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Simple Summary: This is a basic study about the handling, reproduction and cryopreservation of
cells from five different sea urchin species present in the Northeastern Atlantic Ocean: Sphaerechinus
granularis, Psammechinus miliaris, Echinus esculentus, Paracentrotus lividus and Echinocardium cordatum.

Abstract: In this work, five local sea urchin species found in European waters were studied. Four
were regular species: Sphaerechinus granularis, Psammechinus miliaris, Echinus esculentus (Linnaeus,
1758) and the edible sea urchin Paracentrotus lividus; and one was an irregular species, Echinocardium
cordatum. These five species of sea urchins have been studied regarding their fertility, toxicity of
cryoprotecting agents, cryopreservation of different cell types and chilling injury. The baseline fertility
is similar in P. lividus, P. miliaris and S. granularis. Nonetheless, the sperm:egg ratio, contact time
and development of the fertilization envelope would need to be studied further on a case-by-case
basis. Sperm can be maintained inactively in the gonad (4 °C), and oocytes also maintain quality in
sea water (4 °C), even after 72 h. Sperm was cryopreserved for four species with some post-thaw
intra specific variability, and embryo cryopreservation was only possible for S. granularis. Overall,
this study provided a wider vision of the biology and reproduction of these species that will help us
develop tools for their biodiversity conservation through cryopreservation.
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1. Introduction

There are more than 700 known sea urchin species widespread within the five oceans [1].
Galician local waters host at least 16 of those species, according to the inventory of [2]
Echinoids in the Galician coasts (Supplementary Table S1). Of these, eleven are regular and
five are irregular sea urchins (Figure 1).

In this work, five local species were studied. Four were regular (spiny, globular, live
on rocky areas and present five-fold radial symmetry): Sphaerechinus granularis (Lamarck,
1816), Psammechinus miliaris (Muller, 1771), Echinus esculentus (Linnaeus, 1758) and the
edible sea urchin Paracentrotus lividus (Lamarck, 1816), and one was irregular (soft spine,
lives on sand or muddy bottoms and presents secondary bilateral symmetry); Echinocardium
cordatum (Pennant, 1777). Paracentrotus lividus (Lamarck, 1816) is a regular sea urchin that
can be easily found on benthic rock substrates or distributed in intertidal exposed or semi-
exposed areas. P. lividus is a commercial species of economic importance, appreciated by
the market for its gonads in a wide part of its distribution area in Europe [3,4]. It is possibly
the best-known echinoderm, due to the multiple studies that have been carried out due to
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its economic, biological and ecological importance [5-7]. To date, several cryopreservation
protocols have been developed for sperm [8,9] and embryos [10,11] of P. lividus.
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Figure 1. Sea urchin species, from left to right: Echinus esculentus, Sphaerechinus granularis, Paracentrotus
lividus, Echinocardium cordatum and Psamechinus miliaris adults at scale.

Sphaerechinus granularis (Lamarck, 1816) is also a regular sea urchin with a globose body
diameter of up to 10-15 cm. It can be shaded purple or white, and their spines are short
and blunt. S. granularis is a subtidal species that frequently lives together with Paracentrotus
lividus (on their subtidal end frequently found below 8 metres). It preferentially feeds on
brown algae, but also coralline algae, seaweed leaves and their epiphytes or detritus [6].
Although it is edible, no information has been found about active fisheries for this species,
although, historically, there have been punctual reports in Spain or France [12].

Psammechinus miliaris (P.L.S. Miiller, 1771), a regular sea urchin with a small diameter,
can reach 5 cm at adulthood. It is covered in short, equi-length, robust spines, and presents
a greenish test and pale colored spines with purple tips. It can be found in intertidal areas
at up to a depth of 100 m. P. miliaris distribution spans from the eastern Atlantic Ocean
from Scandinavia to Morocco, but not in the Mediterranean Sea. The larvae often settle
onto man-made structures, such as ropes, in aquaculture facilities. There are no active
fisheries registered, although the idea has been explored [13].

Echinus esculentus (Linnaeus, 1758), is a regular sea urchin with a body globose, pointed,
covered by strong and grouped short barbs, forming a uniform cover of light pink color.
E. esculentus can easily measure 10 cm in diameter; it and S. granularis are the largest species
on the Galician coasts [6]. It lives on rocky bottoms, often covered by laminaria, up to a
depth of 15 m. There are active fisheries in Iceland and Ireland [14]. This species is listed as
near threatened by the IUCN, although it has not been evaluated in Europe (EUNIS 2020).

Echinocardium cordatum (Pennant, 1777), is an irregular sea urchin with a diameter of
up to 9 cm, with small yellowish flexible spines. E. cordatum is found in sandy beds (both
muddy and coarse sand) at depths of up to 175 m. It is very frequent in the subtidal sandy
beds that extend throughout the coastal strip of Galicia [6]. Buried in the sand, it feeds by
ingesting detrital sediments [15]. There are no reports of irregular sea urchins which been
extracted for human food, although in principle, they are edible.

Although some species has been identified as good candidates for future commercial
extraction [16-20] little is known about their biology, population dynamics, abundances
and reproduction or growth rate due to their low commercial interest until now. In addition,
these species can be found near or within P. lividus exploitation areas and might, therefore,
be impacted by the activity of the fishery.

In situ conservation of species can be reinforced with ex situ conservation methods,
such as cryopreservation and biobanking. In order to preserve genetic diversity and
biodiversity, it is crucial to sustaining healthy ecosystems and preserving their capacity for
adaptation [21]. In order to achieve this, selective breeding can ensure genetic variability
during repopulation efforts, and cryopreservation can provide a wide source of genetically
diverse material from biobanks. Biobanks can also be used to enhance the extent and
quality of knowledge on certain species by providing easy access to marine biological
resources with which scientists can work [22,23].
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Out of the all the sea urchin species known, only 10 of those species have been studied
in cryobiology, and not all have successfully developed cryopreservation protocols [24].
Despite this, only one species Paracentros lividus, has had a developed and functional
cryopreservation protocol for sperm and embryos until now (Supplementary Table S2).

