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Abstract: Ovothiols are histidine-derived thiols produced by a variety of marine invertebrates,
protists and bacteria. These compounds, which are among the strongest natural antioxidants, are
involved in controlling the cellular redox balance due to their redox exchange with glutathione.
Although ovothiols were initially reported as protective agents against environmental stressors,
new evidence suggests that they can also act as pheromones and participate in fundamental bio-
logical processes such as embryogenesis. To get further insight into the biological roles of ovoth-
iols, we compared ovothiol biosynthesis in the sea urchin Paracentrotus lividus and in the mussel
Mytilus galloprovincialis, the two species that represent the richest sources of these compounds among
marine invertebrates. Ovothiol content was measured in different tissues and in the immune cells
from both species and the expression levels of 0voA, the gene responsible for ovothiol biosynthesis,
was inferred from publicly available transcriptomes. A comparative analysis of ovothiol biosynthesis
in the two species allowed the identification of the tissues and cells synthesizing the metabolite
and highlighted analogies and differences between sea urchins and mussels. By improving our
knowledge on the biological roles of ovothiols and pointing out the existence of sustainable natural
sources for their isolation, this study provides the basis for future biotechnological investigations on
these valuable compounds.
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1. Introduction

The extreme levels of biodiversity found in marine environments compared with ter-
restrial habitats has stimulated intense research aimed at the discovery of novel compounds
with peculiar biological activities and potential biotechnological applications [1,2]. Among
these, ovothiols, m-methyl-5-thiohistidines produced by marine invertebrates, protists and
bacteria, have attracted increasing interest for their chemical, biological and pharmaco-
logical properties [3,4]. Three forms of ovothiol, termed A, B and C, which differ in the
degree of methylation at the No of the histidine, are currently known [3,4]. Thanks to
their peculiar antioxidant features [5,6], ovothiols were reported to protect sea urchin eggs
against the oxidative burst occurring at fertilization and development of embryos against
environmental stressors, such as metal ions and toxins [7,8]. Similar defensive functions
against environmental stressors have more recently been demonstrated or suggested in

Mar. Drugs 2022, 20, 268. https:/ /doi.org/10.3390/md20040268

https://www.mdpi.com/journal /marinedrugs


https://doi.org/10.3390/md20040268
https://doi.org/10.3390/md20040268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com
https://orcid.org/0000-0003-4180-0410
https://orcid.org/0000-0002-1309-8479
https://orcid.org/0000-0003-4787-0882
https://orcid.org/0000-0002-0806-1460
https://orcid.org/0000-0001-6411-0813
https://orcid.org/0000-0002-4274-6738
https://orcid.org/0000-0002-5972-5589
https://doi.org/10.3390/md20040268
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com/article/10.3390/md20040268?type=check_update&version=1

Mar. Drugs 2022, 20, 268

20f11

other marine organisms, including bony fishes and mussels [9,10]. Moreover, these com-
pounds can protect microalgae from light-induced stress [11,12] and pathogenic parasites
from oxidative stress during host infection [13]. Despite these findings, the biological role
of ovothiols is likely to be much more complex and not limited to a protective function.
Indeed, ovothiols have also been reported to act as pheromones in marine worms [14,15]
and to be exploited by cone snails in the context of their peculiar hunting strategy [16].
Recently, ovothiol biosynthesis has also been correlated to some fundamental biological
processes during sea urchin embryogenesis, which include cell proliferation, skeleton for-
mation and immune response [17]. Besides its natural involvement in many physiological
processes, purified ovothiol A has demonstrated potential as a pharmacological agent,
raising interest on the possibility of finding alternative natural sources or to produce it
through metabolic engineering. For instance, recent studies have evidenced the thera-
peutic potential of ovothiol as a regulator of tumor cell growth through the inhibition
of human y-glutamyl transpeptidase [18-20] and as an anti-inflammatory agent in both
endothelial cells from women affected by gestational diabetes and in vivo murine models of
liver fibrosis [21-23].

