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University of Palermo, Palermo, Italy, 6Department of Biology, Stazione Idrobiologica Umberto
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Zoologica Anton Dohrn, Naples, Italy
Introduction: Due to their relevant ecological position and well-studied biology,

sea urchins are reference organisms for ocean acidification studies, at both

within- and trans-generational levels. In this study, we examined gamete quality

in specimens exposed to future predicted (-0.4 units) pH conditions

during gametogenesis.

Methods: Egg physical characteristics, biochemical composition, and fatty acid

profiles were assessed after two and six months of exposure, while sperm viability

and velocity were analyzed after six months of exposure. Considering the

documented intraspecific variability in response to ocean acidification, this

study involved two populations of Paracentrotus lividus. One population was

sampled from the highly variable lagoon of Venice (Site 1), while the other was

obtained from a coastal area (Site 2) characterized by more stable environmental

conditions and facing minimal anthropogenic stress.

Results: A different response was highlighted in the two sites. Noteworthy trends

emerged, especially in the fatty acid profile and sperm traits. Although adults

were fed the same diet, Site 1 eggs contained more high-energetic fatty acids

than Site 2, potentially boosting the survival odds for the next generation.

Moreover, Site 1 sperms displayed higher viability but slower motility compared

to those from Site 2. Within sites, a significant difference between time points and

a change in the fitness strategy of sea urchin females emerged when comparing

eggs spawned after two and six months of exposure to reduced pH. The effects

of time and exposure pH are more pronounced in animals from Site 1, suggesting

a higher adaptability of this population rather than negative effects of

ocean acidification.

Discussion: Overall, our findings suggest that sea urchins have the potential to

acclimate to reduced pH and to produce gametes of the same quality as controls
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held at the currently natural pH. Our findings emphasize the relevance of

combining investigations of gamete quality characteristics, particularly egg

biochemistry and fatty acid composition, and considering site variability to fully

understand the transgenerational response potential of sea urchins to

ocean acidification.
KEYWORDS

ocean acidification, sea urchins, reproduction, gamete quality, sperm viability, sperm
velocity, egg biochemical composition, fatty acid profile
1 Introduction

External fertilization is a common mode of reproduction in

marine organisms. However, spawning in the water column poses a

risk to eggs and sperm, which are directly exposed to environmental

variability and anthropogenic stressors. The increase of

atmospheric carbon dioxide (CO2) and other greenhouse gases is

influencing the climate of the planet (IPCC, 2019), as well as the

marine environment (Sabine et al., 2004; Doney et al., 2009). Ocean

acidification (OA) linked to a climate change scenario is changing

the seawater chemistry (Caldeira and Wickett, 2003), increasing the

concentration of hydrogen ions in the seawater, disrupting the

metabolism and intra-/extra-cellular pH compensation of

organisms, in particular at early life stages, which are the most

vulnerable (Foo and Byrne, 2017).

Among marine organisms, calcifying invertebrates, such as sea

urchins, are the most sensitive to OA scenario and a shift in their

presence can alter profoundly the community (Hall-Spencer et al.,

2008; Fabricius et al., 2011; Kroeker et al., 2011, 2013).

Gametes have limited ability to regulate intracellular pH when

facing changes in pH of seawater (Ciapa and Philippe, 2013; Bögner

et al., 2014; Nishigaki et al., 2014). Indeed, after spawning, eggs of

external fertilizers absorb the water they are in contact with to

increase jelly coat size (Podolsky, 2001), thus being directly

influenced by changes in seawater physico-chemical features. The

egg size and energy content (lipids and fatty acids in particular) are

two important factors related to fitness, offspring development and

survival (Tocher, 2003; Byrne et al., 2008; Foo et al., 2018), with the

quality of eggs probably being a better predictor of offspring quality

rather than their size (Byrne et al., 2008). Egg size and composition

are the most studied parameters when assessing the effects of

environmental changes (Moran and McAlister, 2009; Foo and

Byrne, 2017). Parental environmental history and diet are also

fundamental factors to determine survival chances for the

following generation as they influence egg nutrient content, in

particular energetic lipids (López et al., 1998; Lamare and Barker,

1999; Liu et al., 2007; Clark et al., 2009; Braun et al., 2013; Feiner

et al., 2016; Gago et al., 2016; Gosselin et al., 2019; Hoshijima and

Hofmann, 2019). OA effects on egg quality are still unclear, with

neutral (Uthicke et al., 2013; Parker et al., 2017; Karelitz et al., 2020)
02
or negative (Bögner et al., 2014; Suckling et al., 2015) responses. It

