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of the Sea Urchin Paracentrotus lividus
* To whom
szn.it.

Received
3 August 20

Abbreviat
device; CF, c
ization envel
NUNZIA LIMATOLA
1,*
, JONG TAI CHUN

2
, AND LUIGIA SANTELLA

1

1Department of Research Infrastructures for Marine Biological Resources; and 2Department of Biology and Evolution
of Marine Organisms, Stazione Zoologica Anton Dohrn, Napoli, Italy
Abstract. Fertilization and early development are usually
the most vulnerable stages in the life of marine animals, and
the biological processes during this period are highly sensi-
tive to the environment. In nature, sea urchin gametes are shed
in seawater, where they undergo external fertilization and em-
bryonic development. In a laboratory, it is possible to follow
the exactmorphological and biochemical changes taking place
in the fertilized eggs and the developing embryos. Thus, obser-
vation of successful fertilization and the subsequent embryonic
development of sea urchin eggs can be used as a convenient
biosensor to assess the quality of the marine environment.
In this paper, we have examined how salinity and pH changes
affect the normal fertilization process and the following de-
velopment of Paracentrotus lividus. The results of our studies
using confocal microscopy, scanning and transmission elec-
tron microscopy, and time-lapse Ca21 image recording indi-
cated that both dilution and acidification of seawater have
subtle but detrimental effects on many aspects of the fertiliza-
tion process. They include Ca21 signaling and coordinated
actin cytoskeletal changes, leading to a significantly reduced
rate of successful fertilization and, eventually, to abnormal or
delayed embryonic development.

Introduction

Going through fertilization, a quiescent egg is activated by
a successful sperm to form a zygote—the very first diploid
cell of a new living organism. Much of our knowledge on
the mechanism by which a new life is generated has come
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ions: ASW, artificial seawater, filtered; CCD, charge-coupled
ortical flash; CG, cortical granule; CW, Ca21 wave; FE, fertil-
ope; SW, filtered natural seawater.
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from experiments on oocytes and eggs of echinoderms, such
as starfish and sea urchins. Whereas only a few oocytes are re-
leased during ovulation in mammals (Shah et al., 2018), sea
urchins and starfish provide a large quantity of gametes that
are easily accessible for experiments. Because the reproduc-
tion of these organisms relies on external fertilization, the
whole process of species-specific gamete interaction, fertili-
zation, and early development can be easily followed in the
laboratory by using seawater (Meijer and Guerrier, 1984;
Vacquier, 2011).

In the eggs of all animal species, a series of morphological
and biochemical changes takes place at fertilization, collec-
tively referred to as “egg activation.” For example, a rapid
and sustained increase in intracellular Ca21 concentrations
follows a precise spatiotemporal pattern to activate the egg’s
metabolism and to initiate embryonic development (Stricker,
1999; Parrington et al., 2007; Santella et al., 2012; Ramos
and Wessel, 2013). In most cases, this intracellular Ca21 in-
crease can be attributed to the prompt Ca21 influx as a result
of sperm-induced plasmamembrane depolarization and to the
release from internal stores (Berridge, 1993; Runft et al., 2002;
Santella et al., 2004; Whitaker, 2006; Santella and Chun,
2013). Concurrently, activation of Ca21-dependent Na1/H1

exchange pumps leads to an increase of intracellular pH,
which is thought to be essential for the resumption of the cell
cycle and the polymerization of actin in the sea urchin egg
cortex (Johnson et al., 1976; Begg and Rebhun, 1979; Swann
andWhitaker, 1986; Gilbert, 2014). The increase of cytoplas-
mic Ca21 gives rise to one of the most appreciable structural
changes in the newly formed zygote, the cortical reaction
(Just, 1919), which includes exocytosis of cortical granules
(CG) positioned underneath the plasma membrane. The re-
sulting extrusion of the contents of CG, such as mucopoly-
saccharides, hyaline proteins, and activated peroxidase and
transglutaminase, leads to the thickening of a hyaline layer
and to the lifting of the fertilization envelope (FE) (Hylander
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and Summers, 1982; Wessel and Wong, 2009), which serves
as the sole protective barrier that shields the delicate develop-
ing embryo against the external environment (Schuel, 1984).