The enzymes responsible for ovothiol biosynthesis are 5-histidylcysteine sulfoxide
synthase 0v0A [24] and beta-lyase OvoB [25]. The evolution of the corresponding genes
has been studied in depth, thanks to the increasing availability of genomes of different
organisms, from bacteria to metazoa [8,26,27]. However, no specific data has ever been
collected concerning the expression pattern of the 0voA gene in different tissues of ma-
rine invertebrates, not even from the species which represent the major source of the
metabolite. To date, sea urchin eggs, which contain ovothiol at millimolar concentra-
tions [28,29], represent the source most commonly used to obtain pure ovothiol A, un-
methylated at the amino acidic amino group [4]. However, the accumulation of ovothiol A
at high concentrations has also been recently reported in the mantle of female mussels with
mature ovaries [10].

To fill the existing knowledge gap about the biological roles of ovothiols and to
better understand the distribution and abundance of this metabolite with high biotech-
nological potential, we performed a detailed investigation on the two richest known
biological sources of these compounds, the sea urchin Paracentrotus lividus and the mussel
Muytilus galloprovincialis. The data gathered about the presence of ovothiol A in different
tissues and immune cells, complemented with 0v0A gene expression data resulting from
the analysis of publicly available transcriptomic datasets, provided important information
about the essential role in different body districts. These results contribute to a deeper
understanding of the biological functions of ovothiols in marine organisms, highlighting
the existence of abundant exploitable sources of these metabolites, which, in light of their
antioxidant and anti-inflammatory properties, possess great potential for biotechnologi-
cal application.

2. Results

The abundance and distribution of ovothiol was investigated by measuring the levels
of the metabolite in different tissues of M. galloprovincialis and P. lividus.

In female mussels, higher levels of ovothiol A were detected in the mantle and gills,
followed by the digestive gland. The same trend was observed in males, with the exception
of the mantle, where ovothiol levels were significantly lower than females (Table 1).

Table 1. Ovothiol A levels in M. galloprovincialis.

ug Ovothiol/mg Dry Weight

Tissue Female Male
Digestive gland 1.4 +0.04 1.0 £ 0.02
Gills 2.0 + 0.05 2.5+ 0.10

Mantle 23£0.22 0.29 £0.01
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Ovothiol levels were also measured in the eggs and ovaries of P. lividus and
M. galloprovincialis specimens. The eggs of both species showed comparable amounts
of ovothiol, but the gonads of non-spawned sea urchins contained higher levels of the
metabolite per mg of dry weight compared to mussels (Figure 1A). After spawning, the
amount of ovothiol slightly decreased in sea urchins but the ovaries still contained high
levels of the compound (Figure 1A). The levels of glutathione did not significantly change
among the different groups (Figure 1B). The molar ratio between ovothiol and glutathione
revealed that ovothiol was the predominant antioxidant in the eggs of both species, with
a concentration four times higher than glutathione (Figure 1C). In P. lividus, ovothiol A
was also the predominant thiol in gonads, both before and after spawning (Figure 1C).
On the other hand, ovothiol and glutathione were almost equally abundant in the mussel
gonads after spawning, as revealed by an ovothiol /glutathione ratio equal to 1.03 & 0.11
(Figure 1C). This rate was much higher (i.e., 1.91 £ 0.34) in non-spawned gonads, but still
lower (about half) than the ratio observed in the eggs.
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Figure 1. Ovothiol A and glutathione content in P. lividus and M. galloprovincialis gonads and eggs
(A-C). All data were analyzed by Two-way ANOVA followed by Bonferroni post-test comparing
P. lividus vs. M. galloprovincialis. Bars represent mean £ SD. (A) “a” indicates values that are
significantly different from the M. galloprovincialis eggs (p-value < 0.001), “b” is significantly different
from the GBS P. lividus (p-value < 0.05); (C) “a” indicates values that are significantly different from
the P. lividus eggs (p-value < 0.05), “b” is significantly different from the M. galloprovincialis eggs
(p-value < 0.001), (n = 20). GBS = gonads before spawning; GAS = gonads after spawning.

