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ARTICLE INFO ABSTRACT

Chelates of Gadolinium (Gd), a lanthanide metal, are employed as contrast agents for magnetic resonance
imaging and are released into the aquatic environment where they are an emerging contaminant. We studied the
effects of environmentally relevant Gd concentrations on the development of two phylogenetically and geo-
graphically distant sea urchin species: the Mediterranean Paracentrotus lividus and the Australian Heliocidaris
tuberculata. We found a general delay of embryo development at 24 h post-fertilization, and a strong inhibition of
skeleton growth at 48 h. Total Gd and Ca content in the larvae showed a time- and concentration-dependent
increase in Gd, in parallel with a reduction in Ca. To investigate the impact of Gd on the expression of genes
involved in the regulation of skeletogenesis, we performed comparative RT-PCR analysis and found a mis-
regulation of several genes involved in the skeletogenic and left-right axis specification gene regulatory net-
works. Species-specific differences in the biomineralization response were evident, likely due to differences in
the skeletal framework of the larvae and the amount of biomineral produced. Our results highlight the hazard of
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Gd for marine organisms.

1. Introduction

Pharmaceuticals and agents used for medical applications are
commonly detected in the aquatic environment and are increasingly of
global concern (Brausch et al., 2012; Brooks and Huggett, 2012; Tiwari
et al., 2017), but their impact on aquatic and marine organisms is still
poorly understood (Boxall et al., 2012). These agents are manufactured
to be biologically active compounds with specific cellular targets that, if
evolutionarily conserved, are likely to affect a broad spectrum of spe-
cies and so present a high ecotoxicological risk (Gunnarsson et al.,
2008). Compounds released into the environment that interact with
evolutionarily conserved transporter or receptor proteins are of parti-
cular concern for marine biota (Berninger and Brooks, 2010; Fong and
Ford, 2014).

Gadolinium (Gd), despite being one of the rarest elements on Earth
(Lide et al., 2009), is a medical agent recognized as an emerging en-
vironmental pollutant (Telgmann et al., 2013). Chelates of this element

have been used as contrast agents in magnetic resonance imaging (MRI)
since the 1980s. Although originally considered to be safe for humans
(Niendorf et al., 1991; Joffe et al., 1998), Gd chelates have been shown
to be dangerous for human health and linked to the development of a
cutaneous disease, the nephrogenic systemic fibrosis (Cowper et al.,
2000; Grobner, 2006). Gd-based MRI contrast agents are generally very
stable complexes. After being rapidly eliminated from the patient’s
body, they are released into waste-water systems and are not removed
in the treatment of effluents (Telgmann et al., 2013). Thus, Gd chelates
are released largely unchanged into aquatic and marine environments
(Telgmann et al., 2013), where their occurrence has significantly in-
creased over the last 20 years (Zhu et al., 2004; Hatje et al., 2016).
Gd toxicity on aquatic organisms is poorly understood. In fresh-
water mussels Gd exposure triggers mitochondrial and anti-in-
flammatory pathways (Hanana et al., 2017), and in goldfish Gd accu-
mulates in the liver and induces antioxidant enzyme production (Chen
et al., 2000; Laville et al., 2004). The high toxicity of Gd ions (Gd**)
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appears to be associated with its action as a blocker of calcium chan-
nels, as its ionic radius (0,938 f\; 93,8 pm) is nearly equal to that of
divalent Ca2* (0,99 A; 99 pm) (Sherry et al., 2009). Gd** is able to
compete with Ca®* in physiological processes requiring Ca”, usually
binding with much higher affinity than Ca®* (Mlinar and Enyeart,
1993; Sherry et al., 2009).

Sea urchin embryos and larvae living in the water column face many
adverse environmental conditions and pollutants (Lawrence, 2013).
These marine invertebrates have been used as a model system for
decades to evaluate the potential risk of pollutants in the marine en-
vironment (Byrne et al., 2013; Matranga et al., 2013; Bonaventura and
Matranga, 2017; Chiarelli et al., 2016). Sea urchin larvae have a calcite
(CaCO3) endoskeleton containing 5% of magnesium carbonate and
0.1% of occluded matrix proteins (Matranga et al., 2011). Skeletogen-
esis is initiated at the gastrula stage by the primary mesenchyme cells
(PMCs), descendants of the micromeres (Wilt, 2005). Gene expression
in these cells is required for specification of the skeletogenic lineage
and biomineral formation (Oliveri et al., 2008). At the gastrula stage,
PMCs are interconnected in a syncytium and arranged in the blas-
tocoelic cavity in a characteristic spatial pattern forming a sub equa-
torial ring linking two ventrolateral clusters (Matranga et al., 2011).
Spiculogenesis starts with the deposition of a calcite crystal within the
syncytium in each cluster (Wilt, 2005). These skeletal rudiments extend
in triradiate spicules, which then grow along three spatial directions to
form the larval skeleton (Wilt, 2005). Calcium contained in the spicules
is obtained from seawater, where it occurs at high concentration
(~10mM) (Vidavsky et al., 2016). PMCs possess active Ca* trans-
porters, presumably with high capacity and low affinity, but they have
not yet been identified (Vidavsky et al., 2016). The larval skeleton is
highly sensitive to environmental stressors and so is a trait often used
for ecotoxicology (Matranga et al., 2011). Proper skeletogenesis de-
pends on the dynamic interactions of genes in a complex Gene Reg-
ulatory Network (GRN) (Oliveri et al., 2008). PMCs express a unique
suite of genes that function in skeletogenesis. The molecular cross-talk
between the PMCs and the ectoderm is essential to achieve the complex
three-dimensional structure of the skeleton and its bilateral symmetry,
as well as the spatial organization of PMCs (Duloquin et al., 2007;
Rottinger et al., 2008).