The actin cytoskeleton of the egg surface affects gamete in-
teractions, and the egg’s cytoskeletal structure is drastically
reorganized during oocyte maturation and fertilization (San-
tella et al., 2015, 2018). In sea urchin eggs, microvilli and
the acidic vesicles near the plasma membrane are known to
play a crucial role in the initiation of sperm-induced Ca21 sig-
nals (Vasilev et al., 2019). Both structures are intimately as-
sociated with the actin meshwork. In the fertilized eggs of sea
urchins and starfish, actin filaments formed on the egg surface
at the site of sperm-egg interaction fill the fertilization cone
(Tilney and Jaffe, 1980; Santella et al., 2020). Actin bundles
in the subplasmalemmal zones and fertilization cone then mi-
grate away from the egg cortex, while the sperm inside the cy-
toplasmmoves toward the female pronucleus (Terasaki, 1996;
Puppo et al., 2008; Limatola et al., 2019a, b). In addition, the
actin-filled microvilli elongate on the egg surface to protrude
through the entire perivitelline space, thus providing mechan-
ical support for FE elevation and accommodation of the in-
creased membrane on the cell surface (Puppo et al., 2008;
Chun et al., 2010). All of these changes in the structural orga-
nization and function of the actin cytoskeleton in the egg are
thought to be essential for adequate fertilization events: sperm-
egg interaction, proper intracellular Ca21 signaling, efficient
CG exocytosis, FE elevation, and the entry of only one sperm
(Puppo et al., 2008; Chun and Santella, 2009; Chun et al.,
2013, 2014; Limatola et al., 2015, 2019a, b). Treadmilling of
actin filaments also influences Ca21 buffering (Lange, 1999),
and the polymerization status of the actin cytoskeleton influ-
ences the activities of intracellular calcium channels and the
enzymes involved in Ca21 signaling pathways (Bose and
Thomas, 2009; Chun et al., 2013; Vasilev et al., 2018).

In the past decades, the growing concern for global warm-
ing has been extended to consequential changes in the marine
environment. Mainly as a result of industrialized anthropo-
genic activities, the level of carbon dioxide (CO2) in the atmo-
sphere has been continually increasing at an alarming rate
(Solomon et al., 2009). When dissolved in water, the in-
creased CO2 would produce excessive bicarbonate, leading
to the decrease of seawater pH (Caldeira et al., 2003; Feely
et al., 2004; Orr et al., 2005; Huntington, 2006). Thus, the
emerging view is that accelerated climate changes may cause
not only rising seawater temperature but also unexpected
problems of seawater acidification and salinity changes. These
are due to the drastic alterations of rainfall, such as El Niño,
which are predicted to worsen in the coming decades (IPCC,
2013) and to affect the salinity gradient in the transition zone
between rivers and oceans (Allen and Pechenik, 2010; Cloern
et al., 2017). Considering this worrying scenario and the po-
tential risk for health-related environmental issues, it is worth
investigating the effect of these changes on the reproduction
of marine organisms. Indeed, as a benthic marine invertebrate,
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Paracentrotus lividus (Lamarck, 1816) and its planktonic lar-
vae are known to be continually subjected to multiple stress
factors resulting from global climate changes (Byrne and
Przeslawski, 2013).

Several early studies found a reduction in fertilization rate
in response to water acidification, warming, or salinity vari-
ations. However, their analyses were mostly focused either
on how the marine environmental changes alter sperm qual-
ity, density, and motility (Havenhand et al., 2008; Schlegel
et al., 2015; Campbell et al., 2016) or on how the altered size
and quantity of eggs produced at spawning affect cleavages
and embryonic development (Allen and Pechenik, 2010;
Carballeira et al., 2011; Moulin et al., 2011; Foo and Byrne,
2017); few additional studies paid attention to the general
quality of the eggs (Podolsky, 2002; Ciapa and Philippe,
2013; Foo and Byrne, 2017; Parker et al., 2017). Given that,
we tested in this study the hypothesis that acidification and
salinity changes of seawater directly affected the morphology
and physiology of individual eggs of sea urchin. To this end,
we altered the pH or salinity of seawater and examined how
these simulated changes affect the structure and dynamics
of actin filaments of the egg cortex and the pattern of Ca21

signaling at fertilization, as well as subsequent embryonic
development.
Materials and Methods