seems, however, that with prolonged exposure, animals have the

potential to acclimate to the experimental condition (Suckling et al.,

2015; Asnicar and Marin, 2022). As egg quality defines the success

of the following generation, it is a crucial endpoint deserving

investigation, especially in studies on the impact of OA where

inter- and intra-specific variations in physiological parameters have

been previously documented.

Sperm quality (e.g. morphology, velocity and viability) is a

crucial determinant of fertilization success (Benzie and Dixon, 1994;

Levitan, 2000; Au et al., 2002), and many studies underline the

usefulness of these endpoints to assess effects of potential stressors

on external fertilizers (Moschino and Marin, 2002; Fitzpatrick et al.,

2008; Fabbrocini et al., 2010; Fitzpatrick et al., 2012; Suquet et al.,

2012). A large majority of studies reports detrimental effects of OA

on sperm quality, including impairment of the polyspermy block

(Reuter et al., 2011; Bögner et al., 2014), as well as a reduction of

sperm velocity, motility and viability (Havenhand et al., 2008;

Schlegel et al., 2012; Campbell et al., 2016). Contrasting species-

specific differences in OA impact have also shown both positive and

absence of effect on sperm quality (Havenhand and Schlegel, 2009;

Caldwell et al., 2011; Marčeta et al., 2022). Under stressful

conditions sperm quality can be also highly variable among

individuals, with both improving and impairing intra-specific

effects of OA (Gallo et al., 2020b).

Most of the studies aimed at predicting the impact of OA on

gametes did not consider the exposure of parental generations to

OA. However, when adults were exposed to OA during

gametogenesis, a generally positive effect on gamete quality and

on offspring emerged (Thor and Dupont, 2015; Uthicke et al., 2020).

Considering these experimental limitations and mixed results due

to intra-specific variability, more in-depth investigation is certainly

needed (Gallo et al., 2020a; Parker et al., 2017).

This study aims to experimentally investigate the impact of OA

(pH reduction of 0.4 units) on gamete quality in sea urchins,

Paracentrotus lividus. To test for intra-specific variability in

relation to different ecological histories, adult specimens from two

populations (lagoon vs. coastal environment) experienced both

mid-term (two months) and a long-term (six months) exposure.

Specifically, the effect of reduced pH on the size and biochemical
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composition of the eggs (carbohydrates, proteins, lipids, and fatty

acids), and on the viability and velocity of sperm are evaluated.

2 Materials and methods

2.1 Animal collection

Detailed information on sampling sites’ characteristics and

animal collection are given in Asnicar et al. (2021). Briefly,

approximately 200 sea urchins (4.5 cm average test diameter)

were collected by scuba divers (two-meter depth) in two sites in

the Northern Adriatic Sea selected on the base of their different

environmental features:

“Site 1”, located in the southern basin of the Lagoon of Venice

(45°13’41” N 12°16’13” E), is characterized by high levels of

anthropogenic pressure and environmental variability. “Site 2”,

located in a more stable environment along the coast of the Gulf

of Trieste (45°43’30” N 13°41’31” E), is far from remarkable

freshwater inputs and shows little direct human impact.

Using cooling boxes, sea urchins were transported as quickly as

possible to the Hydrobiological Station “U. D’Ancona” in Chioggia

for experimental exposure.
2.2 Experimental setup

Two experiments were carried out, one for each of the two

collection sites, using the same experimental setup.

A 5000-litre reservoir, two 120-litre mixing tanks, and a

custom-designed mesocosm consisting of six independent flow-

through 60-litre aquaria were established at the Hydrobiological

Station facility. Seawater from the lagoon was pumped into the

reservoir to facilitate sediment deposition. Subsequently, the water

was filtered (5 mm polypropylene filters) and transferred to the two

mixing tanks for temperature acclimation, using two aquarium

chiller/heaters (TK 500, TECO, Italy). The exposure tanks were

then gravity fed from the mixing tanks at a flux of ~12 L/h.