Several studies have examined the impact of toxicants, including
metals (e.g. Cd, Mn, Pb, Zn) and other stressors (e.g. UV, X-rays, sul-
famethoxazole) on gene expression during sea urchin development,
with a focus on the skeleton as a sensitive trait for ecotoxicology (Russo
et al., 2003, 2010; Bonaventura et al., 2005; Matranga et al., 2010;
Pinsino et al., 2011; Ragusa et al., 2013). Overall, these studies docu-
ment altered gene expression, including genes involved in skeletogen-
esis (e.g. sm30, sm50, msp130) (Bonaventura et al., 2005; Matranga
et al., 2010; Pinsino et al., 2011) and in stress, apoptotic and in-
flammatory responses (e.g. hsps, metallothionein, 14-3-3, fadd, casp8,
bak, pin, ptprd, tak) (Bonaventura et al., 2005; Russo et al., 2003, 2010;
Ragusa et al., 2017). Thus far, however, the impact of environmental
xenobiotics on expression of the genes involved in the skeletogenic GRN
has not been fully examined. With respect to the impact of toxicants on
Ca content of sea urchin larvae as an indicator of impaired calcification,
Pinsino et al. (2011) found that the endogenous Ca®* levels were
strongly reduced by manganese exposure, as measured by atomic ab-
sorption spectrometry. Tellis et al. (2014) suggest that toxic metals may
interfere with Ca homeostasis in sea urchin development.

In a previous study, a wide range of sublethal Gd concentrations
(1 nM-200 pM) was tested on embryos and larvae (from fertilization to
the pluteus stage) of four phylogenetically and geographically distant
species, two living in the Mediterranean Sea, Paracentrotus lividus and
Arbacia lixula, and two living in the Australian East Coast, Heliocidaris
tuberculata and Centrostephanus rodgersii (Martino et al., 2017a). A
strong concentration-dependent response to Gd was found in all spe-
cies, mainly affecting skeleton formation, with species-specific
threshold levels of sensitivity (Martino et al., 2017a). The different
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sensitivities emphasized the importance of testing toxicity in a range of
species when assessing the impacts of xenobiotics entering the marine
environment (Martino et al., 2017a). The morphological aberrations
caused by Gd were categorized in different larval morphotypes, high-
lighting the severe inhibition of growth and patterning of the larval
skeleton (48 h post fertilization, hpf) of the four species, including left-
right asymmetry in skeleton development (Martino et al., 2017a). In a
subsequent study of P. lividus embryos exposed to Gd 20 uM, Martino
et al. (2017b) showed that the PMCs were correctly localized at 24 hpf,
but not at 48 hpf, and that the stress response was associated with a
significant induction of autophagy, a known cell survival mechanism in
sea urchin embryos (Agnello et al., 2016; Chiarelli et al., 2016; Martino
et al., 2017b).

We extended on our research focusing on two species, P. lividus and
H. tuberculata, to investigate the link between skeletogenesis, calcium
homeostasis and expression of skeletogenic genes in embryos treated
with Gd. The two species were chosen based on their similar morpho-
logical response but different sensitivity to this agent and their con-
trasting skeletal robustness (Martino et al., 2017a). The latter is im-
portant as development of skeleton is a response variable often used for
ecotoxicology and is a trait that can vary greatly in sensitivity between
species, likely due to evolutionary/phylogenetic differences (Zito et al.,
2015; Martino et al., 2017a).

Here, for the first time, we investigated the expression of 12 genes in
response to the emerging toxicant Gd. We focused on genes involved in
the regulation of skeletogenesis from three functional levels as in-
dicated by the skeletogenic GRN (Oliveri et al., 2008): i) early ex-
pressed genes, including genes involved in the left/right specification
axis (nodal, lefty, bmp) and alx-1, a primary driver of skeletogenic
specification and differentiation; ii) signaling molecule genes involved
in the ectoderm-PMCs induction that regulates skeletogenesis and
which are essential for directional migration of the PMCs (univin, vegf,
vegf-r, fgf); iii) skeletogenic genes needed for the deposition of the
biomineral (msp130, sm30, p16, p19). As Gd is a known blocker of
calcium channels, we also investigated the relationship between Gd
exposure, skeletal growth and calcium uptake by Flame Atomic Ab-
sorption Spectrometry (FAAS). This allowed us to assess the impact of
Gd on calcium uptake during development and the potential pertur-
bation of genetic control of the biomineralization process.