One of the key parameters fur a successful cryopreservation is understanding the
sensitivity of the species and cells to different cryoprotecting agents (CPAs). The role of
these chemical compounds is to protect the cells during cooling by depressing the freezing
point of the solutions, in addition to reducing the possibility of large ice crystals forming
during cooling. Several chemicals have been identified as having cryoprotective action,
such as dimethyl sulfoxide (Me,SO), propylene glycol (PG), ethylene glycol (EG), glycerol
(GLY), methanol (MetOH), sucrose (SUC) and other sugars or polyvinylpyrrolidone (PVP).
However, it is necessary to understand the concentrations needed and their effects on
cells [25,26].

The aim of this work was to boost the knowledge of reproduction and cryopreservation
of sea urchin species by developing suitable protocols for different cell types. It is expected
that this study will encourage aquaculturists, fishery managers and researchers to explore
the benefits of cryopreservation and improve their knowledge as well as the biodiversity
conservation of these ecologically important organisms.

2. Methods
2.1. Collection of Biological Material

The sea urchin species were the following: Paracentrotus lividus, Sphaerechinus granularis,
Psammechinus miliaris, Echinus esculentus and Echinocardium cordatum. They were collected
by scuba diving in the Cies islands at the Illas Atlanticas de Galicia National Park. After
collection, these sea urchins were maintained at the Estacion de Ciencias Marifias de Toralla
(ECIMAT) from Centro de Investigacion Marifia (CIM)-Universidade de Vigo. All of the
required permits, both from the local government and from the National Park Authorities,
are effective for the animal collection, and another permit for macroalgae collection for sea
urchin feeding was obtained from the local government.

2.2. Handling of Sea Urchin Gametes and Fertilization

The standardized protocol for P. lividus handling was as follows: collection and
transportation from sampling site to the lab in short periods of time (less than 1 h, whenever
possible), and covering the animals with seaweed in order to keep them moist and cool
during transport. Whenever possible, sea urchins were differentiated by sex as soon as
arriving to the lab, using of [27] Paredes and Costas 2020 methodology. Different sexed sea
urchins were stored separately in tanks with running seawater at the same temperature
recorded at the collection point.

Gametes were obtained by dissection of the sea urchins and direct aspiration from the
gonads. In all cases, gamete quality was examined prior experimentation; in males, sperm
should be active when mixed with sea water [27]. In females, oocytes should be round and
homogeneous in color. Whenever possible, the percentage of fertilization was used as a
quality assessment criterion as well.

2.3. Setting up a Baseline for the Species Fertility

The baselines of natural fertility for each species were established in local sampled
populations. Taking as a referent our standard fertilization procedure for P. lividus, fertil-
ization was carried out with a 10-20 sperm:egg ratio at a density of 40 egg/mL, with a
contact time of 15 min. The percentage of fertilization was assessed afterwards by counting
the cells showing a fertilization membrane (n = 100). Embryos were allowed to develop
for 48 h in filtered sea water (FSW) until a 4-arm pluteus larvae stage was achieved, and
then the percentage of normal developed larvae was assessed (n = 100). Experiments were
conducted in triplicate.
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2.4. Sperm and Oocyte Viability with Low Temperature Storage

Sperm and oocytes from all species were kept at 4 °C and 18 °C for several hours (1, 2,
3,4 and 72 h post dissection), either inactivated inside the gonad or activated in sea water.
Once this time had passed, a subsample of oocytes and sperm were evaluated in order to
understand how long the gametes would remain viable once the animal had been dissected,
as well as whether low temperatures could extend the fertility. Viability was measured by
checking motility and percentage of egg fertilization compared to the controls at the time
of the dissection.

2.5. Toxicity of Cryoprotecting Agents (CPAs)

The toxicity of the cryoprotective agents Dimethyl sulfoxide (Me,SO), Ethylene glycol
(EG), Propylene glycol (PG), Glycerol (GLY), Methanol (MeOH), N,N-dimethylformamide
(DME), Trehalose (TRE), Fructose (FRU), Sucrose (SUC) and Polyvinylpyrrolidone (PVP)
was evaluated for the cell types as well as two species, P. lividus and S. granularis, using
one male and one female for each fertilization trial conducted. The cells from one pair
of sea urchins [28] were exposed to CPAs stepwise in order to avoid /minimize osmotic
shock. After equilibration, the CPA was diluted stepwise with filtered sea water (FSW,
0.22 pm + UVA), following guidelines by Paredes and Bellas (2009). Treatments were then
fixed with formalin and examined under a microscope in order to determine the fertilization
of the eggs (when studying Sperm after 15 min contact time) or the percentage of normal
4-arm pluteus larvae (n = 100), as well as the average larval growth (n = 35), when working
with embryos (after 48 h of incubation at 18 °C). Whenever possible, the NOEC (No
Observed Effect Concentration) and LOEC (Lowest Observed Effect Concentration) were
determined by calculating the significant differences in larvae size between treatments and
control after 48 h, and taking into account larval normal development, following [26,29,30].
Quality control of the gametes has been conducted according to [31].

2.6. Cryopreservation Methods

Sperm cryopreservation was performed using liquid nitrogen vapor after 5 min of
equilibration, with a 15% Me,SO (v/v) final concentration in sea water at room temperature
(20 °C). After mixing with cryoprotectants, sperm samples were packed in 0.25 mL straws
and cooled on a floating rack of 5 cm (cooling rate: 11 °C/min) over the liquid nitrogen
level on a closed Styrofoam box for 8 min. Samples were then plunged into liquid nitrogen
for storage. Straws were later thawed by immersion in a 35 °C water bath for 6 s. The
cooling rate at 5 cm was calculated, by use of a thermocouple recording, to be 20 °C/min.