In each experiment three replicate tanks were set up for the control

(natural condition, no pH manipulation) and three for the reduced pH

treatment (achieved through CO2 insufflation). The pH was adjusted

using a pH-controlling setup (ACQ110 Aquarium Controller

Evolution, Aquatronica, Italy). Each tank was provided with an

aerator to keep proper water oxygenation and mixing. Temperature,

salinity, dissolved oxygen and oxygen saturation were checked daily

with a multiparametric probe (Hi 9829, Hanna, Italy). pH was double-

checked daily using a Basic 20 benchtop pH meter (Crison, Spain)

calibrated daily with Crison buffer solutions. The pH values throughout

the experiments are reported on the total scale (pHT).
2.3 Adult experimental exposure
and maintenance

For each experiment (Site 1 and Site 2, respectively), upon

arrival at the Hydrobiological Station, sea urchins were distributed

randomly and equally into the six experimental tanks and were
Frontiers in Marine Science 03
allowed to acclimate to the laboratory conditions for seven days

(Site 1: temperature 26.10 ± 0.27°C, salinity 34.07 ± 0.52; Site 2:

temperature 26.41 ± 0.90, salinity 34.20 ± 0.32) fed ad libitum with

Ulva sp. Subsequently, sea urchins were fasted to stimulate energy

consumption and, thus, gonads’ reabsorption (Grosjean et al., 1998;

Shpigel et al., 2004). This allowed to level the gametogenesis stage

for all specimens before treatment. Four animals per tank were

sacrificed weekly to check the gonadal status. Starvation lasted four

weeks for the Site 1 specimens and three weeks for the Site

2 specimens.

A week prior to the beginning of the exposure, temperature and

pH were gradually regulated. To promote gonadal growth and

gametogenesis, photoperiod and temperature were set at 10:14 L:

D and 18-19°C (Spirlet et al., 2000; Shpigel et al., 2004). To simulate

the RCP 8.5 scenario (IPCC, 2019), pH was lowered of 0.4 units

compared to the control condition (Supplementary Table 1).

During exposure sea urchins were fed ad libitum with defrost

spinach and canned maize, which enhance gonadal maturation

(Sartori et al., 2016). Food was renewed and tanks were cleaned

thoroughly by syphoning every two days. Mortality was

checked daily.
2.4 Gamete collection

After two and six months of exposure, gametes were collected

for the assessment of endpoints of interest. Before spawning

induction for gamete collection, animals were gently rinsed under

tap water and dried with paper to prevent sperm activation. Twenty

individuals per experimental condition were randomly selected and

spawning was induced by injecting 1.5 mL of KCl 0.5 M solution (in

distilled water) with a sterile syringe through the peristomal

membrane. After injection, animals were gently shaken by hand

until spawning started.

For egg collection sea urchin females were placed mouth-up on

a beaker filled with 0.45 µm filtered artificial seawater (ASW,

salinity 34; Ocean Fish, Prodac International S.r.l., Padova, Italy)

to collect eggs. ASW was aerated and brought to temperature

overnight, and pH was adjusted according to the female exposure

condition. Physico-chemical characteristics of ASW are reported in

Supplementary Table 2.

Each female was let spawn for 30 minutes to estimate fertility. Eggs

were subsequently filtered on a 200 µm nylon mesh to remove

impurities (spines and pedicles) and resuspended in a known volume

of ASW. The total number of eggs spawned by each female was

estimated by counting subsamples of eggs in triplicate under a stereo-

microscope (Leica DM 750). Subsamples of eggs were collected in 2mL

microcentrifuge tubes and centrifuged (1 min at 17000 g at 4°C) to

concentrate them and remove supernatant ASW. Samples were stored

at -80°C until biochemical analyses.

Eggs were collected after 2 months of exposure (Site 1: 5 control

females; 6 -0.4 pH females; Site 2: 6 control females; 5 -0.4 pH

females) and after 6 months of exposure (Site 1: 9 control females; 7

-0.4 pH females; Site 2: 9 control females; 9 -0.4 pH females).
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Sperm were dry collected after 6 months of exposure from nine

males per pH condition in both Sites and preserved in a

microcentrifuge tube on ice until viability and velocity measures.
2.5 Egg quality

Egg diameter was measured on 150 eggs per female on digital

images obtained with a stereomicroscope (Leica DM 750) equipped

with a camera (Leica DFC 295). Images were analyzed with the

software ImageJ 1.51k (Wayne Rasband. National Institutes of

Health, USA).