2. Materials and methods
2.1. Embryo cultures, exposure to Gd and morphological analysis

Paracentrotus lividus were collected along the North-Western coast of
Sicily, Italy. Heliocidaris tuberculata were collected from Little Bay,
Sydney, Australia (under permit from NSW DPI). Eggs were fertilized
and embryos were cultured as previously described (Martino et al.,
2017a). Embryos were reared at 18-20 °C in Millipore filtered seawater
(MFSW). Just after fertilization, the embryos were exposed to Gadoli-
nium Acetate Tetrahydrate (GAT, Waco) at different concentrations:
20 uM for P. lividus; 500 nM and 5uM for H. tuberculata (PI-EC50:
1.18 uM; Ht-EC50: 56 nM). These concentrations were chosen based on
the Gd concentration-response curve determined for these species
(Martino et al., 2017a). For P. lividus, 20 uM was the concentration with
highest percentage of larvae that had an asymmetrical skeleton. For H.
tuberculata, 500 nM was the concentration that caused the highest
percentage of asymmetrical embryos, and 5 pM was the concentration
with the highest percentage of embryos without any skeleton (Martino
et al., 2017a). The GAT salt was freeze-dried before weighing and then
dissolved in MFSW. Three recovery experiments were performed as
previously described in P. lividus embryos (Martino et al., 2017b).
Briefly, Gd was removed after 24h of development/exposure by
washing embryos three times in MFSW by hand centrifugation, and
then these washed free (WF) embryos were cultured in MFSW for fur-
ther 24 h. Embryos were microscopically inspected (Zeiss Axioscop 2
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plus or Olympus BX60) at different endpoints and photographed using a
digital camera. At 6, 24 and 48 hpf, the embryos were collected and
centrifuged at low-speed at 4 °C. The supernatant seawater was re-
moved and the embryos were flash frozen in liquid nitrogen and stored
at —80 °C until use.

2.2. Determination of gadolinium and calcium content in the larvae

As skeletal spicules are calcareous structures, Ca is needed to con-
struct the skeleton. To investigate the relationship between Gd ex-
posure, skeleton growth and calcium uptake, the total amount of Ca and
Gd in the larvae of the two species was analysed by Flame Atomic
Absorption Spectrometry (FAAS) in three independent experiments.
Frozen embryos were prepared for metal determination by acid diges-
tion in 70% HNO3/30% H,0, (v/v 2:1) at 150 °C in oil bath. The dried
residues were reconstituted in 0.2% HNOs; and analysed for metal
contents by FAAS using a Perkin Elmer Analyst 800 apparatus. The total
Ca and Gd content data were determined for the embryos from each
fertilization with means presented (n = 3, = Standard
Deviation — SD).

2.3. RNA extraction

Total RNA from control and Gd-exposed embryos (6, 24 hpf) and
larvae (48 hpf) was extracted from frozen pellets of nine biologically
independent replicates of P. lividus and H. tuberculata embryos. The
embryos from each fertilization were generated from the gametes of
multiple parents and were placed in 9 separate wells in culture dishes (3
from each fertilization). As each of the wells would contain a different
set of embryo genotypes, they were regarded as independent replicates,
thus n = 9. The RNA extraction was performed using the GenElute
Mammalian Total RNA Miniprep Kit™ (Sigma), and the RNeasy Mini Kit
(Qiagen) respectively for P. lividus and H. tuberculata embryos. Residual
DNA was eliminated by DNase I (Sigma) digestion. The RNA purity and
quantity were estimated using a bio-photometer (Eppendorf) or a
NanoDrop Spectrophotometer (Thermo Scientific). All samples were
diluted to the same concentration and frozen at —20 °C until use.

2.4. Gene selection, oligo design and One Step RT-PCR

In a preliminary analysis of the sea urchin skeletogenic GRN, 12
target genes were selected and their sequences were retrieved from the
NCBI nucleotide database. In order to perform expression analysis by
amplification reactions, specific couples of forward and reverse primers

Table 1
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were drawn and evaluated by Blast search at NCBI (Table 1). MWG
(Heidelberg, Germany) and IDT (Singapore) services were utilized for
primer synthesis. Pl-nodal and PI-fgf primers were kindly provided by
Dr. Cavalieri (University of Palermo) (Cavalieri and Spinelli, 2014;
Cavalieri et al., 2011).

Superscript One-Step RT-PCR kit (Invitrogen) was utilized to per-
form comparative gene expression assays and detect differences be-
tween controls and treated embryos as in previous studies (Russo et al.,
2003; Matranga et al., 2010; Costa et al., 2010; Antiabong et al., 2016).
Equal amount of total RNA from control and Gd-exposed embryos were
used to amplify the selected RNA targets and reference genes (Costa
et al., 2012). S24 and Z12 genes, encoding respectively a ribosomal
protein and a zinc-finger transcription factor, were used as internal
reference genes for P. lividus and H. tuberculata embryos, respectively,
as they were found to have constant level of expression throughout
development (Sgroi et al., 1996; Costa et al., 2012).

The One Step RT-PCR reactions were performed according to the
manufacturer's instructions. The RT was always carried at 50 °C for
30 min, followed by a denaturation step of 2 min at 94 °C. Depending
on the primer set with specific annealing temperature, the amplification
step had a variable number of amplification cycles (26-35) in order to
keep a logarithmic trend in every reaction. After amplification, a final
extension step for 10 min at 72 °C was performed. The RT-PCR reac-
tions were analysed by electrophoresis on agarose gel. After running,
gel acquisitions were carried out using GelDoc1000 imaging detection
system (BioRad) and the FluorChem E digital imaging system (Alpha
Innotech). Densitometric analysis of gel bands was performed using the
Quantity One image analysis software, version 1.1 (BioRad). The
comparison of relative expression levels of the genes between control
and Gd-exposed embryos was obtained by normalizing amplicon band
intensities to the values of the genes used as internal reference.