Sea urchin embryos were cryopreserved by use of a controlled rate freezer (Cryologic,
Australia Lt., Blackburn, Australia) using 2 mL vials and a protocol that had been developed
for P. lividus early blastulas [11]. Cryoprotecting agents were added stepwise in 15 equimo-
lar steps of 1 min, and cooled down at a rate of 1 °C/min [10]. Vials were thawed by 2-min
immersion in a 18 °C water bath until the ice melted. Then, cryoprotecting agents were
diluted by adding filtered sea water in 12 equimolar steps of 1 min. Cells were then rinsed
with FSW and incubated for 2 to 3 days until 4 arm-pluteus larvae were obtained, and they
were then fixed with formalin for further analysis. Embryo cryopreservation was tested for
all five species using the exact protocol developed for P. lividus. One male and one female
from each species were used to obtain healthy embryos for each cryopreservation trial.

2.7. Cooling and Warming Rate Calculations

In the case of vapour cooling, the actual cooling rate (in °C/min) was calculated by
measuring the temperature inside a straw filled with FSW, using a thermocouple. The
straw was placed on top of the floating rack (5 cm above the liquid nitrogen surface) for
15 min. Then, the straws were quickly transferred to liquid nitrogen for storage. The cooling
rates were calculated from a linear regression of temperature vs. time (data available in
Supplementary, Figure S1) and compared with data from the literature. Warming rates
were sometimes too fast for our thermocouple sensor, and were, therefore, as extracted
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from the literature, 2500 °C/min for a straw [32] and 6 °C/min for 2 mL vials in an 18 °C
water bath [33]. This measurement helped to optimize the cooling time of the protocol for
the maximum cooling rate.

2.8. Statistics

The statistical analysis was conducted using a one-way ANOVA test, as well as
Bonferronni and Dunnet post hocs with SPss® 15.0.1 (following the [34,35] Newman
(1995) and Sokal and Rohlf (1995) method). The raw data (percentages) were normalized
with an angular transformation when possible. Otherwise, we used a Kruskal-Wallis
non-parametrical test with a Conover-Inman post hoc instead.

3. Results
3.1. Baseline Fertility and Viability with Temperature of the Gametes

The baseline fertility results are shown in Figure 2A. High interspecific variability
in fertility was obtained when using the criteria for P. lividus, which quantified the pres-
ence/absence of the fertilization membrane 15 min after the mixing of sperm and oocytes
(10/20:1 ratio). In the case of S. granularis, P. miliaris and P. lividus, results were similar, and
the only significant differences (p < 0.05) were found with E. esculentus and E. cordatum.
In Figure 2B, corresponding embryo development was obtained from the prior fertilization.
Again, E. esculentus and E. cordatum showed a different result than the other three species; in
the case of E. esculentus, the number of developed larvae were lower than expected according
to the fertilization observed in Figure 2A. On the other hand, E. cordatum shows more larvae
developed after incubation than expected according to the fertilization observed in Figure 2A.

* *
100 A :
80
c
o
§ 60 -
Sé *x
k3
® 40
20
0 T
E. esculentus S. granularis  P. mliaris  E. cordatum  P. lividus
*
100 B -
% %
80
€
£
3 60
(Y]
>
3
» 40
20 k%
o | | |

E. esculentus S. granularis  P. mliaris  E. cordatum P. lividus

Figure 2. Percentage of fertilization (A) and development to 4-arm pluteus larvae (B) for each species
(n =100) (mean% =+ SD). Asterisks mark significant differences among species (p < 0.05).
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Percentage of fertilization was not affected for the first 4 h after dissection in any of the
treatments for P. lividus, P. miliaris or S. granularis. However, E. esculentus have shown lower
fertilization percentages in the first hours, followed by increased fertilization percentages
in the next 3 h (Figure 2). After 72 h, the gametes of P. lividus, P. miliaris and S. granularis,
stored at 4 °C sperm in gonad with 4 °C oocyte and 4 °C activated sperm with 4 °C oocyte,
were perfectly viable. E. esculentus has shown viability for the above treatments, as well as
when using 18 °C activated sperm with 4 °C oocytes. All data can be examined in detail in
the supplementary data, Table S3.

In general, maintaining the inactive sperm in the gonad in the fridge (4 °C) is an
effective way to extend their viability. Oocytes also maintain their quality for a longer
period of time at this temperature in sea water, even 72 h post-dissection (Figure 3, data
available in Supplementary Table S1).

P lividus P. miliaris
100 100
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1 2 3 4 72 1 2 3 4 72
S. granularis E. esculentus
100 ———— o
_ 80 80
S
g 60 60
N
T 40 40
2
20 20
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0 : . ; — 0 T T T . .
1 2 3 4 72 1 2 3 4 72
Time after dissection (h) Time after dissection (h)
A B C D E F G H

Figure 3. Percentage of fertilization after storage of the gametes at room temperature (18 °C) and
fridge temperature (4 °C) for four species of sea urchins. The treatment combinations used to observe
fertilization after 1, 2, 3, 4 and 72 h of keeping the gametes at 4 °C and 18 °C were the following:
(A) 4 °C sperm in the gonad with 18 °C oocyte; (B) 4 °C sperm in gonad with 4 °C oocyte; (C) 4 °C
activated sperm with 18°C oocyte; (D) 4°C activated sperm with 4 °C oocyte; (E) 18 °C sperm in the
gonad with 18 °C oocyte; (F) 18 °C sperm in the gonad with 4 °C oocyte; (G) 18 °C activated sperm
with 18 °C oocyte; (H) 18 °C activated sperm with 4 °C oocyte.

3.2. Toxicity of CPAs

The toxicity of several cryoprotecting agents (CPAs) for different cell types and the cal-
culated NOEC and LOEC are listed in Table 1 for P. lividus and in Table 2 for S. granularis. A
general increase was found in tolerance to CPA exposure with development stages, oocytes
being the most sensitive cell types and larvae being the most resistant for both species.