Total content of egg proteins, carbohydrates and lipids was

evaluated spectrophotometrically in each female. Samples preserved

at -80°C were freeze-dried, grounded with mortar and pestle, and

stored again at -80°C until use. The day of use, eggs were dried in an

oven at 40-50°C for 60 minutes to remove potential moisture and

kept in a desiccator. Five mg of sample were weighed (Mettler

Toledo, XS105 Dual Range analytical balance, 0.01 mg readability)

and used for each analysis in duplicate. Total proteins were

quantified using the Lowry assay (Lowry et al., 1951). Total

carbohydrates content was measured following the phenol-

sulfuric acid method described in DuBois et al. (1956). Total lipid

content was determined through a chloroform-methanol lipid

extraction (Mann and Gallager, 1985) followed by the

colorimetric method of Pande et al. (1963).

Egg energy content (µJ egg−1) was calculated by multiplying

each constituent by its oxyenthalpic energy equivalent (39.5 kJ g−1

for lipid, 24 kJ g−1 for protein, and 17.5 kJ g−1 for carbohydrate;

energy combustion values from Bayne et al., 1976) and summing

the resultant values.

Eggs were analyzed for fatty acid (FA) composition. The lipid

component of the eggs was extracted following the methyl-tert-

butyl ether (MTBE) method of Matyash et al. (2008) and following

Locatello et al. (2018). Fatty acids were identified by comparing the

retention time of the sample (Cromatograph Agilent Technologies

7890 A, Agilent Technologies, Santa Clara, CA, USA; First capillary

column Supelco SP 2560, Sigma-Aldrich, St. Louis, MO, USA;

Secondary capi l lary column J&W HP 5 ms, Agi lent

Technologies), with that of a mixture of 52 standard Fatty Acid

Methyl Esters [FAMEs; GLC reference standard: 674 (Nu-Chek

Prep, Inc., MN, USA), and Menhaden Fish Oil (Supelco, Bellefonte,

PA, USA)]. Individual FAME presence was reported as a percentage

of the total area of eluted FAMEs.
2.6 Sperm quality

Sperm viability and velocity were tested right after collection

(see Section 2.4) in sperm from males from the two sites (Site 1 or

Site 2) reared for six months at the two conditions (natural pH or

-0.4 pH) (“pH of adult exposure”). For each male, sperm were

analyzed after activation with ASW at both natural and acidified pH

(“pH of sperm activation”). Each sample was analyzed at two time-

points after sperm activation: immediately after activation (T0) and

30 minutes later (T30) (“time post-activation”). Measures were
Frontiers in Marine Science 04
repeated twice at each time point to estimate repeatability

within samples.

2.6.1 Sperm viability
Sperm viability was measured as the proportion of alive sperm

using a Live/Dead Sperm Viability Kit (Molecular Probes). The kit

is based on a membrane-permeable nucleic acid stain (SYBR14)

which labels alive sperm in green, and a membrane impermeable

stain (propidium iodide, PI) which labels dead sperm in red. In a

dark room, 5 mL of ejaculate were activated in 300 mL of 0.45 mm
filtered ASW. 10 mL of the activated sperm solution were stained

with 3 mL of SYBR Green, incubated for five minutes at 36°C, then

stained with 1 mL of PI (Propidium Iodide) followed by other five

minutes of incubation. Five mL of stained sample were deposited on

a slide, gently covered with a coverslip, and examined under a

fluorescence microscope (Leica DMLB) at 630X magnification. The

proportion of alive sperm was calculated for at least 100

spermatozoa. Cell counts were always performed by the same

operator blind to the identity of the subject.