2.5. Statistical analysis

The One Step RT-PCR data are presented as the mean of the 9 in-
dependent reactions *= SD (from embryos harvested from 9 wells) for
each developmental endpoint (6, 24 and 48 hpf) for each gene. These
data were analysed by the one-way analysis of variance (ANOVA).
Homogeneity of variance was checked using the Levene’s test. Tukey’s
HSD test was used as post-hoc test analysis of significant differences.
The analyses were performed using the Statistica 13.2 software
(StatSoft, Tulsa, OK, USA), and the level of significance was set to
P < 0.05.

List of primer sequences used for gene expression analysis, number of cycles and annealing temperature (°C).

Name Forward primer 5’-3 Reverse primer 5-3’ Number of Cycles Annealing T (°C)
Pl-Alx1 GCCGTGTCTAGCTACATACC GTACACATCGGGTAGTG C 30 55
PL-fgf TACATTTGAAGTGGTTGGATTTCG GCCAGGGACACGCATAAGAAC 30 55
Pl-msp130r1 CAAGGGAAATCCAAGATGGCGTTG TCTCTCTGGCTGGACCCTCAT 30 55
Pl-nodal ACAACCCAAGCAACCACGCA CGCACTCCTGTACGATCATG 30 55
Plp16 ATGAAGACTTTTGTTGCCCTCTTGTC CGCGTTTTGAAGCATCTGGGC 30 55
Plp19 ATGACCAAGGAAGAGGCTGC GTGGTCCCATTACCATTTCACTG 30 55
Pl-S24 CTGATCAGACCATGCTCTAAGGT CCTGATGTCGTCAGTACAACGTA 30 55
Pl-univin GTCTGCAACTGTTGGACGTC GAAAGGGCATTCACCATCGC 34 55
Pl-vegf GACTGTCCGAACAACAAGGTC GATTCCAGTCTCTGGGACAAG 30 55
Pl-vegfr GTCGACGACTCATACATCATCC TAA GGC GTA CCG GTG ATC AC 30 55
Ht-bmp2-4 GGCCGAATTGAGATTGTTTCG TTTGAGCGTCTTGAGGATGG 26 54
Ht-fgf TCGCACGTAATCATCATCGG TCAGGCATCTTGTAAGCATAGG 35 54
Ht-lefty GTCGTCAACCAACACAATGG AAGTTAGCAGTGGAGGAATGG 26 54
Ht-msp130 TCCTATGATTCCCACCACGC AAGGTCATGTTCCGGGTCAC 26 54
Ht-nodal TAACCATGCATCGACCATCC GGTAGACTCCTCACTTGAAACG 30 54
Ht-sm30B AAACTACACCAACTGGGAAGG CTGAGGAATGGCTGAGATAACG 21 54
Ht-vegf2 ATGATTACGGAGATGGGTATGG GGCATTATGATAGTGGTAGTTTCG 35 54
Ht-Z12 AGTGCTGTTCAAGATGCGGA CTCTCCTGTATGGACACGCC 26 — 35 54
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Fig. 1. Representative pictures of controls (A-D), Gd-exposed (F-I), and WF (E) embryos and larvae of the two species after 24 (A, C, F, H) and 48 (B, D, E, G, I) hpf. (A, B, E, F, G) P. lividus
embryos; (C, D, H, I) H. tuberculata embryos. Black arrows, triradiate spicules; asterisks, gut formation; white arrows, squamous epithelium cells; arrowheads, columnar oral epithelium. h,

hindgut; m, midgut; f, foregut. Bar = 50 ym in A, C, F, G, HI; 25 um in B, D, E.

3. Results
3.1. Gd exposure perturbs embryo development

Paracentrotus lividus and H. tuberculata exhibited a similar morpho-
logical response to Gd (Fig. 1). In both species, the PMC ingression
appeared to be normal (Fig. 1A, F) and archenteron invagination oc-
curred on schedule (Fig. 1A, C, F, H, see asterisks). The first effects of
Gd were visible at the gastrula stage (24 hpf), at the onset of skeleto-
genesis. The two triradiate spicules were present in controls (Fig. 1A
and C, see black arrows), but the Gd-exposed embryos lacked spicules
(Fig. 1F, H). At 48 hpf, the controls were echinoplutei with a well-de-
veloped larval skeleton (Fig. 1B, D). The plutei of P. lividus (Fig. 1B)
have an elongated body, with unfenestrated thin skeletal rods, while H.
tuberculata plutei have wider body with robust and fenestrated arm rods
(Fig. 1D). At 48 hpf, in both controls and Gd-exposed embryos, the
ectoderm was patterned along the oral-aboral axis (Fig. 1G, I), with the
squamous aboral epithelium at the vegetal pole (Fig. 1G, I, see white
arrows) and the columnar oral epithelium at the animal pole (Fig. 1G, I,
see arrowhead). In control and treated embryos, the archenteron was
correctly differentiated into a tripartite gut (Fig. 1G, see f, m, h) and
differentiation of circumesophageal muscle cells was complete. The
characteristic contractile movements of the gut were also observed.