The higher levels of ovothiol observed in the ovaries of sea urchins, even after the
release of mature eggs, suggested that this metabolite was produced in a constitutive
manner in the gonads, at least in P. lividus. In further support of this idea, the measurements
of ovothiol A levels carried out in the gonads from sexually immature specimens collected
during the non-breeding season revealed a high level of ovothiol A (3.66 + 0.02 pg/mg
dry weight) and an ovothiol A/glutathione molar ratio equal to 3.8. Histological analyses
of these samples show that the ovary was clearly in the recovery stage (Stage I, according
to Byrne et al. [30]), confirming that the detection of ovothiol was not dependent on
the presence of eggs in the tissue. In fact, just a few previtellogenic oocytes (PO) were
visible attached along the acinal wall in the ovary, which was filled with a patchwork of
eosinophilic nutritive phagocytes (NP) together with lipid globules (GB) (Figure S1) [31].
To gather further insight into the function of ovothiol in gonadal tissues we determined the
levels of ovothiol A and glutathione in male gonads, which accounted for 0.45 £ 0.03 and
0.47 £ 0.07 ug/mg dry weight, respectively.

Considering that we have previously reported the presence of the 0v0A transcript in the
coelomocytes of P. lividus [32], we measured the levels of ovothiol in immune cells of both
species. Moderate levels of ovothiol A were detected in P. lividus coelomocytes. In this case,
the metabolite was more abundant in males than females (0.98 &= 0.12 and 0.76 £ 0.22 ug
ovothiol/mg dry weight, respectively), and the amounts detected were double those of
glutathione (Figure 2A-C). Interestingly, the hemocytes of M. galloprovincialis contained
approximately twice as much ovothiol than the sea urchin, with no differences between
males and females (Figure 2A).
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Figure 2. Ovothiol A and glutathione content in P. lividus and M. galloprovincialis immune cells (A-C).
All data were analyzed by Two-way ANOVA followed by Bonferroni post-test comparing P. lividus
vs. M. galloprovincialis. Bars represent mean + SD. (A,C) “a” indicates values that are significantly
different from P. lividus male (p-value < 0.01), “b” is significantly different from P. lividus female
(p-value < 0.05).

To further assess the role of ovothiol in the different tissues and cells of M. gallo-
provincialis, we preliminarily investigated the expression of 0voA from publicly available
transcriptomic datasets. In spite of the different geographical origin of the samples, this ap-
proach allowed us to obtain a general overview of the pattern of expression of 0voA in this
species. High expression was detected in gills and hemocytes, whereas lower TPM values
were present in the mantle and digestive gland (Figure 3A). The only two adult tissues of
P. lividus with available RN Aseq datasets are ovary and testis. In both, the observed tran-
script expression levels were particularly low, accounting for 0.3 and 0.12 TPM, respectively.
By contrast, more information, albeit limited to a single biological replicate, is available for
S. purpuratus, which is known to produce a different ovothiol, ovothiol C, di-methylated
at the amino acidic amino group [29]. In this sea urchin species, 0v0A transcripts were
identified as present in significant amounts in the gut, ovary and coelomocytes, whereas
lower levels were found in testis and unfertilized eggs (Figure 3B).

(A) (B)
Mytilus galloprovincialis Strongylocentrotus purpuratus
200 100
g g 80
= 150 —_1 =
c [ =4
.o S 60
? _ — 2
] 100 3
[=% o 40+
B 3
< 50 <
S R g 20
(o] (]
0 [ 0 Hl e
hemocytes digestive_gland gills mantle coelomocytes  gut ovary testis unfertilized_eggs

Figure 3. 0v0A expression in M. galloprovincialis and S. purpuratus. (A) Several RNAseq data were
analyzed for M. galloprovincialis (Table S1). The bars represent the mean TPM values of 0v0A in all
the run accessions shown in Supplementary Materials (Table S2), aggregated by tissue. (B) The bars
represent the TPM values of 0v0A in S. purpuratus, obtained from single non-replicated samples.