Gamete collection and modifications
of seawater parameters

Paracentrotus lividus (Lamarck, 1816) was collected from
theGulf ofNaples during its breeding season (fromOctober to
May) and kept in circulating seawater (16 7C). Female ani-
mals were stimulated by intracoelomic injection of 0.5 mol
L21 KCl, and the eggs were collected in a small dish filled
with natural seawater filtered with amembrane of 0.2 mmpore
size (Nalgene vacuum filtration system, Rochester, NY), which
is referred to as seawater (SW) in this study. Sperm were col-
lected by pipetting on the male animal’s body surface, and the
dry sperm were stored at 4 7C. Fertilization in SW was per-
formed with a final sperm concentration of 1.84 � 106 cells
per mL. To visualize egg-incorporated spermatozoa, sperm
nuclei were stained with 5 mmol L21 Hoechst-33342 (Sigma-
Aldrich, St. Louis, MO) about 30 seconds before fertilization.
Sperm incorporation was observed five minutes after egg in-
semination by using a cooled CCD (charge-coupled de-
vice) camera (MicroMax, Princeton Instruments, Trenton, NJ)
mounted on a ZeissAxiovert 200microscopewith a PlanNeo-
fluar 40�/0.75 objective with a UV laser (Oberkochen, Ger-
many). Because only sperm, and not the eggs, were stained
with the DNA marker Hoechst-33342, the background fluo-
rescence was low enough for us to discern the weak but punc-
tate signals coming from the individual sperm by changing fo-
cus and scanning the whole visual depth of the living eggs.
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The Hoechst-33342 in the media of sperm occasionally visu-
alized the female pronucleus of the zygotes, but it was easily
distinguishable from the signals of sperm DNA for the differ-
ent sizes. The decrease of SW salinity was achieved by add-
ing distilled water until the desired dilution percentage was
reached, and the salinity was increased by adding NaCl to
SW to effect an increment of 275 mmol L21 extra NaCl in
the medium (as described in Just, 1939, p. 192). The lowering
of the SW pHwas obtained by adding HCl immediately before
the experiment. In order to decrease Na1 concentrations, fil-
tered artificial seawater (ASW, 575 mmol L21 NaCl, 10 mmol
L21 KCl, 10 mmol L21 CaCl2, 55 mmol L21 MgSO4, 2 mmol
L21 NaHCO3, pH 8.1) was mixed with Na1-free ASW
(575mmol L21 choline chloride, 10mmol L21 KCl, 10mmol
L21 CaCl2, 55 mmol L21 MgSO4, 2 mmol L21 NaHCO3,
pH 8.1), as previously described (Limatola et al., 2019b).
The exact ionic composition of seawater of theMediterranean
is variable, like any other seawater (Sanfilippo et al., 2016);
and Mediterranean seawater is known to be slightly saltier than
ocean seawater. The basic parameters of the various conditions
of seawater that we used for our experiment are summarized in
Table A1.
Microinjection, confocal microscopy, and Ca21 imaging

Microinjection of individual eggs was performed with an
air pressure transjector (Eppendorf FemtoJet, Hamburg, Ger-
many) as previously described (Chun et al., 2014). To visual-
ize F-actin in living intact eggs, 10 mmol L21 AlexaFluor568-
phalloidin (Molecular Probes, Eugene, OR) was microinjected;
and the eggs were monitored with a CrEST X-Light spinning
disk confocal microscope (Crisel Elettrooptical Systems and
Technology, Rome, Italy) or with a Leica TCS SP8X confocal
laser scanning microscope, equipped with a white light laser
and hybrid detectors (LeicaMicrosystem,Wetzlar, Germany).
In this low concentration, Alexa-phalloidin does not appear
to interfere with the biological processes in the eggs but vi-
sualizes F-actin in echinoderm egg cortex as faithfully as
LifeAct-GFP (green fluorescent protein), as judged by the im-
ages that were quite comparable (Vasilev et al., 2018). To vi-
sualize Ca21 in fertilized eggs, 500 mmol L21 Calcium Green
488 conjugated with 10 kDa dextran was mixed with 35 mmol
L21 Rhodamine Red (Molecular Probes) in the injection
buffer (10 mmol L21 HEPES, 0.1 mol L21 potassium aspar-
tate, pH 7.0) and microinjected before insemination. The
fluorescence images of cytosolic Ca21 and the bright-field
view imageswere capturedwith a cooled CCD camera (Micro-
Max, Princeton Instruments) mounted on a Zeiss Axiovert
135TV microscope with a Plan-Neofluar 40�/0.75 objective
at about 3-second intervals, and the data were analyzed with
MetaMorph (Universal Imaging, Bedford Hills, NY). The
Ca21 signal at a given time point was quantified following
the formula Frel5 [(F2 F0)/F0], where F represents the aver-
agefluorescence level of the entire egg andF0 represents base-
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line fluorescence. Thus, Frel was defined as a relative fluores-
cence unit (RFU) for plotting Ca21 trajectories. To visualize
the site of instantaneous Ca21 release, the incremental change
of the Ca21 level at each moment at time point twas analyzed
by applying the formula Finst5 [(Ft2 Ft2 1)/Ft2 1]. To com-
pensate batch-to-batch variability of Ca21 signals, the peak
amplitudes of the cortical flash (CF) and Ca21 wave (CW) of
each egg were normalized with the averages of the corre-
sponding values in the control eggs from the samebatch (taken
as 100%).

Statistical analyses

The numerical MetaMorph data were compiled and ana-
lyzed with Excel of Microsoft Office 2010. The average and
variation of the data are reported as mean ± standard deviation
(SD) in all cases in this article. One-wayANOVAand post hoc
tests were performed by using Prism 8.0 (GraphPad, San Di-
ego, CA), and P-values smaller than 0.05 were considered sta-
tistically significant.

Transmission electron microscopy (TEM)

Paracentrotus lividus eggs were fixed in SW containing
0.5% glutaraldehyde (pH 8.1) for 1 hour at room temperature
and post-fixed with 1% osmium tetroxide for an additional
1 hour. Specimens were dehydrated in increasing concentra-
tions of ethanol and were embedded in Epon 812, then stained
with UAR-EMS (Uranyl Acetate Replacement Stain, Electron
Microscope Sciences, Hatfield, PA) for 30 minutes and 0.3%
lead citrate for 30 seconds. The specimens were examined un-
der a transmission electron microscope (Zeiss LEO 912 AB).