2.6.2 Sperm velocity
1 µL of preserved ejaculate was activated by adding 900 µL of

filtered ASW at room temperature and gently mixing. 2.5 µL of

activated sperm were then placed in separate wells on a 12-well

multitest slide (MP Biomedicals, Aurora, OH) previously coated

with 1% of polyvinyl alcohol (Sigma-Aldrich) in distilled water, to

prevent sperm from sticking to the glass slide. Each slide was gently

covered with a coverslip and sperm velocity was measured using a

CEROS Sperm Tracker (CASA, Hamilton Thorne Research,

Beverly, MA). For each video, mean speed was measured on at

least 100 sperm individual tracks. We focused on curvilinear

velocity (VCL, mm s−1), as this measure is a reliable predictor of

the fertilization success in many external fertilizing organisms,

including the sea urchin (Au et al., 2002; Locatello et al., 2013;

Gallego et al., 2017).
2.7 Statistical analyses

All data were analyzed using R and RStudio software (version 4.2.1,

R Core Team, 2023). The significance threshold was fixed at p < 0.05.

The combined effect of treatment (natural vs. acidified

treatment) and time of exposure (2 vs. 6 months) on egg quality

variables (number, size, weight), biochemical components (lipids,

proteins, and carbohydrates), energetic content, and sum of

s a t u r a t ed ( SAFA) , monouns a tu r a t ed (MUFA) and

polyunsaturated (PUFA) fatty acids were analyzed with linear

models (LM) (“Anova” function in the “car” package Fox and

Weisberg, 2019) followed by Tukey post-hoc tests for

pairwise comparisons.

A multivariate analyses of variance through a permutation

based strategy PERMANOVA (“adonis” function in the “vegan”

package; Oksanen et al., 2019) and a Principal Component Analysis

(PCA; “prcomp” function in the “stats” package) was also applied to

summarize and visualize the overall information.
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The effect of “pH of adult exposure”, “pH of sperm activation”

and “time post-activation” on sperm velocity were analyzed with a

linear mixed model (LMM) (“glmer” function in the “lmerTest”

package) followed by a Tukey post-hoc for pairwise comparisons

(“glht” function in the “multcomp” package; Hothorn et al., 2008).

Sperm viability was analyzed with a generalized linear mixed effect

model (GLMM, “glmer” function of the “lme4” package; Bates et al.,

2015) assuming a binomial error distribution and logit link function

followed by Tukey post-hoc tests. In both models “male identity”

was included as a random factor to account for repeated measures

within subject at different times post-activation (T0 and T30).

In LMs and LMMs, assumptions of residuals’ normal distribution

and variance homoscedasticity were checked with Shapiro-Wilk’s and

Bartlett’s test, respectively, and by inspection of diagnostic plots. If

assumptions were not matched, a log-transformation was applied to

the raw data. In GLMM an observation level random effect was

included to account for overdispersion.

Within sample repeatability of sperm traits was assessed using

the function “rpt” of the package “rptR” (Stoffel et al., 2017).
3 Results

3.1 Egg quality

3.1.1 Egg number, size, weight, biochemical
components and energy content

The number of eggs released in 30minutes differed between two and

six months of exposure for both sites of origin (Site 1: F1,23 = 12.656, p =

0.002; Site 2: F1,25 = 30.190, p < 0.001) but there was neither an effect of

the pH of exposure (Site 1: F1,23 = 0.170, p = 0.684; Site 2: F1,25 = 0.157, p

= 0.696) nor of the interaction between the two factors (Site 1:

F1,23 = 0.126, p = 0.726; Site 2: F1,25 = 0.161, p = 0.691). Both sea

urchin groups produced more eggs after longer exposure (Table 1). In

Site 1, eggs spawned by animals at low pH were more abundant after six

months than two months (p < 0.05). In Site 2, eggs spawned after two

months from females at both exposure pH were significantly fewer than

the eggs released after six months (p < 0.05).
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Both the pH of exposure and the exposure time influenced egg

size of Site 1 females (pH: F1,23 = 7.307, p = 0.013; exposure time:

F1,23 = 9.008, p = 0.006), but there was no significant interaction

between the two factors. The post-hoc analysis highlighted that eggs

spawned after two months of exposure by females at natural pH

were significantly larger than those spawned after six months by

females at both pH (p = 0.019). In females from Site 2, instead, only

a marginal effect of the time of maintenance was observed

(F1,25 = 4.035, p = 0.056). Following an increase of the exposure

time, the diameter of eggs from Site 1 showed an average reduction

of 2.23 µm, whereas animals from Site 2 showed an average increase

in the egg diameter of about 1.53 µm (Table 1).