3. Discussion

In the past few years, a growing interest has been directed worldwide towards marine
bioprospecting, looking for pharmaceuticals and novel molecules with biotechnological
potential. Although the history of ovothiol dates back to 1980, this molecule is still regarded
as one of the most intriguing marine metabolites, due to its intrinsic properties as a potent
natural antioxidant and interesting, but still poorly explored, biological functions [4]. The
sea urchin P. lividus and the mussel M. galloprovincialis represent the major known natural
sources of ovothiol among marine invertebrates. This study reports, for the first time,
a comparative analysis of the distribution of this metabolite in different tissues and cell
types in these two species, with the support of transcriptomic data, providing a deeper
understanding of the main body districts where ovothiol may play a pivotal role. Since
mussel is an edible species and sea urchin eggs are a culinary delicacy, it is very likely that
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this antioxidant can be absorbed from the diet also by humans, which do not possess the
molecular machinery responsible for ovothiols biosynthesis [8,26]. Indeed, ergothioneine,
another thiohistidine present in some fungi as well as in beans, can be absorbed from the diet
through a protein transporter present on the surface of human cells (OCTNT1) [33,34]. The
possible uptake of ovothiol through the diet could have important implications for human
health, since both ergothioneine and ovothiol are characterized by peculiar antioxidant and
anti-inflammatory properties [3,4]. Moreover, since both sea urchin and mussel represent a
source of nutrition for other marine species, the bioaccumulation of ovothiol could have
important implications also on marine food webs. For example, although bony fishes are
not endowed with the genes involved in ovothiol biosynthesis [8,26], they could have
acquired membrane transporters to allow uptake from the diet. It is worth mentioning that
primary producers, such as microalgae, also produce ovothiol [11,12], which may allow
the accumulation of this compound along the food web, moving from phytoplankton to
herbivores or filter feeding organisms, up to fish.

One of the key findings of this work is that ovothiol represents the main cellular thiol
both in sea urchins and mussels, surpassing in abundance the ubiquitous glutathione.
Ovothiols are endowed with unique chemical properties, which mostly derive from the
position of the thiol group on the imidazole group of histidine, which determines its
low pKa. Therefore, its marked acidic behavior and reductive potential compared to
glutathione very likely explain the preference of ovothiol over glutathione in counteracting
the severe and stressful conditions typically encountered by marine organisms in their
challenging habitat. Indeed, it has been previously suggested that ovothiol is involved in
controlling the toxicity of hydrogen peroxide produced by the oxidative burst which occurs
at fertilization in S. purpuratus eggs [35]. Ovothiol can react with hydrogen peroxide faster
than glutathione, to produce ovothiol disulphide which is in turn reduced by glutathione,
thus acting as a non-enzymatic glutathione peroxidase system [35].