Scanning electron microscopy (SEM)

Sea urchin eggs were fixed in filtered seawater containing
0.5% glutaraldehyde (pH 8.1) for 1 hour at room temperature
and post-fixed with 1% osmium tetroxide for an additional
1 hour. Specimens were dehydrated in increasing concentra-
tions of ethanol, and subsequent critical-point drying was
performed (Leica EM CP300). Samples were then coated
with a thin layer of metal, using a Leica ACE200 sputter-
coater, and were observed with a JEOL 6700F scanning elec-
tron microscope (Akishima, Tokyo, Japan).

Results

Embryonic development of Paracentrotus lividus perturbed
by environmental change not attributable to multiple
sperm incorporation

In linewith previous studies (Reuter et al., 2011; Ross et al.,
2011; Byrne et al., 2013), alterations of several seawater pa-
rameters led to inhibition of the first cleavages and delayed
embryonic development. This was already evident when the
eggs were inseminated in the 75% SW (Fig. 1A). Likewise,
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the eggs fertilized in SWwith low pH (6.8) or hypertonic con-
ditions all exhibited drastically delayed or failed cleavage by
two hours after fertilization, whereas eggs fertilized in ASW
with low sodium underwent apparent failure at cytokinesis
(Fig. 1B; see also Limatola et al., 2019b). The percentage of
the eggs undergoing normal development on schedule in each
condition is summarized in Table 1. To test whether this ab-
normal pattern of embryonic development was due to poly-
spermic fertilization, we incubated the eggs for 15 minutes in
seawater, with changes of various abiotic factors, and counted
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the egg-incorporated sperm5minutes after insemination. In this
context, it should be noted that fertilization is a multistep pro-
cess that involves chemotaxis, gamete binding and fusion, ion
flux, Ca21 increases, sperm entry, and the union of haploid male
and female pronuclei. In this study, the entry of fluorescence-
labeled sperm into the egg cytoplasm is referred to as “incor-
poration.”As shown in Figure 2, the sperm failed to enter the
egg in extremely low salinity SW (40%) in all cases (n5 20),
although sperm-egg binding and a compromised Ca21 signal
were observed (Fig. 3). Thus, it appears that beyond a certain
extent of seawater dilution, entry of the sperm into an egg does
not take place, at least in this species. Indeed, exposure of the
eggs to diluted SW (75%) or hypertonic SW (275 mmol L21

extra NaCl) did not make significant differences to the number
of egg-incorporated sperm (always monospermy) or affect the
extent of FE elevation (>95% eggs showed full elevation); but
in the latter case, the zygotes failed to undergo normal cleavages
(Fig. 1). In addition, several steps of fertilization were more
susceptible to a lower pH (6.8), because the elevation of the
FE occurred only in some area of the egg membrane (partial
elevation, 20% of the cases) or on the entire surface but with a
much reduced and non-equidistant lifting (thin elevation, 80%
of the cases, Fig. 2B). These results imply that the morpho-
functional properties of the cortex (e.g., capability of CG
exocytosis) are more severely affected by the seawater pH in
the given experimental conditions. Nonetheless, nearly all of
Figure 1. Alterations of seawater pH and salinity delay embryonic development or inhibit the cleavage of
Paracentrotus lividus. Bright-field view images of the early embryos after egg insemination in various conditions.
(A) Effects of dilution (75%) of natural and filtered seawater (SW). (B) Embryos 2 hours after fertilization in nor-
mal SW, acidic SW at pH 6.8, hypertonic seawater (275 mmol L21 extra NaCl), or in artificial seawater with
50 mmol L21 Na1. The number of fertilized eggs examined in each condition was 100. The experiments were
repeated at least two times. FE, fertilization envelope. Scale bars 5 100 mm.
Table 1

Percentages of embryos following normal and abnormal development

2 hours 1 day 2 days

Normal Abnormal Normal Abnormal Normal Abnormal

SW 98 2 96 4 96 4
75% SW 85 15 25 75 0 100
pH 6.8 16 84
275 mmol L21

extra NaCl 0 100
50 mmol L21

Na1 0 100
SW, natural and filtered seawater.
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the eggs fertilized in low pH or moderately diluted seawater
were predominantly monospermic (Fig. 2C), even though
they tended either to fail to undergo proper cleavage by two
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hours post-fertilization or to delay the embryonic develop-
ment (Fig. 1).