The egg weight decreased significantly with the time of exposure

for both Sites. The reduction was of approximately 0.11 µg for Site 1

(factor ‘time of exposure’, F1,23 = 62.670, p < 0.001). The post-hoc

analysis revealed that eggs spawned after two months by Site 1

females, exposed to both pH conditions, were significantly heavier

than the eggs released after six months (p < 0.001). The reduction

was less sizable for site 2 (factor ‘time of exposure’, F1,25 = 4.298,

p = 0.049), with a reduction of only 0.1 µg. Indeed, no differences

were highlighted by the post-hoc tests. The weight of eggs from sea

urchins from both sites was not influenced by the pH of exposure

nor by the interaction between pH and time.

Lipid content of eggs produced by females from Site 1 was

affected by the time of exposure (F1,23 = 8.891, p = 0.007), with eggs

produced after two months having more lipids than those produced

after six months. No differences between the pH levels nor the

interaction between pH and time of exposure were highlighted.

Post-hoc analysis did not reveal significant differences between pH

or time of exposure. Lipid content of eggs produced by sea urchins

from Site 2 was not affected neither by pH nor by the time of

exposure or by the interaction between the two factors (Table 1).

Egg protein content differed significantly between the eggs

collected after two or six months of exposure for both Site 1

(F1,23 = 46.472, p < 0.001) and Site 2 (F1,25 = 6.754, p = 0.016), but

did not differ between pH of exposure nor was it influenced by the

interaction between factors. Animals from both sites showed a decrease

in egg total protein content with the prolonged exposure (Table 1).
TABLE 1 Summary of the number of eggs and physical, biochemical and energetical characteristics of eggs released by P. lividus from either lagoon
(Site 1) or sea coastal (Site 2) areas after two or six months (mo.) of exposure to either natural or 0.4 units reduced pH.

Site pH Time Egg
number
x 105

Egg
diameter
(µm)

Egg
weight
(µg)

Total
lipids

(ng eggs-1)

Total
protein

(ng eggs-1)

Total
carb.

(ng eggs-1)

Total
energy

(mJ egg-1)

Site 1 pH N 2 mo. 21.84 ± 3.79 ab 86.44 ± 0.83 a 0.17 ± 0.01 a 29.02 ± 2.74 89.98 ± 15.28 a 12.60 ± 1.18 a 3.53 ± 0.46 a

Site 1 pH -0.4 2 mo. 23.22 ± 4.50 a 84.06 ± 0.90 ab 0.16 ± 0.02 a 30.63 ± 5.64 103.62 ± 15.30 a 11.62 ± 1.81 a 3.90 ± 0.58 a

Site 1 pH N 6 mo. 48.41 ± 10.10 ab 83.97 ± 0.31 b 0.06 ± 0.01 b 20.65 ± 3.20 38.06 ± 5.00 b 3.30 ± 0.56 b 1.79 ± 0.25 b

Site 1 pH -0.4 6 mo. 53.67 ± 9.07 b 82.07 ± 0.80 b 0.05 ± 0.01 b 18.18 ± 1.97 31.89 ± 4.07 b 2.63 ± 0.25 b 2.53 ± 0.18 b

Site 2 pH N 2 mo. 15.82 ± 2.61 a 84.56 ± 0.60 0.12 ± 0.01 26.50 ± 4.48 62.34 ± 6.18 a 5.53 ± 0.77 2.64 ± 0.33

Site 2 pH -0.4 2 mo. 13.40 ± 3.06 a 84.84 ± 0.80 0.08 ± 0.01 19.53 ± 2.86 46.83 ± 7.34 ab 3.71 ± 0.81 1.96 ± 0.29

Site 2 pH N 6 mo. 59.94 ± 13.91 b 86.06 ± 0.90 0.09 ± 0.01 24.96 ± 3.10 44.22 ± 2.93 b 5.28 ± 0.38 2.14 ± 0.18

Site 2 pH -0.4 6 mo. 52.66 ± 9.97 b 86.40 ± 0.97 0.09 ± 0.01 20.57 ± 2.82 41.56 ± 3.39 b 5.00 ± 0.58 1.90 ± 0.19
Results are present as mean ± SE; n ≥ 5. Significant differences among conditions tested (pH levels and time of exposure) in sea urchins within each Site are highlighted with different letters.
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The carbohydrate content of eggs produced by females from

Site 1 decreased significantly with the prolongation of the exposure

(F1,23 = 94.960, p < 0.001). No differences between pH nor

interaction between pH and time of exposure were highlighted.