It appears that Gd-exposure mainly affected skeleton formation in
both species, resulting in a range of abnormalities with a severe in-
hibition of skeleton growth and patterning in treated embryos (Fig. 1G,
). In both species, some embryos showed a severe disorganization of
the skeletal rods with formation of supernumerary rods resulting in the
inability to achieve the pluteus form (Fig. 1I). Some embryos had
shorter spicules leading to a reduction of arm length, while others had
an asymmetric skeletal pattern (Fig. 1G). In P. lividus, WF embryos
showed a partial recovery of skeleton elongation. However, the ske-
leton pattern was abnormal (Fig. 1E).

3.2. Gadolinium-induced inhibition of spicules growth correlates with
calcium uptake during development

To investigate the relationship between Gd exposure, Ca uptake and
skeleton growth we analysed the Ca and Gd content by FAAS in con-
trols, Gd-exposed embryos and WF embryos.

The histogram in Fig. 2A shows the amount of Ca in P. lividus em-
bryos. Control larvae at 48 hpf had a 10-fold higher total amount of Ca
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than at 24 hpf (40.49 pg/mg + 3 SD vs 4.04 uyg/mg + 0.4 SD), re-
flecting the skeleton production resulting in the formation of a complex
three-dimensional skeleton (Fig. 1A, C). In Gd-treated embryos there
was a 45.54% reduction in the amount of Ca compared to controls at 24
hpf (4.04 pg/mg =+ 0.4 SD in controls vs 2.2 ug/mg * 0.2 SD in Gd-
exposed embryos), and a 78.81% reduction at 48 hpf (40.49 pg/
mg + 3 SD in controls vs 8.58 ug/mg = 1.2 SD in Gd-exposed em-
bryos). The increase in Ca levels during development in Gd-exposed
embryos was weak if compared to controls, as the total amount of Ca
was only 4.72-fold higher at 48 hpf than at 24 hpf. WF embryos had an
intermediate value of Ca amount (19.2 ug/mg + 0.9 SD) between 48
hpf-controls and embryos continuously exposed to Gd for 48 h, with a
52.58% reduction with respect to controls (Fig. 2A).

Fig. 2B shows the amount of Gd in controls and treated embryos. No
Gd was detectable in controls (< 5 ng, the resolution limit of the in-
strument), while Gd-exposed embryos had 427.8 ng/mg + 60 SD at 24
hpf and 674.66 ng/mg =+ 49 SD at 48 hpf. Strikingly, WF embryos had
an amount of Gd (276.26 ng/mg = 37 SD) intermediate between the
48 hpf-controls and embryos that were continuously exposed to Gd for
48 h.

As for P. lividus, the total amount of Ca increased during develop-
ment in H. tuberculata control embryos, being 13.8-fold higher at 48 hpf
(69.69 ug/mg + 3.48 SD) than at 24 hpf (5.05 pg/mg = 0.25 SD). In
Gd-exposed H. tuberculata embryos we found an 80% reduction in the
amount of Ca at both concentrations at 24 hpf (5.05 ug/mg + 0.25 SD
in controls vs 1.01 ug/mg *+ 0.26 SD in Gd-exposed embryos) and a
90% reduction at 48 hpf at both concentrations (69.69 ug/mg =+ 3.48
SD in controls vs 6.91 ug/mg + 0.34 SD in 500 nM Gd and 6.66 pg/
mg + 0.48 SD in 5 uM Gd) (Fig. 3A). Thus, the lowest Gd concentra-
tion tested (500 nM) was sufficient to block calcium uptake. No Gd was
detectable in controls (< 5ng), while a concentration-response effect
was observed in Gd-exposed embryos, with a greater Gd amount at the
highest concentration tested both at 24 hpf (7.4 ng/mg = 0.07 SD at
500 nM vs 320.64ng/mg * 16.03 SD at 5uM) and at 48 hpf
(380.16 ng/mg =+ 19 SD at 500 nM vs 1040.51 ng/mg + 52.71 SD at
5uM) (Fig. 3B).

3.3. Gd exposure perturbs expression of skeletogenic genes

To determine the temporal expression of several transcripts in-
volved in the regulation of skeletogenesis, we carried out analysis of
mRNA expression of candidate genes.
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Fig. 2. Total Ca (A) and Gd (B) content determined by Flame Atomic Absorption
Spectrometry at 24 and 48 hpf in P. lividus embryos: Ctrl 24 and Ctrl 48, controls at 24
and 48 hpf; Gd 24 and Gd 48, 20 uM Gd-exposed embryos at 24 and 48 hpf; WF, Washed
Free embryos. Bars represent mean (N = 3) + SD of embryo from the three separate
fertilizations.

