; Russo et al., 2018) or PVC leachates (Rendell-Bhatti
et al., 2021; Paganos et al., 2023). The well-known skeletal marker
msp130, a glycoprotein specifically expressed on the surface of
skeletogenic cells (Anstrom et al., 1987), has been examined in
all these studies. For example, the analysis of this skeletal marker was
recently used to evaluate and discriminate the different effects of
various types of plastics on skeleton development, linking the most
evident skeletal defects to the presence of PVC leachates in the
embryo cultures (Rendell-Bhatti et al., 2021).

Additional markers specific for other embryonic structures are
useful for assessing the damage suffered, both revealed through
specific antibodies (to visualize the corresponding proteins) and
specific mRNA probes (to evaluate gene expression changes), such
as myosin heavy chain (MHC) and Endo1 proteins, or gcm and pks1
(Wessel and McClay, 1985; Bonaventura et al., 2018; Paganos
et al., 2023).

Many cell type-specific markers of the nervous system are also
available, such as the pan-neuronal marker Sp-syt1 (Synaptotagmin
B) (Burke et al., 2006; Paganos et al., 2023), serotonin (Rendell-
Bhatti et al., 2021), and the ciliary band markers β-tubulin (Paganos
et al., 2021; 2023), all potential markers of damages from pollutants
to the embryonic nervous system.

3 Environmental changes and putative
biomarkers of cellular stress

A crucial question in ecology is how organisms survive
environmental changes. Nowadays, it is clearly established that
climate changes, together with ionizing radiation, noise, and
vibration (Solé et al., 2023), are affecting the marine environment
and its inhabitants. Here, we provide an overview of climate change
and ionizing radiation studies describing the transcriptomic
responses of the sea urchin embryo.

Due to anthropogenic CO2 emissions and depending on their
future magnitude, seawater pCO2 is expected to increase
significantly in the coming years compared to current values,
leading to reductions in pH and carbonate ion concentrations of
seawater (a phenomenon known as ocean acidification, OA)
(Melzner et al., 2020). Therefore, an important new research
priority in marine sciences is understanding the mechanisms by
which marine organisms respond to rapidly changing oceans.
Significant progress has been made in the OA research field
recently, with the use of various techniques, leading to the
identification of highly sensitive species and others quite resistant
to the changes associated with OA. Even in this research field, the sea
urchin embryo represents a suitable model organism, and much
information on its response to environmental changes has been
obtained mainly from laboratory studies by combining
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TABLE 1 Genes affected by different exposure conditions in sea urchin embryos and larvae: potential biomarkers of embryo toxicity.

Environmental changes Emerging contaminants (M)

Stress agent Acidified seawater Nutritional stress UV-B CdCl2 PVC leachates Li/Ni/Zn

Treatment pH 8.1–7.96 pH 8.1–7.88 pH 8.0–7.6 pH 8.0/
7.7–7.4

Food deprivation 200–400 J/
m2

10–4M #

Gene
categories

Biomineralization msp130 msp130 ets1 can, sm30, p16, p19, sm50 ets1 msp130, can, p16, p19