Effect of altered seawater salinity and pH on Ca21

responses in the fertilized eggs of sea urchin

To test whether the egg’s physiological response to the fer-
tilizing sperm is affected by altered seawater salinity and pH,
we recorded the dynamics of Ca21 increase during the fertil-
ization process by the use of calcium dyes. We exposed sea
urchin eggs for 15 minutes to various conditions of seawater
as specified in Materials and Methods and fertilized them
with spermatozoa collected in SW. Once added to the eggs,
the sperm shared the samemedia with the eggs, that is, seawa-
ter with varied pH, salinity, and so on. In the given conditions,
we first assessed the instant effect of pH and salinity changes
on the sperms’ motility or their effectiveness in interacting
with the egg by measuring the time interval between insemi-
nation and the onset of the intracellular CW, which occurred
in all of the experimental conditions. We found that sperm
added to the eggs suspended in hypertonic SW (275 mmol
L21 extra NaCl) failed to reach the surface of the egg, sug-
gesting that sperm motility is sharply sensitive to hypertonic
salinity. Unlike eggs inseminated in other seawater condi-
tions, eggs exposed to hypertonic seawater had to be moved
back to SW to allow fertilization. Except for the hypertonic
seawater, we found that the sperm’s efficacy in inducing a
CW in the egg was not affected much by the altered pH and
salinity conditions tested. Indeed, the time lag between in-
semination and the onset of a CW in these eggs was not sig-
nificantly different from that of the eggs fertilized in SW, be-
cause the pairwise comparison indicated that the time lag in
SW was not significantly different from any of the values in
other conditions (SW, 62.1 ± 30.8 s, n 5 55; 40% SW,
105.3 ± 44.3 s, n 5 40; seawater pH 6.8, 54.1 ± 33.7 s, n 5
16, one-wayANOVA, P < 0.05; Tukey honest significant dif-
ferent [HSD] test: SW vs. each condition, none significant).

As to the Ca21 response in the eggs of P. lividus fertilized
in SW, the earliest detectable Ca21 signal at fertilization is the
CF (Fig. 3A), a synchronous Ca21 influx through the entire
surface of the egg induced by opening of voltage-gated ion
channels due to plasma membrane depolarization. The CF
is followed by an intracellular CW that propagates on the
egg surface from the sperm-egg interaction site toward the op-
posite pole (Vasilev et al., 2019). When the eggs were
preincubated in 40% SW (15 min), they took up water by os-
motic pressure and increased in volume (Fig. 3A). Upon fer-
tilization in 40% SW, CF was not detectable in most eggs (39
of 54), while it was always present in the eggs fertilized in
normal seawater (n 5 55, see Fig. 3A). Furthermore, even
if the peak amplitude of the CWwas not affected much by di-
lution of the seawater (40% SW, see brown curves in Fig. 3A),
the FE elevation did not take place (Fig. 2A). By contrast,
when the eggs were incubated in SW containing 275 mmol
Figure 2. Seawater salinity and pH changes affect embryonic devel-
opment without inducing polyspermy. Paracentrotus lividus eggs were
preincubated for 15 minutes and fertilized in 100% natural and filtered sea-
water (SW) or 75% SW. (A) Sperm entry visualized by Hoechst-33342 in
living eggs fertilized in 100% SW or 40% SW. Note the fertilization enve-
lope (FE) and the single sperm incorporated in the eggs fertilized in 100%
SW (white arrowhead), which were not present in the eggs fertilized in
40% SW. Female pronucleus (FP) visualized by Hoechst-33342. Scale
bar 5 100 mm. (B, C) Graphic summary of the effects of pH and salinity
on fertilization. The number of eggs examined for each condition was 20 (to-
tal n 5 100). (B) About 5 minutes after insemination, the elevation of the
fertilization envelope (FE) was examined in the bright-field view; the fre-
quency of eggs (%) showing full elevation of FE is presented in green bars.
The eggs showing partial or thin elevation are presented with red histo-
grams. (C) Average number of egg-incorporated sperm was calculated from
the pooled data at the given condition and is presented with blue histograms.
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L21 extra NaCl, the residence in this medium brought about
the exit of water from the eggs, as evidenced by their shrinkage
(83 mm in diameter in 275 mmol L21 extra NaCl vs. 90 mm in
SW). When the eggs were fertilized in normal SW after pre-
incubation in high-salinity SW or at pH 6.8, the amplitudes of
both the CF and CW were significantly reduced (Fig. 3B, C).
Conversely, the CW propagated more slowly in the eggs fertil-
ized in diluted seawater (40% SW), as judged by the time re-
quired for the CW to traverse the egg (eggs in 40% SW,
38.5 ± 7.27 s, n 5 54; eggs in SW, 19.47 ± 1.6 s, n 5 55,
This content downloaded from 134.1
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P < 0.0001). This nearly twofold difference in the planar speed
of the CW far exceeded the difference in the egg diameters
caused by egg swelling (115 mm in 40% SW vs. 90 mm in
SW). However, the swelling increased the surface area and
the volume of the eggs by 63% and 109%, respectively.
Hence, the components propagating the CW in the cytoplas-
mic matrix may have become sparser or lost their integrity—
and thereby may have become less efficient in spreading the
wave—in addition to the increase of the physical distance
the wave has to travel in the swollen egg. This perturbation
of egg Ca21 dynamics is also likely to arise from the structural
changes of the egg cortex that compromised the fertilization
response (Vasilev et al., 2012, 2019; Chun et al., 2013,
2014; Limatola et al., 2015, 2019a, b).
Effect of altered seawater salinity and low pH
on actin dynamics at fertilization