The extreme abundance of ovothiols in the eggs can be related with its protective
role against the oxidative burst occurring at fertilization [7], perhaps also providing pro-
tection in embryos when similar conditions are induced by the presence of stressors in
the sea water column [8]. Nevertheless, the abundance of ovothiol in P. lividus ovaries, at
different stages of the reproductive cycle, together with the low levels detected in male
gonads, suggests that this molecule may play a role in the maturation and differentiation
of female gonads. In fact, sea urchin’s gonads themselves contribute to the high levels
of ovothiol measured in this tissue, regardless of the presence of oocytes. On the other
hand, while the eggs represent the main source of ovothiol in mussels, the contribution of
ovothiol and glutathione appears to be similar in gonads after spawning. Gonadal tissues
are well known to have a high intrinsic plasticity, which involves a series of variations
between developmental and regressive stages, promoted by reactive oxygen species (ROS)
acting as primary or secondary messengers and regulating tissue remodeling and germ
cell function [36]. Therefore, it cannot be excluded that ovothiol might represent the main
antioxidant constitutively produced in the gonads to protect this tissue from the action of
oxygen radicals. Arguably, in a scenario where global changes are becoming more and
more predominant and considering the high susceptibility of the gonads to environmental
stressors, ovothiol may have acquired a key role in counteracting the oxidative conditions
faced by this tissue, modulating gonadal development and function. In this regard, it is
plausible that the basal levels of ovothiol and glutathione are influenced by the environ-
mental context of the sampling area of the examined specimens. Specifically, the Gulf of
Naples represents a coastal marine area characterized by a high population density, numer-
ous maritime tourist and industrial activities that undoubtedly synergistically favor the
concentration of classical and emerging contaminants as well as natural toxins [37-39]. The
presence of these contaminants is not limited to sea water since, over the years, bioaccumu-
lation can occur at the organismal level as well. Metals and microplastics have in fact been
detected in mussels from the Gulf [40-42], while in the case of wild sea urchins no data are
available except a recent study on the accumulation of anthropogenic microfibers [43]. All
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these contaminants can alter the redox state in these organisms and consequently induce
mechanisms involving the action of ovothiol and/or glutathione, as already suggested in
mussels collected in a polluted area or in sea urchin embryos in response to environmental
stress conditions [8,10].

Diaz de Cerio and co-authors [10] studied female mussels from Plentzia (Spain),
reporting that, during stage 4 of oogenesis, the mantle was the tissue showing the highest
concentrations of ovothiol, even superior to the levels obtained in the ovary of sea urchins,
which was used as a positive control. In our study, the levels of ovothiol found in the mantle
of female mussels were markedly lower than those detected in mussel and sea urchin eggs,
and lower than those observed in sea urchin ovary. Moreover, we also revealed that mussel
gonads contained lower levels of ovothiol than the eggs, which greatly decreased after
spawning. The presence of significant levels of ovothiol in the digestive glands, gills, mantle
and hemocytes of the mussel M. galloprovincialis is further supported by transcriptomic
data, even though the 0voA transcript was expressed at higher levels in the gills, mantle and
hemocytes, compared with the digestive gland. Interestingly, we observed that gills, among
all tissues, showed the highest amounts of ovothiol, both in female and male specimens,
with levels only second to unfertilized eggs. As a matter of fact, mussel gills represent the
key organ implicated in nutrient uptake, digestion and respiration but also the first effective
physical barrier to pathogen invasion and xenobiotics present in the water column [44,45].
In this perspective, the surprising and unique features of ovothiols could provide support
for the protection against environmental stressors, establishing a structural mechanism for
cellular xenobiotic defense.

Lacking an adaptive immunity, both sea urchins and mussels rely on a cell-mediated
immune response by way of free and circulating heterogeneous cells capable of performing
phagocytic, cytotoxic or inflammatory activities, to deal with the challenges posed by a
broad array of pathogens [46,47]. Not surprisingly, an important outcome of this work is
related to the analysis of the ovothiol content in the circulating immune cells of sea urchin
and mussel, i.e., coelomocytes and hemocytes, respectively. While no significant difference
in terms of ovothiol abundance was detected between male and female individuals in
either mussels or sea urchins, the concentration of this metabolite was markedly higher
in mussel hemocytes, compared with sea urchin coelomocytes. This trend was confirmed
by the expression of 0voA transcripts, which showed higher TPM values in mussels. It
is worth noting that the ovothiol content in mussel hemocytes almost reached the levels
detected in male and female gills, as well as in mantle. These observations corroborate to a
greater extent the potential engagement of ovothiol in defense mechanisms and immune
functions. Moreover, the expression of 0voA in the gut of the sea urchin S. purpuratus is
consistent with the results we have previously obtained concerning mRNA localization
in the gut of P. lividus larvae [17]. In fact, the gut is colonized by the microbiome, and
the complex interactions in the symbiome are known to be key players in modulating
the immune response in sea urchins [48]. In this regard, we have recently observed an
increase in 0v0A transcript levels in sea urchin embryos upon exposure to inflammatory
stimuli [17]. In addition to the expression of 0voA both in P. lividus and S. purpuratus
coelomocytes, we found significant amounts of the product metabolite in P. lividus immune
cells. Therefore, the previously demonstrated localization of 0voA mRNA in the gut of
P. lividus, its regulation by inflammation, and the presence of ovothiol in coelomocytes,
further highlight the importance of this metabolite in the defense mechanisms of these
marine invertebrates.