cyclophilins, colp4α,
p19,

osteonectin,
runt-1

sparc-like, ca-4 likeB,
ca-10 like

jun admp2

Stress hsp40a hsp70, hspP40,
cyp4L_1, cyp4L_2,

osta

hsp70-IV,
hsp70-IV-like

creb, nf-kb, 4ebp,
foxo

hsp70-II mta hsp70-II,
14-3-3ε, hsp60, mt,

mdrp1, p63psmc3 hsp70–like 14-3-3ε, gp96 hsp60, mt

Membrane transporter/
energy metabolism

cox4i1, idh3a, idh3g,
sdhb, atp5f1, ndufv,

ndufa12

slc25a21, atp 5b,
mdh-1, slc5a2/a12,

slc16a6/a4

sds, slc25a36, slsp_5,
sgpl1_1, scly, ctso

gfpt1, e2f aat,
LOC594364

atpsyn,
cytc

Oral ectob univin (Dev)a,
nodal (Dev)a, lefty

(Dev)a

nodal, chordin, lefty,
univin, admp, not, gsc,

bra, foxa

gsc (Dev)a

chordin (Ner)a

Nervous elk, eaat sspo (Dev)a syt1, chat, salmfap, tph,
th, an, ngfffap

soxc

pax2/5/8, notch, fzd5/8, wnt1

pax2/5/8 (TFs)a onecut

Anterior neuroecto.b foxj1 (Dev)a pax6 (TFs)a foxj1, z167, hbn, ac/sc,
emx,

mox, rx, pax6, zic

Aboral ectob hox7 (TFs)a bmp5/8, tbx2/3, hox7,
msx, irxA, dlx, hmx

irxA (Dev)a,
hox7 (Dev)a

Immune response ndufa13, irf span gcm gcm, pks1, fmo2,3, 5,
mif4, mif5, macpfa2

gal-8, gata1/2/3, pks1

Development gataE, smad1/5/8 otx dvr1 fibropellin-1 gal-8,
sox9 (TFs)a

hbox12 (TFs)a

vegfr, smad6/7, wnt5,
tetraspanin, admp1, nectin,
paxC, sox9, blimp1, fzd4,

wnt16

Sampling 40 hpf 26, 48,108 hpf 12 hpf 4, 8, 12, 16,
20 days

2, 6/7, 13/38, 22,
27 days

48 hpf 48, 72 hpf 24, 48 hpf

Species S. purpuratus H. erythrogramma H. crassispina S. purpuratus S. droebachiensis P. lividus S. purpuratus P. lividus

Techniques Microarray RNA-Seq RNA-Seq RNA-seq RNA-Seq Nanostring RNA-seq Nanostring

References Todgham and Hofmann (2009) Devens et al. (2020) Fung et al. (2023) Li et al.
(2023)

Carrier et al.
(2015)

Bonaventura et al. (2021) Paganos et al. (2023) Bonaventura et al. (2022)

#Li: 30 mM LiCl; Ni: 0.5 mM NiCl2; Zn: 0.1 mM ZnSO4. hpf, hours post fertilization.
aThe gene category to which the gene belongs is shown in parentheses, as indicated in the bibliography: (Dev): development; (Ner): nervous system genes; (TFs): transcription factors.
bEcto: ectoderm.
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morphological and molecular analyses. The differences in the
species and developmental stages analyzed and the methodologies
used make it difficult to compare transcriptomic results between
studies as well as summarize the key findings obtained (Strader et al.,
2020). Even if fundamental molecular responses to OA appear
common (including differential regulation of metabolic pathways
and skeletogenic-specific genes, activation of cellular stress response,
and regulation of acid–base ion transport mechanisms), a diversity
in the ability to tolerate different pH environments can be observed
between different species and across different life stages within the
same species. The diversity of biological responses was highlighted
in early studies by RT-qPCR, specifically showing ATP-synthase and
Na+/K+-ATPase upregulation and sm30b (a biomineralization gene)
downregulation (Stumpp et al., 2011) and by microarray-based
transcriptomic analyses on 1,057 genes (Todgham and Hofmann,
2009) (Table 1). A genomics-based approach using transcriptomics
is a recent tool applied in the attempt to identify the physiological
capacity of sea urchins to respond and/or adapt to OA, as described
in the following few studies (limited due to space). The
transcriptomic response to OA has been measured in the
Heliocidaris erythrogramma species in controlled laboratory
experiments. A predicted future ocean pH condition (7.6) was
compared to the current one (8.0) at three developmental stages.
In addition to highlighting changes in the gene expression at all the
different conditions (particularly of genes involved in
biomineralization, msp130, the defensome, hsp70, and genes
encoding for calcium toolkit and chaperone proteins), the
authors measured the variance and changes in the shape of gene
expression profiles, suggesting the importance of examining diverse
aspects of the molecular response to OA to understand its
complexity (Devens et al., 2020) (Table 1). A similar approach
was applied to study the OA effects on Strongylocentrotus
droebachiensis, that is, RNA-seq together with gene set variation
analyses on 14-day-old larvae cultured at pH 8 and 7.6 (Runcie et al.,
2016). In addition to changes in gene expression similar to those
observed in H. erythrogramma, increased expression of genes
involved in immune responses has been described in S.
droebachiensis embryos, larvae, and juveniles. This study also
highlighted the complexity of molecular responses to OA,
discussing the importance of transcriptomic and quantitative
genetics approaches to understand the biological impact of
climate change. Recently, a single-embryo RNA-seq analysis of
H. crassispina grown at three pH conditions (pH 8.0, 7.7, and
7.4) reported gene expression changes to OA at an individual
and family level (Fung et al., 2023) (Table 1). The transcriptomic
profiles of every single embryo showed differences in the expression
of genes involved in biomineralization (ets1), development (univin,
nodal, and lefty), and metabolism (gfpt1 and E2F family genes)
induced by pH conditions.