3.3.1. P. lividus

3.3.1.1. Early expressed genes: alx-1, nodal. Fig. 4 shows the mRNA
levels in P. lividus embryos exposed to 20 uM Gd after 6, 24 and 48 h of
development, in comparison to controls (unexposed embryos) at the
same larval stage. The histogram in Fig. 4A shows the relative quantity
of alx-1 and nodal transcripts. At 6 hpf there was a significant 38%
(+0.02 SD) and 29% ( = 0.03 SD) decrease in the relative
transcription levels of alx-1 and nodal compared to controls,
respectively. At 24 hpf, alx-1 and nodal show, respectively, 43%
(*+0.07 SD) and 59% ( + 0.05 SD) reduction of their relative
transcriptional levels (Fig. 4A). At 48 hpf, nodal expression showed a
20% ( = 0.08 SD) reduction, while alx-1 expression was significantly
reduced, being 57% ( = 0.06 SD) less than controls (Fig. 4A). The pair-
wise tests (Tukey HSD, Table S1), revealed that all these differences
were significant (P < 0.05), except for nodal at 48 hpf (Fig. 4A and
Table S1).

3.3.1.2. Signaling molecules genes: univin, vegf, vegf-r, fgf. The vegf and
vegf-r mRNAs levels were not significantly different to those of controls,
suggesting that expression of these signaling molecules genes is not
affected by Gd-exposure (Fig. 4B and Table S1). A significant
(P < 0.05, Table S1) down-regulation of univin and fgf transcripts
was observed at 48 hpf, with reduced levels of 48% ( = 0.05 SD) and
58% ( + 0.04 SD), respectively, while no significant difference was
detected at 24 hpf (Fig. 4B).

3.3.1.3. Skeletal genes: msp130, p16, p19. While no change in the
expression levels of mspl130 was detected at 24 hpf, we found a
significant (P < 0.05, Table S1) 28% ( = 0.05 SD) reduction and
35% (%= 0.08 SD) increase for p16 and p19, respectively. At 48 hpf,
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Fig. 3. Total Ca (A) and Gd (B) content determined by Flame Atomic Absorption
Spectrometry at 24 and 48 hpf in H. tuberculata embryos: Ctrl 24 and Ctrl 48, controls at
24 and 48 hpf; Gd 24 and Gd 48, 500 nM and 5 uM Gd-exposed embryos at 24 and 48 hpf.
Bars represent mean (N = 3) = SD of embryo from the three separate fertilizations.

there was a significant (P < 0.05, Table S1) 52% ( = 0.12 SD) and
49% ( + 0.06 SD) reduction for msp130 and p16, respectively, and a
23% ( = 0.05 SD) reduction for p19 (Fig. 4C).

3.3.2. H. tuberculata

3.3.2.1. Early expressed genes: nodal, lefty, bmp. Expression levels of
nodal, lefty and bmp were significantly (P < 0.05, Table S1) reduced
after 24 h of exposure to both 500 nM and 5 uM Gd (Fig. 5A). A 33%
decrease in nodal expression was observed in embryos exposed for 24 h
to 500 nM ( = 0.01 SD) and 5 puM ( * 0.04 SD) Gd, while a significant
20% ( = 0.005 SD) reduction was observed at 48 hpf only at the highest
dose (5 uM). A 29% ( = 0.04 SD) and 43% ( + 0.11 SD) decrease in lefty
expression was observed in embryos exposed for 24 h to 500 nM and
5uM Gd, respectively. A significant 19% ( = 0.05 SD) and 29%
(£ 0.09 SD) decrease in bmp expression was observed in embryos
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Fig. 4. Relative expression of: (A) alx-1, nodal; (B) univin, vegf, vegf-r, fgf; (C) msp130, p16
and p19, in Gd-exposed P. lividus embryos. Histograms show the relative analysis of One
Step RT-PCR products. Mean relative levels are expressed in arbitrary units as fold change
compared to the control sample, assumed as 1 in the histogram, using the endogenous
gene Pl-S24 for normalization. Bars represent mean (N = 9, see methods + SD), and
asterisks indicate responses that are significantly different from the controls (*P < 0.05).

exposed for 24 h to 500 nM and 5 uM Gd, respectively. No significant
changes were detected at 48 hpf in bmp and lefty expression at either
concentration.

3.3.2.2. Signalling molecule genes: fgf, vegf. The fgf had a significant 24%
( £ 0.03 SD) and 19% ( = 0.08 SD) reduction in embryos exposed for
24 h to 500 nM and 5 uM Gd, respectively, and a 20% ( = 0.10 SD) and
30% ( = 0.09 SD) reduction in embryos exposed for 48 h to 500 nM and
5 uM Gd, respectively (Fig. 5B). The vegf expression was significantly
up-regulated at 24 hpf, with a 2-fold increase ( = 0.01 SD) of the mRNA
levels at 500 nM and a 2.79-fold increase ( = 0.06 SD) at 5uM Gd,
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indicate responses that are significantly different from the controls (*P < 0.05).

while at 48 hpf the transcription levels did not differ from that in
controls (Table S1).

3.3.2.3. Skeletal genes: msp130, sm30. We found a significant 34%
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(= 0.07 SD) and 30% ( = 0.02 SD) reduction in the mRNA levels of
mspl130 in embryos exposed for 24h to 500nM and 5uM Gd,
respectively, while at 48 hpf the transcription levels did not differ
from that in controls (Fig. 5C and Table S1). A significant 37% ( + 0.06
SD) and 35% ( + 0.06 SD) decrease in sm30 expression was observed in
embryos exposed for 24 h to 500 nM and 5 pM Gd, respectively, while a
significant 29% ( = 0.03 SD) decrease was detected at 48 hpf only at
the highest concentration (Fig. 5C and Table S1).