Although its function is still relatively unknown, ovothiol currently is one of the marine
compounds in the spotlight of the scientific community due to its interesting properties
for therapeutic and biotechnological purposes. In this context, our study adds a new piece
of information to the ovothiol research by providing punctual indications on the amounts
and tissue/cell distribution in two common Mediterranean species, P. lividus (sea urchins)
and M. galloprovincialis (mussels). By combining transcriptomic analyses with biochemical
techniques, we obtained important indications on the tissues or cells of the sea urchin and
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mussel in which ovothiol can perform its pivotal roles. As expected, both mussel and sea
urchin eggs contain the greatest amount of ovothiol, exceeding 4 pg/mg dry weight, which
makes them the ideal source of this metabolite. Nonetheless, sea urchin gonads (before and
after spawning) and the mantle/gills of the mussel also provide a significant contribution to
the ovothiol content. Therefore, these tissues may represent alternative and viable sources
of this metabolite. Considering that our study did not focus on the influence of possible
contaminants on the level of ovothiol and the limited availability of transcriptomic data
for P. lividus, future studies should be devoted to understanding 0voA regulation in these
Mediterranean species.

4. Materials and Method
4.1. Animal Collection

Fifty adult specimens of P. lividus were collected in the Gulf of Naples from an area
not privately owned nor protected, according to the authorization of Marina Mercan-
tile (DPR 1639/68, 09/19/1980, confirmed on 01/10/2000). Sixty adult specimens of
M. galloprovincialis were purchased from a commercial shellfish farm (Bacoli, Napoli, Italy).
Although no authorization is required for sea urchins and mussels, all animal procedures
were in compliance with the guidelines of the European Union (directive 2010/63/EU and
following D. Lgs. 4/03/2014 n.26) on the protection of animals used for scientific purposes
by reducing the minimum the number of specimens used and any pain or stress on animals.

4.2. Tissue and Cells Sampling

P. lividus eggs were collected after injection of sea urchin with a 0.5 M KCl solution
through the peribuccal membrane, while spawning in M. galloprovincialis was performed
leaving specimens in beakers with natural seawater (NSW). Eggs were then collected by
centrifugation at 1000x g for 10 min at 4 °C. Consequently, the resulting ovaries repre-
sented the gonads after spawning (GAS) without the mature eggs. Conversely, gonads
not spawned (containing eggs) represented the gonads before spawning (GBS) and were
obtained directly by dissecting mature specimens, avoiding the spawning process. All the
tissues and eggs were stored at —20 °C until further analysis. The coelomic fluid in sea
urchin was withdrawn through a puncture (needle 26 gauge) in the peristomial membrane
using a sterile syringe (1 mL) pre-loaded with an anticoagulant solution as previously
described in Murano et al. [49]. Instead, mussel hemolymph was withdrawn from the
mussel’s adductor muscle using a sterile syringe (1 mL) pre-loaded with a buffer solution
according to Liberatori et al. [50]. The coelomocytes and hemocytes were then collected
by centrifugation at 600 g for 20 min at 4 °C and stored at —20 °C until analysis. For sea
urchins, ovaries from specimens sampled in a non-breeding period as well as gonads from
males sampled in the reproductive season were collected, weighed and stored at —20 °C
until further processing. The same procedure was performed for the tissues (digestive
gland, gills and mantle) from M. galloprovincialis specimens.