When comparing P. lividus and S. granularis, the latter is more sensitive to CPAs. In
several cases, we were not capable of calculating the NOEC levels (n/a in Table 2) as all the
concentrations tested already had significant toxic effects. When analyzing toxicity by CPA
type, in general, the toxicity of non-permeant CPAs such as PVP or sugars was lower than
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permeating CPAs. Among permeating CPAs, Me;SO, PG and Gly were the most toxic, and
EG and Meth were lower.

Table 1. Cryoprotecting agents (CPA) toxicity as “No Observed Effective Concentration” (NOEC) and
“Lowest Observed Effect Concentration” (LOEC) for 4 cell types of Paracentrotus lividus, following the
methodology by [26].

CPA NOEC (M) LOEC (M)
Fert. Pluteus Fert. Pluteus
Oocyte Oocyte Blastula Larvae Oocyte Oocyte Blastula Larvae
Me,SO 0.5 1 1.5 2 1 15 2 2.5
EG 1 1 1 0.5 1.5 15 1.5 1
PG 0.68 0.68 1.36 0.5 1.36 1.36 2.04 1
GLY - - - 0.5 - - - 1
Meth 2.5 - - 1 3 - - 15
DMF 2 - - - 2.5 - - -
TRE 0.05 0.05 0.05 - n/a n/a n/a -
PVP 0.75 0.75 0.75 - n/a n/a n/a -
CPA cocktails NOEC (M) LOEC (M)
ME,SO + TRE 1 1 1 - 1.5 15 1.5 -
ME,SO + PVP n/a n/a n/a - 1 1 1 -
EG + TRE 1 1 1 - 1.5 1.5 n/a -
EG + PVP 2 2 2 - n/a n/a n/a -
PG + TRE 2.04 2.04 2.04 - n/a n/a n/a -
PG + PVP 2.04 2.04 2.04 - n/a n/a n/a -

Cryoprotecting agent acronyms: Me,SO: dimethyl sulfoxide, EG: ethylene glycol, PG: propylene glycol, Meth:
methanol, GLY: glycerol, DMF: dimethyl formamide, TRE: trehalose and PVP: polyvinyl pyrrolidone. N/a
indicates no data available because the concentration falls out of our experimental range, and (-) indicates
never tested.

Table 2. Results of cryoprotecting agents (CPA) toxicity as No Observed Effective Concentration
(NOEC) and Lowest Observed Effect Concentration (LOEC) for 2 cell types of Sphaerechinus granularis,
following the methodology by [26].

CPA NOEC (M) LOEC (M)
Oocyte Blastula Oocyte Blastula
Me, SO n/a n/a 0.5 0.5
EG n/a 2 0.5 3
PG n/a n/a 0.5 0.5
GLY n/a n/a 0.5 0.5
Meth 0.5 1 1 1.5
TRE 0.03 0.04 0.04 0.05
PVP n/a n/a 0.25 0.25
SuC n/a n/a 0.25 0.25
FRUC n/a n/a 0.25 0.25
GLU n/a a/a 0.25 0.25

Cryoprotecting agent acronyms: Me;SO: dimethyl sulfoxide, EG: ethylene glycol, PG: propylene glycol,
Meth: methanol, GLY: glycerol, TRE: trehalose, PVP: polyvinyl pyrrolidone, SUC: sucrose, FRUC: fructose and
GLU: glucose. N/a indicates no data available because the concentration falls out of our experimental range.

3.3. Sperm Cryopreservation

For the long-term conservation of sperm, we have studied the transference of the
same cryopreservation protocol among species (Figure 4). The fertilization capacity of the
post-thaw sperm was significantly different (p < 0.05) than fresh controls (fresh sperm
showed quite high variability in quality as well, especially notable in S. granularis) in
all species except E. esculentus. In all cases, motility of the sperm cells was seriously
affected, but the cells retained plasma membrane integrity (as tested by fluorescence using
live/dead staining).
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Figure 4. Relative percentage of fertilization, mean + SD, obtained with sperm that had been
cryopreserved using 1.5 M Me, SO for four species of sea urchins (n = 3 individuals), using a floating
rack at 5 cm above liquid nitrogen. Sperm to egg ratio was constant at 10-20:1, and contact time
allowed was 15 min before the fertilization assessment. (Controls showed 60 + 10%, 35 + 5.5%
(unusually low), 95 £ 3% and 98 & 2.1% fertilization, respectively). Asterisks show significant
differences with their specific controls (p < 0.05).

3.4. Embryo Cryopreservation of S. granularis

Embryo cryopreservation has been previously reported only in S. intermedius and
P. lividus (Supplementary Table S2), and long-term viability of those embryos has been
detailed for P. lividus [11]. We have transferred their protocol to S. granularis larvae and
obtained over 50% post-thaw survival. Embryos were able to successfully metamorphose
to larvae and grow when using 1.5 M Me,SO. After a detailed toxicity study of the CPAs
(Table 2), where EG showed promising low toxicity as a CPA, the results of cryodamage
were, nonetheless, surprisingly decoupled from toxicity. Despite being quite toxic, 1.5 M
Glycerol protected the cells from cryodamage and produced the same survival as Me;SO
(also quite toxic, Table 2, Figure 5A), and the larvae developed quite normally (although
they remained significantly smaller than control larvae for their age at all times). Still,
we have detected some skeletal damage and anomalies that need to be studied further
(Figure 5B). This was the first attempt to cryopreserve embryos of this species.
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Figure 5. (A) Cryopreserved blastula embryos of S. granularis larval length after incubation in
seawater after different incubation times (from 96 to 192 h at 18 °C) when using Paredes and Bellas’
2014 cryopreservation protocol and 1.5 M of different CPAs. (B) Picture shows larvae obtained
after 192 h of incubation of blastulas and cryopreserved with 1.5 M Gly. Red arrows show normal
skeletogenesis, and black arrows point out frequent abnormalities.