In nature, environmental changes occur in a multi-stressor
context, with a combination of lower pH levels, higher
temperatures, and lower oxygen concentrations than normal
conditions. Typically, multi-stressor transcriptomic studies
include only two stress factors, that is, low pH and high
temperature, while other factors, such as oxygen or salinity levels,
have not been considered as often. Recently, a transcriptomic
analysis has been performed to investigate the influence of both
temperature and pCO2 levels on the early development of

Mesocentrotus franciscanus (Wong and Hofmann, 2021). The
transcriptomic patterns varied between the two developmental
stages analyzed, especially between the two treatment conditions.
The warmer temperature mainly induced cellular stress response
and increased expression of genes related to transmembrane
transport at the gastrula stage, whereas pCO2 treatment had a
smaller effect, and both factors together did not significantly
affect embryos. At the prism stage, warmer temperature caused
an upregulation of genes related to transmembrane transport (ion
binding, ion transmembrane transporter, cation channel, and
sodium and potassium ion transmembrane transporters),
indicating osmoregulation and homeostasis maintenance and
genes related to energetic processes, probably to meet higher
energetic demand. These results suggest a plasticity at 17°C,
which may not be present under more severe warming
conditions. Furthermore, sea urchin embryos appear to be more
vulnerable to increased pCO2 levels and, therefore, to reduced
seawater pH levels than to warming temperatures.

The impossibility of replicating the full range of variables that
naturally occur within the ecosystems is one of the major limitations
of controlled laboratory experiments. Thus, the need arose to verify
whether the responses of marine organisms extrapolated from
laboratory exposures were consistent with those naturally
occurring in ecologically relevant sites. Natural vent sites have
been identified that release CO2 gas into the surrounding
seawater, creating generally hostile habitats for animals. These
sites are considered ideal “natural laboratories” for studying
future OA conditions. Until now, field studies on sea urchin
embryos/larvae grown at natural CO2-vent sites are very few,
probably due to the difficulty of organizing the correct
experimental setup. In addition to evaluating the relationships
between abnormal development of sea urchin larvae and elevated
pCO2/reduced pH of the environment (Lamare et al., 2016) as well as
temperature, oxygen concentration, salinity, and food availability of
the sites (Foo et al., 2020), few field studies examined their genetic
response to OA by investigating genes and functional groups
(Uthicke et al., 2019). In addition, some recent studies reported
interactive effects between marine acidification and pollutants, such
as pharmaceutical compounds or metals, on sea urchin embryos, but
no molecular data are available (Dorey et al., 2018; Pusceddu
et al., 2022).

All these phenomena can impact food availability, which is
extremely important for the vital processes of marine animals.
Therefore, reduced food availability can have further negative
effects on their survival strategies. Depending on food availability
(microalgae), sea urchin embryos and larvae can experience
nutritional stress, recently studied through a transcriptome
approach (RNA-seq) analyzing the gene expression signature
linked to food deprivation. In particular, starved larvae of S.
droebachiensis showed upregulated genes involved in lipid
transport, environmental sensing, and defense, that is, elk, foxj1,
creb, nf-kb, the neural excitatory amino acid transporter eaat, and
the translation inhibitors 4ebp and foxo (Carrier et al., 2015)
(Table 1). Recently, Li et al. (2023) (Table 1) identified
14 biomarker genes belonging to different categories in unfed
larvae of S. purpuratus: membrane transporter, hsp, extracellular
matrix, immune response, and receptor and gene regulation. Of
these, the gene LOC575259 coding for the neutral amino acid
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transporter (aat) was the most highly expressed, suggesting that
unfed larvae use organic matter dissolved in the seawater as an
energy source. Both studies, performed under different feeding
regimes, highlighted that sea urchin larvae can respond to
unfavorable environmental conditions by delaying or arresting
their development and metabolic activities and modulating their
gene expression patterning, a phenomenon known as
“developmental plasticity,” which is necessary to survive.