4. Discussion

Gd is receiving increased attention within the framework of risk
assessment studies with pollutants of emerging concern due to its fre-
quent detection in aquatic and marine environments (Bau and Dulski,
1996; Nozaki et al., 2000; Elbaz-Poulichet et al., 2002; Zhu et al., 2004;
Ogata and Terakado, 2006; Kulaksiz and Bau, 2007; Hatje et al., 2016).
The present study investigated whether Gd interferes with development
of two sea urchin species, the Mediterranean P. lividus, and the Aus-
tralian H. tuberculata. This agent induces morphological malformations
and altered expression of genes associated with skeletogenesis. Gd ex-
posure has a negative effect on skeleton development with a similar
morphological response in the two species, implying a similar me-
chanism underlying abnormal skeletogenesis.

The developmental success of sea urchin larvae depends on their
swimming and feeding ability which is determined by arm length
(Strathmann et al., 1992; Allen, 2008; Soars et al., 2009) and so it is
likely that Gd exposure would reduce survival in nature. Several studies
suggested that Gd®>* ion concentrations in the micromolar range (be-
tween 1 and 200 uM) can block calcium channels in Xenopus oocytes
(Yang and Sachs, 1989), in the membrane of sea urchin eggs (David
et al., 1988), and in mammalian cell lines (Broad et al., 1999; Lansman,
1990; Luo et al., 2001). Thus, the disruption of spicule formation is
likely to be due to the action of Gd>* as a blocker of calcium channels.
Our results on the Ca and Gd content of larvae obtained by FAAS
showed a reduction in the Ca amount in parallel with an increase in the
Gd content, likely due to Gd interference with calcium uptake and di-
rectly affecting biomineral formation. Strikingly, we found an im-
portant decrease in Ca content also in embryos exposed to a Gd con-
centration in the nanomolar range (H. tuberculata exposed to 500 nM
Gd). Thus, it appears that Gd*>* competes with Ca®>* for binding to the
calcium channels. As a trivalent ion, Gd®** binds with much higher
affinity (Sherry et al., 2009). Here we showed that this agent accu-
mulated in embryos and larvae in a time- and concentration-dependent
manner. Interestingly, other aspects of development such as ectoderm
and endoderm differentiation did not appear to be affected by Gd.

In WF embryos skeleton growth partially recovered. The larvae had
longer spicules than those continuously exposed to Gd for 48 h, but the
skeleton pattern was abnormal. During the 24 h rescue period, it is
likely that the uptake of Ca was reinitiated, as indicated by the higher
levels of Ca in these embryos than in those continuously exposed to Gd
for 48 h. These WF embryos were thus able to resume skeleton elon-
gation. However, they were not able to extend their spicules with the
correct skeleton pattern and they had the same aberrant morphotypes
as seen in embryos continuously exposed to Gd. If the limited avail-
ability of calcium is the major obstacle to spicule elongation, then why
is the skeleton pattern strongly perturbed in Gd-exposed embryos as
well as in WF embryos? Significant insights emerged from our analysis
of genes involved in the gene regulatory network (GRN) that underlies
the development of the sea urchin larval endoskeleton in response to Gd
treatment. Metals have long been used to perturb sea urchin skeleto-
genesis to provide insights into the basis of gene expression regulation
controlling correct development (Hardin et al., 1992; Livingston and
Wilt, 1989; Poustka et al., 2007; Timourian, 1968).

Alx1 is a gene encoding a key transcription factor expressed selec-
tively in the large micromere lineage and essential for PMC specifica-
tion (Ettensohn et al., 2003). As alx-1 is one of the essential regulators
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acting upstream in the skeletogenic GRN triggering the cascade of
events leading to expression of downstream structural genes, reduced
levels of this gene in treated P. lividus embryos at 6, 24 (38 and 43%
reduction respectively) and 48 h (57% reduction) may have caused a
flow on effect of reduced gene expression at 48 hpf of the downstream
genes (Garfield et al., 2013), specifically for msp130, which encodes a
PMC-specific cell surface glycoprotein (Leaf et al., 1987) and p16 and
p19 which encode biomineralization acidic proteins with a hypothe-
sized role in spicule elongation for p16 and growth of the spicule girth
for p19 (Costa et al., 2012).

Nodal has been extensively investigated in sea urchin development,
having a key role during morphogenesis. The Nodal-Lefty-Pitx2 sig-
naling pathway regulates the establishment of both the left-right
asymmetry and the oral-aboral polarity during development of the sea
urchin embryo (Duboc et al., 2005; Koop et al., 2017). The maximal
reduction of nodal expression was observed in both species at 24 hpf,
the crucial moment when Nodal starts acting for the establishment of
the left-right asymmetry (Duboc et al., 2005). This indicates that the
observed reduced transcriptional levels of nodal at 24 hpf might be
critical for the left-right larval symmetry, and this gene is probably
involved in the asymmetrical spicule growth in Gd-exposed embryos.