4. Discussion and Conclusions

Among the five sea urchin species, some are more closely related. For example, P. lividus,
E. esculentus and P. miliaris belong to the family Echinidae, while E. cordatum is from the
Loveniidae and S. granularis is from the Toxopneustidae family [1].

The study of the fertility of these five species of sea urchin allowed us to understand
the baseline fertility, and also helped us to optimize and adapt the protocols in order to
maximize the fertilization success. The fertilization study (Figure 2) gave us insight on
how to assess fertilization, in the case of P. lividus. The time that it takes from fertilization
to the lifting of the fertilization membrane (which is our visual cue to know the egg has
been fertilized) is a matter of seconds. Nonetheless, we left the egg/sperm in contact for
15 min before calculating the percentage of fertilization of fresh gametes, which reached
90%. One of the main conclusions that we could extract from the data in Figures 2 and 3 was
that in E. esculentus, the baseline fertilization of fresh gametes after those 15 min was only
48%, and the rate of successfully developed larvae was even lower (Figure 2). However,
when monitoring fertilization over time, it seems that we could obtain a high percentage
of fertilization (Figure 2, 98% fertilization after 3 h). The capacitation of the sperm of this
species is complex; this effect is clear even in non-activated sperm preserved in the gonad
at 4°C. Simultaneously, we may need to allow a longer sperm/egg contact time (this seems
to be the case for E. cordatum, as we registered only 53% fertilization, but found more than
70% development after 48 h) or a higher sperm to egg ratio. In the future, these questions
might be solved with the use of computer-assisted sperm analysis (CASA) to evaluate
sperm motility as well as by testing increasing contact times and optimizing the sperm:egg
ratio for each species.

We do not have all the data to compare all the sea urchins (as their breeding seasons
only overlap slightly). For example, there were toxicity data for only two species in this
work. In general, sea urchins, even those in the same family, do not show the same pattern
of response to toxicity, nor regarding fertility or response to a complex process such as
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cryopreservation. When transferring the embryo cryopreservation protocol for P. lividus
blastulas to other species [10], results were only obtained with S. granularis, and no success
was obtained with E. esculentus (which is a closer relative to P. lividus). This is also the case
when cryopreserving sea urchin sperm; again, significant differences were found in post-
thaw sperm fertility in the same conditions. In this case, the protocol designed for P. lividus
worked even better on E. esculentus. Our hypothesis was that the differences were due to the
different sensitivity to cryoprotectants of these species (as could be seen in Tables 1 and 2).
Sea urchins are generally sensitive to chemicals, and that is why they are commonly used
as model organisms in the evaluation of marine water quality [36]. As cryoprotecting
agents are chemicals, many are cell-permeating. Sea urchin cells do show high sensitivity
to the presence of methanol or dimethyl sulfoxide in the water. This is in agreement with
prior data on sea urchin cryopreservation [26,29]. The data highlight the idea that the later
the development stage, the more resistant they are to the presence of the cryoprotectants,
which agrees with the general principle of ecotoxicology that earlier development stages
are more sensitive to chemicals present in the water [36,37]. This has also been observed in
the cryopreservation of other marine species, such as mollusks [29,38].

Cryopreservation protocols for sea urchins need to be specifically designed, starting
by conducting a toxicity test of the intended cryoprotecting agents. Nonetheless, the
information that can be extracted from crossing the toxicity data and the outcome of embryo
cryopreservation (Table 2, Figure 4) is that low toxicity of a cryoprotectant is desirable,
but not always determinant. The data showed that the lowest toxicity for S. granularis
blastulas was EG. Nonetheless, the survival obtained was zero, and higher survival was
obtained with Me,SO or Gly as cryoprotectants, which presented higher toxicity. This
has been found in P. lividus [10,26], when Me,SO showed successful results despite being
one of the most toxic compounds for the species. The rationale for this counterintuitive
phenomenon is that there needs to be a balance between low toxicity of the chemical and
high capacity of cryoprotection (for example, characteristics such as good permeability in
the cells or fast permeation in all cell compartments that allows for the protection of all
cells) [39]. Unfortunately, the data regarding the permeability of cryoprotectants for sea
urchin cells have only been described for the Evechinus chloroticus eggs [40], and, therefore,
factors such as equilibration time, which will allow the CPAs to maximize cryoprotection,
cannot be adjusted, only approximated experimentally.

Finally, it is very interesting to notice that each species has a different response to
chilling injury (injury due to low temperature exposure over 0 °C). In general, it has been
argued that marine invertebrate eggs are sensitive to chilling. However, in this study, sea
urchin eggs could be fertilized after being exposed to 4 °C for over 72 h, with an average
fertilization rate around 80%, regardless of the species. The sperm of P. lividus, P. miliaris
and S. granularis also maintains its functionality after storage at 4 °C, either inactive in the
gonad or activated. For E. esculentus, fertility was retained after activation and storage in
sea water at 18 °C. This disagrees with what we have known so far about chilling injuries
in sea urchins [41,42], and whether chilling injury is dependent on the composition of
the eggs, which may vary depending on the season or the geographical area, should be
explored. This has been the first attempt to study chilling injuries across five different
species of sea urchins and no long-term developmental studies have been conducted to
assess the complete effect.

These five species of sea urchins distributed in European waters have been studied
regarding their fertility, sensitivity to cryoprotecting agents, cryopreservation of different
cell types and chilling injury. This provides a wider vision, although partial, of their
reproduction, which will help us to develop tools for their conservation. More research
is needed in order to deepen the knowledge, adapt the protocols for optimization and
understand processes such as cryoprotecting agent toxicity or chilling injury in sea urchin
cell types.
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published on Sea urchins [43-56]; Table S3: Fertilization Data Temperature storage experiment.