To test the idea that the compromised sperm-induced Ca21

signaling, CG exocytosis, sperm incorporation, and embry-
onic development in the eggs fertilized in seawater with al-
tered salinity and pH are linked to the alteration of the corti-
cal structures and actin dynamics, we examined the actin
cytoskeleton and the ultrastructure of these eggs. For the sake
of efficient illustration of their effects on cytoskeletal mor-
phology and egg ultrastructure, which is often difficult to dem-
onstrate in milder conditions, we focused instead on some
drastic conditions (Figs. 4, 5). For the visualization of actin
filaments in living cells, Alexa-phalloidin was microinjected
into the eggs, which were then transferred to media of various
conditions: SW, 40% SW, SW at pH 6.8, or hypertonic SW
(275 mmol L21 extra NaCl). After 15 minutes, the sperm so-
lution was added to the same medium, except for the eggs ex-
posed to hypertonic SW, which were transferred back to SW.
In SW (Fig. 4A, first row, n 5 13), by 10 minutes after the
sperm-egg interaction, the actin filaments were arranged per-
pendicularly to the egg plasma membrane. These filaments
then migrated progressively toward the center of the egg. In
hypotonic seawater, the actin cytoskeleton of the unfertilized
eggs lost its proper structure and functionality at fertilization.
Indeed, when the eggs were preincubated and fertilized in
40% SW, the perpendicular fibers and their orderly centripetal
migration were not observed; but there was a massive time-
dependent depolymerization of the filaments in the cytoplasm
(Fig. 4A, second row, n5 6), which might in part explain the
failure of sperm entry at fertilization. Moreover, eggs incubated
in pH 6.8 (n 5 9) or hypertonic seawater (n 5 9) for 15 min-
utes exhibited selective hyperpolymerization of actin in the
subplasmalemmal zone. When fertilized, the actin dynamics
in these eggs were again compromised in comparison with
the control eggs in SW (Fig. 5). When examined with TEM
and SEM, unfertilized eggs exposed to low-salinity seawater
exhibited heavily compromised ultrastructure of the egg cyto-
plasm and loss of the orderly disposition of CG in the cortex
Figure 3. Effects of seawater pH and salinity alterations on the intracel-
lular Ca21 increase in sea urchin eggs at fertilization. Paracentrotus lividus
eggs microinjected with calcium dyes were incubated in natural and filtered
seawater (SW) with the specific salinity or pH for 15 minutes and were fer-
tilized. The changes in the intracellular Ca21 levels following fertilization
were monitored with a CCD (charge-coupled device) camera. (A) Pseudo-
colored relative fluorescence images represent the sites of momentary Ca21

increases at the indicated time points (seconds). Note the increment of the
egg diameter due to the osmotic pressure in 40% SW. CF, cortical flash.
In the graph, the Ca21 trajectories show the relative Ca21 levels in the con-
trol (green curves) and 40% SW (brown curves) from one batch. The time
frame immediately before the first detectable Ca21 signal captured by the
CCD camera was set to t 5 0. RFU, relative fluorescence units. Scale bar 5
100 mm. (B, C) Comparison of the Ca21 responses in the eggs fertilized
in various conditions. (B) Amplitudes of the cortical flash. (C) Peak ampli-
tude of the Ca21 waves. Error bars represent standard deviation. *P < 0.001
in comparison with the control (SW, pH 8.2).
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(Fig. 4B, C). Also, the profile of the plasma membrane dis-
played the shortening or loss of microvilli, with the myriad
F-actin-filled protrusions evident on the surface of the eggs
in SW (Fig. 4B, C). Taken together, these results suggest that
the changes of the structure and function of the egg actin cy-
toskeleton in the media with altered salinity and acidity con-
tribute to the compromised physiological responses of the egg
at the time of fertilization, egg activation, and subsequent
cleavages.
Discussion

With increasing awareness of recent climate changes, one
of the key concerns has been how they may influence marine
life and the ecosystem. In this communication, we demon-
strated that alteration of seawater salinity and pH has funda-
mental impacts on the morphology and physiology of indi-
vidual eggs of sea urchins. Our data showed that intricate
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mechanisms controlling the actin cytoskeleton of the egg sur-
face, gamete interaction, and intracellular Ca21 increases in
fertilized eggs go astray in the demonstrable cases of seawater
acidification (pH 6.8) and dilution (75% or 40%).