In addition to OA and warming, global climate change has the
potential to partially worsen ozone layer depletion in the Arctic,
increasing the transmission of solar UVR through the atmosphere to
the ocean (Day and Neale, 2002; Barnes et al., 2022). UVR is known
to affect sea urchin embryos living in shallow water, which in turn
can activate UVR molecular defense systems at the transcriptional,
translational, and post-translational levels. Various aspects should
be taken into consideration, looking for molecular biomarkers
related to UVR stress response, such as different sensitivity to
UVR related to the sea urchin species, developmental stages
(early or late), duration (short or long-term) of exposure, and
doses chosen for the UVR (Bonaventura and Matranga, 2017).
Few studies have examined this question, and of them, very few
reported field data (Lesser, 2010; Lister et al., 2010). Meanwhile,
laboratory experiments have evaluated developmental
abnormalities, survival, oxidative stress, DNA damage, and
activation of antioxidant defense mechanisms, and only some
addressed the molecular aspect by focusing on the up- or
downregulation or delocalization of gene expression involved in
UVR stress (Russo et al., 2010; 2014).

In particular, a high-throughput screening approach has been
applied to P. lividus embryos exposed in vitro to UVR to characterize
the molecular responses adopted to cope with this stressor
(Bonaventura et al., 2021). Using NanoString nCounter
technology, 127 genes encoding for regulatory and structural
proteins were analyzed in embryos 48 h post irradiation and
showed dysregulation of the expression of some genes, including
hsp70-II, jun, gal-8, sox9, andHbox12, and genes related to neuronal
development, such as sspo (or SCO-spondin precursor) (Table 1).
The modulation of sspo gene expression caused by UVR intriguingly
suggests putative effects on the mechanisms regulating the sea
urchin embryo’s nervous development (Bonaventura et al., 2021).

4 Contaminants of emerging concern:
some examples

In recent decades, environmental pollution has increased in
tandem with the increase in human activities. The marine
ecosystem is distressed by a wide variety of new
anthropogenic pollutants that include many substances called
“emerging contaminants” (ECs) released when industrial,
agricultural, hospital, and domestic wastes are discarded in the
sea (Landrigan et al., 2020; González-Gaya, 2021). Differently
from the classical “pollutants” (pesticides, hydrocarbons, and
heavy metals), the ECs include compounds such as
pharmaceutical drugs, personal care products, microplastics,
and nanoparticles. They can cause toxic effects even in trace
amounts, thus representing a high-risk factor to a single
organism and a threat to the entire marine biota, as well as to

human health via food chains, due to their persistence in the
environment and accumulation in the living tissues (Pereira
et al., 2015).

Plastic pollution and its effects on marine ecosystems are of
particular concern for the scientific community and for civil society
as well. Organisms at all levels of the food chain, from top predators
to plankton, and even in remote places, have experienced plastic
pollution in the form of ingestion, suffocation, and chemical
contamination (Tekman et al., 2023). The world of plastic is
variegated in its polymer compositions and consequently in the
related waste, known to be classified by size as macro (>25 mm),
meso (25–5 mm), large micro (5–1 mm), small micro
(1 mm–20 μm), and nano (1,000–1 nm) plastics (Nayanathara
Thathsarani Pilapitiya and Ratnayake, 2024).

Studies have evaluated the effects of micro- (MPs) and nano-
(NPs) plastics on sea urchin embryos (Gambardella et al., 2021),
although the effects attributed to MPs actually appear due to
leaching chemicals (additive and absorbed chemicals) released by
MPs rather than to MP particles themselves (Manzo and Schiavo,
2022), as reported in detail by the two recent reviews cited. This
was reported by a study comparing leachate obtained from plastic
particles collected from a beach and industrial ones (polyvinyl
chloride, PVC), showing that abnormal morphologies in P.
lividus embryos were linked to chemicals, persistent organic
pollutant (PAHs and PCBs) leached from industrial PVC
(Rendell-Bhatti et al., 2021). The molecular response of S.
purpuratus embryos and larvae to PVC leachates was deeply
analyzed by a differential RNA sequencing (deRNA-seq)
approach at 48- and 72-hours post fertilization (hpf) (Paganos
et al., 2023). Thanks to a single-cell type atlas, transcriptomic
data highlighted an increased number of PVC leachate
downregulated genes (86% at 48 hpf and 77% at 72 hpf)
belonging to the anterior neuroectoderm/apical plate, aboral
ectoderm, neurons, immune, and skeletal cells, while the
upregulated genes mainly belonged to gut-derived cluster cells.
Furthermore, authors characterized the deregulated key genes in
detail, considering them both for their role in the cell type
specification GRNs (i.e., pax6 and soxc, involved in neural
development, and ets1, involved in biomineralization) and as
markers of distinct cell types (i.e., gcm and pks1 expressed in
immune cells) (Table 1). These genes might potentially be taken
into consideration as biomarkers of PVC leachate impact.