Author Contributions: Conceptualization, E.P.; data curation, S.C., T.B. and J.C.; formal analysis, ].C.;
funding acquisition, E.P; investigation, S.C., A.L., T.B., ].C. and D.C.; methodology, E.P.; resources,
D.C.; supervision, E.P,; writing—original draft, E.P.,; writing—review and editing, E.P,, S.C. and A.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the projects: OCIMER “Optimizacién del Cultivo Integral del
erizo de mar Paracentrotus lividus” and OCIMER + “Enfoque holistico para el cultivo y conservacion
de Paracentrotus lividus (Lamarck, 1816)” by the Fundacion Biodiversidad with the financial support
of the UE and FEMP funds.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will made available upon request.

Acknowledgments: The authors would like to acknowledge the funding programs that supported
master students, A.L., ].C. and T.B., and the specialized support of the ECIMAT marine station staff.
Finally, we would especially like to thank the support of the Parque Nacional Illas Atlanticas de Galicia
for both projects. The authors would like to acknowledge the funding obtained by Universidade de
Vigo and CISUG to cover publication fees.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

WoRMS—World Register of Marine Species. Available online: https://www.marinespecies.org/ (accessed on 11 November 2022).
Besteiro, C.; Urgorri, V. Inventario Dos Equinodermos de Galicia (Echinodermata); Ediciés do Castro, Sada: North Hollywood, CA,
USA, 1988.

Keesing, ] K.; Hall, K.C. Review of Harvests and Status of World Sea Urchin Fisheries Points to Opportunities for Aquaculture.
J. Shellfish. Res. 1998, 17, 1597-1604.

Chiantore, M.; Privitera, D.; Falugi, C. The Optimisation and Commercialisation of Sea Urchin Rearing. Fish Farmer 2009, 32, 12-14.
Lawrence, ].M. Sea Urchins, 3rd ed.; Academic Press: Cambridge, MA, USA, 2013; Volume 38.

Miguez Rodriguez, L.J. Equinodermos (Crinoideos, Equinoideos y Holothuroideos), Litorales, Batiales y Abisales de Galicia.
Ph.D. Thesis, Universidad Santiago de Compostela, Santiago de Compostela, Spain, 2009.

Gonzalez, A.L. M. High Survival of Spermatozoa and Pluteus Larvae of Sea Urchins Frozen in 1.0 M MepSO. Ph.D. Thesis,
Universidad de Cantabria, Cantabria, Spain, 2009.

Fabbrocini, A.; D’Adamo, R.; Pelosi, S.; Oliveira, L.E,; Silvestri, F; Sansone, G. Gamete Cryobanks for Laboratory Research:
Developing a Rapid and Easy-to-Perform Protocol for the Cryopreservation of the Sea Urchin Paracentrotus lividus (Lmk, 1816)
Spermatozoa. Cryobiology 2014, 69, 149-156. [CrossRef]

Paredes, E.; Heres, P.; Anjos, C.; Cabrita, E. Cryopreservation of Marine Invertebrates: From Sperm to Complex Larval Stages.
Methods Mol Biol. 2021, 2180, 413—425.

Bellas, J.; Paredes, E. Advances in the Cryopreservation of Sea-Urchin Embryos: Potential Application in Marine Water Quality
Assessment. Cryobiology 2011, 62, 174-180. [CrossRef]

Paredes, E.; Bellas, J. Sea Urchin (Paracentrotus Lividus) Cryopreserved Embryos Survival and Growth: Effects of Cryopreservation
Parameters and Reproductive Seasonality. Cryoletters 2014, 35-36, 482-494.

Guillou, M.; Lumingas, L.].; Michel, C. The Effect of Feeding or Starvation on Resource Allocation to Body Components during
the Reproductive Cycle of the Sea Urchin Sphaerechinus granularis (Lamarck). J. Exp. Mar. Biol. Ecol. 2000, 245, 183-196. [CrossRef]
Campbell, D.A,; Pantazis, P; Kelly, M.S. Impact and Residence Time of Oxytetracycline in the Sea Urchin, Psammechinus miliaris, a
Potential Aquaculture Species. Aquaculture 2001, 202, 73-87. [CrossRef]

SeaLifeBase. Available online: https://www.sealifebase.se/report/FAO/FAOCatchList.php?scientific=Echinus+esculentus
(accessed on 1 June 2022).

De Ridder, C.; Jangoux, M.; Boudouresque, C.F. Comportement Alimentaire de 1'oursin Spatangide Echinocardium cordatum. In
International Paracentrotus lIvidus et les Oursins Comestibles; GIS Posidonie: Marseille, France, 1987; pp. 139-144.

Guillou, M.; Michel, C. Reproduction and Growth of Sphaerechinus granularis (Echinodermata: Echinoidea) in Southern Brittany.
J. Mar. Biol. Assoc. UK 1993, 73, 179-192. [CrossRef]

Soualili, D.L.; Guillou, M.; Semroud, R. Age and Growth of the Echinoid Sphaerechinus granularis from the Algerian Coast. J. Mar.
Biol. Assoc. UK 1999, 79, 1139-1140. [CrossRef]


https://www.mdpi.com/article/10.3390/ani12223161/s1
https://www.mdpi.com/article/10.3390/ani12223161/s1
https://www.marinespecies.org/
http://doi.org/10.1016/j.cryobiol.2014.06.009
http://doi.org/10.1016/j.cryobiol.2011.02.005
http://doi.org/10.1016/S0022-0981(99)00162-8
http://doi.org/10.1016/S0044-8486(01)00600-7
https://www.sealifebase.se/report/FAO/FAOCatchList.php?scientific=Echinus+esculentus
http://doi.org/10.1017/S0025315400032719
http://doi.org/10.1017/S0025315499001460