In early studies, the effect of environmental changes on the
success of fertilization was merely estimated by the so-called
fertilization curve approach (Reuter et al., 2011; Sewell et al.,
2014), which showed that the influence of sperm density
on successful fertilization was shifted by the environmental
changes. It is noteworthy, however, that the judgment of suc-
cessful fertilization was often based on the percentages of the
resulting embryos undergoing normal cleavages. In this con-
text, it bears emphasis that aberrant cleavage is not necessarily
caused by the formation of multiple sperm asters related to
polyspermy but can result from perturbation of the cortical in-
tegrity of the egg, which, in optimum conditions, incorporates
a single sperm (Just, 1939; Puppo et al., 2008; Vasilev et al.,
2012; Chun et al., 2014; Limatola et al., 2019a, b). Here, we
Figure 4. Low salinity of seawater heavily perturbs the actin dynamics at fertilization and egg ultrastructure.
(A) Spinning disk confocal microscope images of actin cytoskeleton in Paracentrotus lividus eggs microinjected
with the fluorescent probe for F-actin (Alexa-phalloidin) and preincubated in 100% natural and filtered seawater
(SW) or 40% SW for 15 minutes and inseminated. For each condition, the moment immediately before sperm ad-
dition was taken as t5 0, and the time-lapse images of the actin cytoskeleton were obtained with confocal micros-
copy at the equatorial plane. Scale bar 5 100 mm. Note the centripetal translocation of the actin bundles from the
subplasmalemmal regions, visible only in eggs fertilized in 100% SW and not in diluted SW. (B) Ultrastructure
of the egg cortex and cytoplasm of an unfertilized egg viewed by transmission electron microscopy (TEM) after
15 minutes of incubation in 100% SW or 40% SW. Note the disappearance of microvilli (MV) on the egg surface
in the eggs exposed to 40% SW as compared to the control and the heavily compromised egg cytoplasm ultrastruc-
ture. CG, cortical granules. (C) Scanning electron microscopy (SEM) images of fractured sea urchin eggs to view
the cytoplasm and the egg cortex and surface after 15 minutes of incubation in 100% SW or 40% SW, showing the
dramatic alteration of the structural organization of the egg cytoplasm due to water entry.
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corroborate that the abnormal embryonic development may
arise from monospermic zygotes and that the integrity of the
egg cortical structure and its changes after insemination may
be the primary parameters for successful fertilization and
development, as noted earlier (Just, 1939). Indeed, the first
cleavage was blocked in the majority of the conditions being
tested (Fig. 1); but this phenomenon was not due to polyspermy,
because most eggs incorporated only one sperm (Fig. 2).

The cortical actin cytoskeleton of starfish and sea urchin
eggs actively participates in the cascade of events regulating
the fertilization processes, such as interaction with sperm,
Ca21 signals, egg activation, and sperm entry into the egg
(Santella and Chun, 2011; Santella et al., 2015, 2018). The
establishment of contact between the acrosomal filament
(which contains F-actin) of the sperm and the actin filaments
in the egg’s cytoplasm provides strong anchorage for the
sperm to enter the egg (Puppo et al., 2008; Santella et al.,
2014, 2020; Chun et al., 2018; Limatola et al., 2019a). When
the structure of the actin cytoskeleton is altered with pharma-
cological agents, the sperm incorporation in starfish and sea
urchin eggs was severely affected (Puppo et al., 2008;
Vasilev et al., 2012; Chun et al., 2014). This idea was further
supported by the finding that in the eggs incubated in 40%
SW, the sperm failed to enter the egg due to the dramatic al-
teration of the structural organization of the actin filaments in
the egg cortex (Fig. 4A), although it was still able to trans-
duce a Ca21 signal (albeit altered) following its interaction
with the egg surface. In 40% SW, despite the lack of CF,
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the sperm induced a CW with amplitude similar to that of
the eggs fertilized in 100% SW (Fig. 3A). Nevertheless, upon
insemination, and at variance with the prevailing view, these
eggs with compromised cortical F-actin and cytoplasmic
structure failed to undergo Ca21-dependent CG exocytosis
and FE elevation, as previously shown (Santella et al., 2015).