The gene expression effects of metals such as Cd
(Bonaventura et al., 2021), Li, Ni, and Zn (Bonaventura et al.,
2022) have been evaluated in P. lividus embryos (Table 1) using
NanoString nCounter technology. Cd exposure caused the
upregulation of stress genes, such as metallothionein (MT),
hsp70-II, and hsp60, and the downregulation of pax6, sox9/
soxE, and two nervous-related genes, onecut/hnf6 and sspo,
also downregulated in embryos exposed to UVB and to the
combination Cd/UV-B (Bonaventura et al., 2021). Although
the sublethal concentrations of Li, Ni, and Zn used were not
environmentally relevant, also due to the short period of metal
exposure (0–48 h), the study by Bonaventura et al. gave some
indications about the genes that were sensitive to Li, Ni, and Zn
that can be used as potential biomarkers of impact (Bonaventura
et al., 2022). Among them at 48 hpf, 14-3-3epsilon (adapter
protein), hsp70-II, gata1/2/3 (zinc finger TF), nectin
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(extracellular matrix protein), vegfr (biomineralization), and
chordin and pax2/5/8 (nervous system) genes were affected by
all the three metals. In addition, some other potential biomarker
genes could be considered, such as carbonic anhydrase (can/ca)
(biomineralization), hox7, foxA, pks1 (immunity), irxa, sox9
(myogenesis), and wnt16, as they are greatly affected by one
or more of these metals.

5 Conclusion

In this minireview, we have reported an update, although not-
exhaustive, of the current knowledge of the sea urchin embryo
genes involved in the cellular stress response following exposure
to different environmental conditions and different types of
pollutants.

The genome sequence of S. purpuratus has been available
since 2006 (Sodergren et al., 2006), and recently, the sequences of
other Echinoderms (Arshinoff et al., 2022), including P. lividus
(Marlétaz et al., 2023; Costantini et al., 2024), have become
available and are of great support in many different fields of
research. As highlighted, the genomic data collected in this
review suggest that exposure to different insults related to
climate change and pollution causes lethal consequences in sea
urchin embryos, affecting both structural and functional genes
and so demonstrating the high sensitivity of this marine
invertebrate. These data can be very useful in providing new
approaches to address ecotoxicological studies, encouraging new
possible monitoring and intervention strategies with the
potential to be exploited as an alarm bell of both climatic and
pollution changes in the marine environment. However, some
challenges need to be addressed before this new approach can be
fully applied in ecotoxicology. For example, many genes related
to the formation of the embryonic skeleton and the nervous and
immune systems could be used as potential biomarkers of
deleterious effects (Deidda et al., 2021). In this direction, our
review focused on highlighting genes related to dangerous
exposure, with the aim of facilitating the identification of
panels of modulated genes to be potentially exploited as
biomarkers for the evaluation of embryotoxicity.

Integrative approaches linking morphological defects to
biochemical and physiological measures, as well as gene
expression signatures and GRN analyses, are needed for a deep
understanding of how sea urchins and other marine organisms
respond to a wide variety of environmental conditions.

Furthermore, multidisciplinary approaches should be
encouraged, which, in addition to molecular biology research,
should also include field analyses and studies on the interactions
between different pollutants.

A last but not least important aspect to consider is that sea
urchins are keystone species of sublittoral ecosystems. Some of them,
including P. lividus, have a high economic value as their gonads are
edible (Boudouresque and Verlaque, 2020). Therefore,
understanding how future ocean conditions (including physical
and chemical changes as well as environmental pollution) will
affect the overall fitness and adaptive potential of sea urchins in
nature, as well as how they will respond, is needed to support
fisheries conservation and management strategies.
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