Establishment of left-right asymmetry in sea urchin embryos in-
volves reciprocal signaling between the ectoderm expressing nodal and
a left-right organizer of endodermal origin and requires several sig-
naling pathways including the notch, fgf-erk, bmp2/4 and univin/vgl
(Bessodes et al., 2012). The vegf and fgf pathways are also essential to
provide guidance and differentiation cues to primary mesenchyme cells
(PMCs) during sea urchin gastrulation, controlling the directional mi-
gration of PMCs and the formation of the embryonic skeleton (Duloquin
et al.,, 2007; Rottinger et al., 2008). The down-regulation of fgf ex-
pression in P. lividus Gd-exposed embryos at 48 hpf may have inhibited
spicule elongation. On the other hand, the down-regulation of fgf ob-
served at 24 hpf and the great up-regulation of vegf in H. tuberculata Gd-
exposed embryos may result in abnormal and excessive branching of
the skeleton, as observed in many embryos.

Cavalieri et al. (2011) suggested that the gene strim1 is probably not
required for PMCs specification but it is necessary for proper posi-
tioning of PMCs in the blastocoel, and that strim1 indirectly participates
in the transcription of the fgfA gene to achieve the maximum expression
in ectoderm cells that is essential for turning on the expression of
terminal differentiation genes, such as sm30 (Cavalieri et al., 2011). It is
interesting to note that the Strim1 protein needs calcium ions to work
properly. Thus, the lack of Ca in Gd-exposed embryos could provoke the
abnormal functioning of Ca®*-dependent proteins such as Strim1 and
the misexpression of the genes requiring its regulatory activity, i.e. fgfA
and sm30.

Development of the sea urchin larval skeleton requires a complex
genomic regulatory program that has been conserved over millions of
years (Davidson and Erwin, 2006), although levels of expression may
differ between phylogenetically distant species (Kalinka et al., 2010;
Irie and Kuratani, 2011). Thus, the differences in gene expression in
response to Gd treatment in P. lividus and H. tuberculata are not sur-
prising, despite their similar phenotypic response to this agent. These
species of sea urchin have contrasting investment in skeleton produc-
tion: H. tuberculata produces robust extensive skeleton with fenestrated
arm rods, typical of the Echinometridae (Kinjo et al., 2008), while P.
lividus produces elongated and thin unfenestrated rods, typical of the
Echinidae (Emlet, 1982). This difference is likely to be associated with
different levels of calcium uptake and expression of skeleton specific
transcripts. Strikingly, H. tuberculata control larvae have a higher
amount of calcium at 48 hpf (69.69 ng/mg + 3.48 SD) than P. lividus
larvae at the same stage (40.49 ug/mg * 3 SD), reflecting the con-
struction of a more robust skeleton structure. Thus, H. tuberculata em-
bryos may require higher levels of fgf by 24 hto support skeleton
growth. In addition, some H. tuberculata Gd-exposed embryos had
skeletons that were more branched than in controls. It is known that
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vegf is involved in spiculogenesis and that its concentration controls the
spicules shape and their branching (Knapp et al., 2012). So, the com-
paratively higher increase in the vegf mRNA levels at 24 h in H. tu-
berculata Gd-exposed embryos may be the cause for the increased
branching of the spicules in these embryos.

Due to the fabrication of a more extensive skeleton, H. tuberculata
may have higher endogenous levels of proteins involved in skeleton
formation than P. lividus, and this could explain why we found higher
levels of msp130 at 48 hpf in H. tuberculata Gd-exposed embryos than in
P. lividus Gd-exposed embryos. Similar implications were suggested in a
recent work that compared the effects of acetazolamide on carbonic
anhydrase activity in these two species (Zito et al., 2015).

5. Conclusions

Pollution due to the continuous introduction of human-derived
contaminants in the marine environment poses a threat to marine
species worldwide. Chemical pollutants represent a constant source of
evolutionary challenges for living organisms, strenuously challenging
their adaptive potential (Whitehead, 2014). Phenotypic responses to
environmental changes may be a key factor for the survival of a species,
by buffering developmental processes via altered morphology, gene
expression, or stress response mechanisms (Williams et al., 2008;
Chiarelli et al., 2016). Key findings on the variable sensitivity of early
life stages of different sea urchin species highlight the importance of
testing the effects of pollution for risk assessment in several species,
even within the same taxonomic group (Saitoh et al., 2010; Buri¢ et al.,
2015; Martino et al., 2017a).

Here we show the harmful effects of Gd exposure on the develop-
ment of two geographically and phylogenetically distant sea urchin
species, P. lividus and H. tuberculata. The phenotypic response mainly
affected skeleton growth. We found a misregulation of the skeletogenic
GRN in both species but, strikingly, with species-specific differences.
Comparing the gene expression changes within a specific cell lineage
after Gd exposure among different species can provide insights for
evolutionary questions to understand how these differences are gener-
ated, and for ecotoxicological questions, to address how such differ-
ences influence the sensitivity to environmental pollution. Comparative
gene expression analysis can thus provide some valuable insights to
understand the impact of regulatory changes on the development of
differences in specific structures such as the larval skeleton of P. lividus
and H. tuberculata and the potential mechanisms by which toxic agents
such as Gd operate at the genetic and cellular level.
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