As aforementioned, in virtually all animal species, the in-
teraction between the gametes gives rise to a signal transduc-
tion cascade, in which Ca21 plays a pivotal role in success-
ful egg activation (Berridge, 1993; Parrington et al., 2007;
Santella et al., 2012; Costache et al., 2014; Stricker, 2014).
While the modification of salinity, pH, or ion concentrations
of seawater is eventually expected to influence the intracellu-
lar environment, acidification of seawater did not change the
egg lipid contents in oysters (Parker et al., 2017). However, it
was reported that the internal pH of sea urchin eggs could be
affected by the external environment (Ciapa and Philippe,
2013). Because cytosolic pH affects the synthesis, phos-
phorylation, and activation of proteins of eggs (Johnson and
Epel, 1976), it is not surprising that the acidification of sea-
water (pH 6.8) caused changes of the egg actin cytoskele-
ton (Fig. 5) and reduced the amplitudes of the CF and CW
(Fig. 3). Similar to the eggs in acidic seawater (pH 6.8), eggs
in hypertonic seawater displayed comparable alterations of
actin cytoskeletal structure and the diminution of CF and
CW amplitudes (Figs. 3, 5). As to the effects on Ca21 signal-
ing, perhaps the most remarkable observation in our study is
that CF was abolished in most of the eggs fertilized in 40%
Figure 5. Changes of the actin cytoskeleton of the eggs exposed to seawater with low pH or high salinity.
Paracentrotus lividus eggs were microinjected with Alexa-phalloidin and preincubated for 15 minutes in acidic
(pH 6.8) or hypertonic (275 mL extra NaCl) seawater. For the latter case, eggs were transferred back to natural
and filtered seawater (SW). The eggs were then fertilized with sperm, and the changes of the actin cytoskeleton
were monitored by laser confocal scanning microscopy. For comparison, eggs incubated in normal SW (pH 8.2)
were included in the parallel experiment. Represented results from nine different eggs were shown for each condi-
tion. Scale bar 5 100 mm.
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SW (Fig. 3A, B). Because CF represents Ca21 influx triggered
by plasma membrane depolarization, this result may arise
from the changes of the electrical properties of the plasma
membrane in 40% SW. Besides the fact that the Ca21

concentration in the media is also diluted to 40% of the nor-
mal level, the given experimental condition in our study in-
volving egg swelling and severe retraction of microvilli on
the plasma membrane does not rule out the possibilities that
(i) the resting potential of the eggs in 40% SWwas somehow
depolarized to the level that no longer enables CF to occur or
(ii) the voltage-gated Ca21 channels were underrepresented
in the plasma membrane with the exhaustive retraction of mi-
crovilli. In line with this, it is worth pointing out that the am-
plitude of CF altered by various drugs and physical condi-
tions in sea urchin eggs is often paralleled by the changes
of microvilli shape or density on the egg surface (Vasilev
et al., 2019; Santella et al., 2020).

According to recent studies of starfish and sea urchin eggs,
the onset, magnitude, and kinetics of the sperm-induced CF
and CW are largely dependent on actin structure and dynam-
ics in the egg cortex (Nusco et al., 2006; Puppo et al., 2008;
Chun et al., 2010, 2014; Vasilev et al., 2012, 2019; Limatola
et al., 2019a, b). In sea urchin eggs, the amplitude of CF can
be repressed by jasplakinolide, an actin drug that stabilizes F-
actin (Chun et al., 2014). Another drug stabilizing F-actin,
phalloidin, however, enhances its amplitude. Conversely,
the agents depolymerizing actin (latrunculin A and cytochala-
sin B) rather prolong the duration of CF without changing its
amplitude. These actin drugs also affect the CW pattern
(Chun et al., 2014). Thus, the onset and other features of
CF and CW dynamics are thought to be affected by the state
of F-actin, including the ones present in microvilli, and possi-
bly by the cortical CG and vesicles being connected to the
plasma membrane by actin networks, as was proposed previ-
ously (Vasilev et al., 2019). In support of the idea, in the
overmaturing eggs of starfish whosemicrovilli and cortical ac-
tin cytoskeleton underwent meiotic stage-dependent restruc-
turing, the amplitude of the CF and CWdisplayed fluctuations
(Limatola et al., 2019a). Thus, the lack of a CF and the appar-
ent decrease in CW speed in the eggs fertilized in 40% SW
(Fig. 3A) should also be viewed in light of the facts that nearly
all microvilli are retracted from the egg surface and that the
egg cytoplasm is severely perturbed where CG and vesicles
are embedded. Recently, our findings in starfish and sea urchin
eggs, underscoring the relationship between the cortical actin
network, Ca21 response, and CG exocytosis during egg acti-
vation, have been extended to other animal species (Lee et al.,
2016; Vogt et al., 2019; York-Andersen et al., 2019).

In conclusion, it appears that normal reorganization of
the egg cortical actin cytoskeleton is the essential prerequisite
to ensure proper sperm-egg interaction, a normal Ca21 re-
sponse, successful fertilization, and normal embryonic devel-
opment in echinoderms. Our results demonstrate that many
aspects of fertilization and embryonic development are heav-
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ily influenced by the pH and salinity of seawater. Considering
the alarming rate of global climate change and its impact on
the oceans, the presence of these stress factors might highly
influence the distribution, growth, and physiology of marine
species, which may eventually affect the marine ecosystems
(Byrne and Przeslawski, 2013; IPCC, 2013).
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Appendix

Table A1
Basic parameters of the various conditions of seawater being used in the study
Acidity (pH) Salinity (PSU) Electric conductivity (mS cm21)

SW 8.2 37.8 46
40% SW 8.2 15.8 22.2
75% SW 8.2 24.1 31.5
pH 6.8 6.8 37.8 45.9
275 mmol L21 extra NaCl 8.2 47.4 56.6
ASW 8.1 41 52.8
50 m NaCl ASW 8.1 33.5 42.3
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