Animals 2022, 12, 3161 12 of 13

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

Martinez-Pita, I.; Garcia, FJ.; Pita, M.-L. The Effect of Seasonality on Gonad Fatty Acids of the Sea Urchins Paracentrotus lividus
and Arbacia litxula (Echinodermata: Echinoidea). J. Shellfish Res. 2010, 29, 517-525. [CrossRef]

Lourengo, S.; Cunha, B.; Raposo, A.; Neves, M.; Santos, PM.; Gomes, A.S.; Teceldo, C.; Ferreira, S.M.; Baptista, T.; Gongalves,
S.C. Somatic Growth and Gonadal Development of Paracentrotus lividus (Lamarck, 1816) Fed with Diets of Different Ingredient
Sources. Aquaculture 2021, 539, 736589. [CrossRef]

Vafidis, D.; Antoniadou, C.; Ioannidi, V. Population Density, Size Structure, and Reproductive Cycle of the Comestible Sea Urchin
Sphaerechinus granularis (Echinodermata: Echinoidea) in the Pagasitikos Gulf (Aegean Sea). Animals 2020, 10, 1506. [CrossRef]
Daly, J.; Hobbs, R.J.; Zuchowicz, N.; O’'Brien, ].K.; Bouwmeester, J.; Bay, L.; Quigley, K.; Hagedorn, M. Cryopreservation Can
Assist Gene Flow on the Great Barrier Reef. Coral Reefs 2022, 41, 455-462. [CrossRef]

Paredes, E. Biobanking of a Marine Invertebrate Model Organism: The Sea Urchin. . Mar. Sci. Eng. 2016, 4, 7. [CrossRef]
Paredes, E.; Adams, S.L.; Vignier, J. Cryopreservation of Sea Urchin Sperm and Early Life Stages. Methods Cell Biol. 2019,
150, 47-69.

Paredes, E. Exploring the Evolution of Marine Invertebrate Cryopreservation—Landmarks, State of the Art and Future Lines of
Research. Cryobiology 2015, 71, 198-209. [CrossRef]

Muldrew, K.; Acker, ].P; Elliott, ].A.; McGann, L.E. The Water to Ice Transition: Implications for Living Cells. In Life in the Frozen
State; CRC Press: Boca Raton, FL, USA, 2004; pp. 93-134.

Paredes, E.; Bellas, J. Cryopreservation of Sea Urchin Embryos (Paracentrotus lividus) Applied to Marine Ecotoxicological Studies.
Cryobiology 2009, 59, 344-350. [CrossRef]

Paredes, E.; Costas, D. Non-Lethal Sex Identification of Sea Urchins: Method and Advantages. Lab Anim. 2020, 49, 7-8. [CrossRef]
Beiras, R.; Saco-Alvarez, L. Toxicity of Seawater and Sand Affected by the Prestige Fuel-Oil Spill Using Bivalve and Sea Urchin
Embryogenesis Bioassays. Water Air. Soil Pollut. 2006, 177, 457-466. [CrossRef]

Heres, P,; Rodriguez-Riveiro, R.; Troncoso, J.; Paredes, E. Toxicity Tests of Cryoprotecting Agents for Mytilus galloprovincialis
(Lamark, 1819) Early Developmental Stages. Cryobiology 2019, 86, 40-46. [CrossRef]

Heres, P.; Troncoso, J.; Paredes, E. Long-Term Study on Survival and Development of Successive Generations of Mytilus
galloprovincialis Cryopreserved Larvae. Sci. Rep. 2022, 12, 1-14. [CrossRef]

Saco-Alvarez, L.; Durén, L; Ignacio Lorenzo, J.; Beiras, R. Methodological Basis for the Optimization of a Marine Sea-Urchin
Embryo Test (SET) for the Ecological Assessment of Coastal Water Quality. Ecotoxicol. Environ. Saf. 2010, 73, 491-499. [CrossRef]
Zhang, X.; Catalano, PN.; Gurkan, U.A.; Khimji, I.; Demirci, U. Emerging Technologies in Medical Applications of Minimum
Volume Vitrification. Nanomedicine 2011, 6, 1115-1129. [CrossRef]

Baboo, J.; Kilbride, P.; Delahaye, M.; Milne, S.; Fonseca, F,; Blanco, M.; Meneghel, J.; Nancekievill, A.; Gaddum, N.; Morris, G.J.
The Impact of Varying Cooling and Thawing Rates on the Quality of Cryopreserved Human Peripheral Blood T Cells. Sci. Rep.
2019, 9, 3417. [CrossRef]

Newman, M.C. Quantitative Methods in Aquatic Ecotoxicology; CRC Press: Boca Raton, FL, USA, 1994.

Sokal, R.R. The Principles and Practice of Statistics in Biological Research. In Biometry; Peter Marshall: New York, NY, USA, 1995;
pp. 451-554.

His, E.; Beiras, R.; Seaman, M.N.L. The Assessment of Marine Pollution-Bioassays with Bivalve Embryos and Larvae. In Advances
in Marine Biology; Elsevier: Amsterdam, The Netherlands, 1999; Volume 37, pp. 1-178.

Mohammed, A. Why Are Early Life Stages of Aquatic Organisms More Sensitive to Toxicants than Adults. New Insights Toxic.
Drug Test. 2013, 49-62.