4.3. Ovothiol Determination

Ovothiol A and glutathione were quantified by RP-HPLC analysis of their 4-bromomethyl-
7-methoxycoumarin (BMC) derivatives, prepared according to a modification of the proce-
dure described in Milito et al. [11]. Briefly, 10 mg of freeze-dried samples of the different
tissues were resuspended in 20 uL of water. Samples were lysed with 90 uL of HCIO,
0.75 M: AcCN 2:1 and spiked with 10 uL of 1 mM N-Acetyl-Cysteine (NAC) as internal
standard. After extensive vortexing, insoluble debris was removed by centrifugation (5 min,
16,000 g) and excess HCIO4 was removed from 100 uL of supernatant by precipitation
with 15 uL of K,CO3 2M. After removal of potassium perchlorate by centrifugation, 100 uL
of the supernatant were basified by addition of 10 uL of 50 mM Li,COj3. The thiols in
solution were reduced with 3 uL of 200 mM DTT, incubating 5 min before the addition of
25 uL of BMC 20 mM in DMSO. The reaction was allowed to proceed for 30 min in the dark
and then stopped by the addition of 10 L of 10% formic acid. Samples were extensively
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centrifuged to remove excess BMC before analysis on an Agilent 1260 Infinity II system
equipped with a Poroshell 120 EC-C18 column (4 um, 150 x 4.6 mm, Agilent) and UV
detection at 330 nm. The mobile phase was a gradient of AcCN containing 0.1% formic
acid (B) in 0.1% formic acid (A) at a flow rate of 0.8 mL min~! as follows: 0.0-2.0 min, 2% B;
2.0-6.0 min, 9% B; 6.0-12.5 min, 6-46% B; 12.5-14.0 min, 46-90% B; 14.0-17.0 min, 90% B;
17.0-19.0 min, 90-2% B. Each injection was followed by a 5-min equilibration at 2% B. Peak
identity was confirmed by comparison with authentic standards.

4.4. Histological Analysis

Briefly, gonads were fixed in Bouin’s fixative solution followed by the paraffin embed-
ding process [30]. Afterward, gonads embedded in paraffin wax were sectioned in 7 uym
thin sections using a Paraffin Rotary Microtome RM2245 (Leica Microsystems, Inc., Buffalo
Grove, IL, USA). The sections were then stained with hematoxylin and eosin and mounted
between a glass slide and cover slip with synthetic resin according to Machado et al. [51].

4.5. In Silico Analysis of ovoA Expression in Sea Urchin and Mussel Tissues and Cells

For the transcriptomic analysis, raw RNAseq data used in this study were down-
loaded from the NCBI Sequence Read Archive (SRA) database (Supplementary Material,
Tables S1 and S2). Raw reads were quality assessed, trimmed to remove sequencing
adapters and low-quality bases using fastp 0.20.0 [52]. Afterwards, mitochondrial and
ribosomal sequences were filtered out using, respectively, Bowtie2 [53] and SortMeRNA
2.1b [54]. Filtered reads of P. lividus were de novo assembled to create a reference transcrip-
tome, using Oyster River protocol 2.3.3 pipeline [55]. For S. purpuratus and M. galloprovincialis,
resulting reads were mapped against the reference transcriptomes through Salmon 1.5.2 [56],
and the transcript per million (TPM) for each transcript in different tissues was calculated.
The assessment of the presence of bona fide 0v0A sequences was carefully evaluated by
BLASTn with known 0voA sequences, and through the functional annotation of associated
and conserved protein domains, via Interproscan analysis [57].

4.6. Statistical Analysis

The data on ovothiol/glutathione content in P. lividus and M. galloprovincialis were
analyzed by two-way analysis of variance ANOVA (p < 0.05) followed by Bonferroni’s
multiple comparisons test. Data are presented as mean + SD and statistics were performed
using GraphPad Prism version 7.00 for Windows.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20040268/s1, Figure S1: Histological analysis; Table S1: RNAseq
raw-data for M. galloprovincialis; Table S2: RNAseq raw-data for P. lividus and S. purpuratus.
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