Heres, P. Mollusk Cryopreservation and Variability along Development and Species; Universidade de Vigo: Vigo, Spain, 2021; p. 1.
Paredes, E. CRYOMAR Protocol Toolbox. V. 0. ASSEMBLE Plus, Deliverable 8.2; Universidade de Vigo: Vigo, Spain, 2020; p. 54.
[CrossRef]

Adams, S.L.; Kleinhans, FW.; Mladenov, P.V.; Hessian, P.A. Membrane Permeability Characteristics and Osmotic Tolerance Limits
of Sea Urchin (Evechinus chloroticus) Eggs. Cryobiology 2003, 47, 1-13. [CrossRef]

Campos, S.; Troncoso, J.; Paredes, E. Major Challenges in Cryopreservation of Sea Urchin Eggs. Cryobiology 2021, 98, 1-4.
[CrossRef]

Campos, S.; Paredes, E.; Troncoso, J. Can Sea Urchin Eggs Shelf-Life Be Extended by Cold Storage? Probl. Cryobiol. Cryomedicine
2022, 32, 68-71. [CrossRef]

Asahina, E.; Takahashi, T. Freezing Tolerance in Embryos and Spermatozoa of the Sea Urchin. Cryobiology 1978, 15, 122-127.
[CrossRef]

Asahina, E.; Takahashi, T. Cryopreservation of Sea Urchin Embryos and Sperm. Dev. Growth Differ. 1979, 21, 423-430. [CrossRef]
Asahina, E.; Takahashi, T. Survival of Sea Urchin Spermatozoa and Embryos at Very Low Temperatures. Cryobiology 1977, 14, 703.
[CrossRef]

Gakhova, E.; Krast, I.; Naidenko, T.K.; Savelieva, N.; Bessonov, B.; Butsuk, S.; Beprintsev, B. The Development of Sea Urchin
Embryos after Cryopreservation. Ontogenesis 1988, 19, 175-180.

Naidenko, T.K.; Gakhova, E.N.; Naidenko, V.P.; Veprintsev, B.N. Evaluation of Viability of Sea Urchin Larvae after Cryopreserva-
tion of Embryos. In Biology of Echinodermata; CRC Press: Boca Raton, FL, USA, 1991.

Naidenko, T.K.; Koltsova, E.A. The Use of Antioxidant Echinochrome-A in Cryopreservation of Sea Urchin Embryos and Larvae.
Russ. ]. Mar. Biol. 1998, 24, 203.


http://doi.org/10.2983/035.029.0231
http://doi.org/10.1016/j.aquaculture.2021.736589
http://doi.org/10.3390/ani10091506
http://doi.org/10.1007/s00338-021-02202-x
http://doi.org/10.3390/jmse4010007
http://doi.org/10.1016/j.cryobiol.2015.08.011
http://doi.org/10.1016/j.cryobiol.2009.09.010
http://doi.org/10.1038/s41684-019-0439-y
http://doi.org/10.1007/s11270-006-9166-2
http://doi.org/10.1016/j.cryobiol.2019.01.001
http://doi.org/10.1038/s41598-022-17935-0
http://doi.org/10.1016/j.ecoenv.2010.01.018
http://doi.org/10.2217/nnm.11.71
http://doi.org/10.1038/s41598-019-39957-x
http://doi.org/10.25607/OBP-1067
http://doi.org/10.1016/S0011-2240(03)00063-4
http://doi.org/10.1016/j.cryobiol.2020.11.008
http://doi.org/10.15407/cryo32.01.068
http://doi.org/10.1016/0011-2240(78)90016-0
http://doi.org/10.1111/j.1440-169X.1979.00423.x
http://doi.org/10.1016/0011-2240(77)90087-6

Animals 2022, 12, 3161 13 of 13

49.
50.
51.
52.
53.
54.
55.

56.

Odintsova, N.A.; Boroda, A.V.; Velansky, P.V.; Kostetsky, E.Y. The Fatty Acid Profile Changes in Marine Invertebrate Larval Cells
during Cryopreservation. Cryobiology 2009, 59, 335-343. [CrossRef] [PubMed]

Wu, J.-G.; Kurokura, H.; Hirano, R. Hybridization of Pseudocentrotus depressus egg and cryopreserved sperm of Anthocidaris
crassispina and the morphology of hybrid larva. Nippon. Suisan Gakkaishi 1990, 56, 749-754. [CrossRef]

Barros, C.; Muller, A.; Wood, M.].; Whittingham, D. High Survival of Sea Urchin Semen (Tetrapigus niger) and Pluteus Larvae
(Loxechinus albus) Frozen in 1.0 M Me,SO. Cryobiology 1996, 33, 646—651.

Barros, C.; Muller, A.; Wood, M.].; Whittingham, D. High Survival of Spermatozoa and Pluteus Larvae of Sea Urchins Frozen in
Me;SO. Cryobiology 1997, 35, 341.

Dunn, R.S.; McLachlan, J. Cryopreservation of Echinoderm Sperm. Can. J. Zool. 1973, 51, 666—669. [CrossRef]

Adams, S.L.; Hessian, P.A.; Mladenov, P.V. Cryopreservation of Sea Urchin (Evechinus chloroticus) Sperm. Cryo Lett. 2004, 25, 287-299.
Adams, S.L.; Hessian, P.A.; Mladenov, P.V. The Potential for Cryopreserving Larvae of the Sea Urchin, Evechinus chloroticus.
Cryobiology 2006, 52, 139-145. [CrossRef] [PubMed]

Kurokura, H.; Yagi, N.; Hirano, R. Studies on Cryopreservation of Sea Urchin Sperm. Aquac. Sci. 1989, 37, 215-219.


http://doi.org/10.1016/j.cryobiol.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19778531
http://doi.org/10.2331/suisan.56.749
http://doi.org/10.1139/z73-100
http://doi.org/10.1016/j.cryobiol.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16321369

	Introduction 
	Methods 
	Collection of Biological Material 
	Handling of Sea Urchin Gametes and Fertilization 
	Setting up a Baseline for the Species Fertility 
	Sperm and Oocyte Viability with Low Temperature Storage 
	Toxicity of Cryoprotecting Agents (CPAs) 
	Cryopreservation Methods 
	Cooling and Warming Rate Calculations 
	Statistics 

	Results 
	Baseline Fertility and Viability with Temperature of the Gametes 
	Toxicity of CPAs 
	Sperm Cryopreservation 
	Embryo Cryopreservation of S. granularis 

	Discussion and Conclusions 
	References