Post-hoc pairwise comparisons showed a significant difference

between eggs produced at different pH levels after both two

months and six months (p < 0.001). The carbohydrate content of

eggs from Site 2 females, instead, was similar between time-points

and pH of exposure or rather increased, although not significantly,

in the case of females exposed to reduced pH (Table 1).

The total energetic content of the eggs released by Site 1 females

was significantly influenced by the time of maintenance (F1,23 = 33.693,

p < 0.001), but similar significant effect was not found for Site 2. In both

Site 1 and Site 2 females, the energy content per egg decreased with the

time of exposure, at both pH tested. However, as highlighted by the

post-hoc analysis, only for Site 1 females at both pH levels, the egg

energy content was significantly (p < 0.05) higher at two months

compared to six months of exposure (Table 1).

For both Site 1 and Site2, the results of the Principal Component

analysis performed on the multiple egg quality variables are shown in

Figure 1. Loadings values are reported in Supplementary Table 3 in

Supplementary Material. The first (PC1) and second (PC2) principal

components explained over 85% and 82% of the variance for Site 1 and

Site 2, respectively. A clear separation between times of exposure is

revealed in both biplots. The first principal component (PC1; 70.69% of

the overall variance explained for Site 1 and 65.15% for Site 2) is
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associated with the egg weight, the biochemical composition and the

total energy content, while the second (PC2; 14.72% of the overall

variance explained for Site 1 and 17.09% for Site 2) is mainly associated

with the number of spawned eggs and their diameter. The time-

dependent separation regards PC1 for the Site 1 animals and PC2 for

the Site 2 ones. A separation between pH conditions is not evident.

The PERMANOVA analysis highlighted the same pattern with

significant differences between time points considered (two and six

months), for both Site 1 and Site 2 sea urchins (Table 2). Egg quality

was not significantly affected by pH of exposure or the interaction

between pH and time of exposure.
3.1.2 Egg fatty acid composition
Significant changes in total saturated (SAFA), monounsaturated

(MUFA) and polyunsaturated (PUFA) fatty acid (FA) profiles due

to time, pH, and their interaction were detected in both sites

(Table 3). Eggs of females maintained at low pH had different

fatty acid composition compared to those of females maintained at

natural pH, in particular for animals from Site 1. Site 2 eggs showed

significant alteration due to pH only for PUFAs (Table 3).

In Site 1, significant differences were found between the two pH

levels after 2 months of exposure, while no differences were detected

after 6 months. In particular, SAFA proportion of the total FA

profile was ~4% higher (p<0.05) in eggs of sea urchins at low pH

after 2 months respect to the other conditions (i.e. 2-months eggs at
TABLE 2 PERMANOVA results on the egg dataset (number, diameter, weight protein, carbohydrates, lipids and total energy) in sea urchins from
lagoon (Site 1) and coastal area (Site 2), reared for two and six months at both natural and 0.4 units reduced pH.

Site 1 F value Df R2 p-value Site 2 F value Df R2 p-value

Time 10.317 1 0.309 0.002 Time 13.884 1 0.356 < 0.001

pH 0.006 1 0.000 0.940 pH 0.113 1 0.003 0.789

Time: pH 0.048 1 0.001 0.827 Time: pH 0.047 1 0.001 0.824

Residuals 23 0.689 Residuals 25 0.640
fro
Significant results are highlighted in bold and underlined.
FIGURE 1

Principal component analysis of the egg dataset (number, diameter, weight, proteins, carbohydrates, lipids and total energy) in sea urchins from
lagoon (Site 1) and coastal (Site 2) areas, reared for two and six months at both natural and 0.4 units reduced pH.
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natural pH and 6-months eggs at both pH values). MUFAs showed

the same pattern of variation, with an approximately 2-2.5% higher

level in 2-months eggs at reduced pH. PUFAs instead were lower of

5-8% in eggs of sea urchins at low pH after 2 months compared to

the other conditions. On the other hand, fatty acid values found

after 6 months of exposure at both pH were similar to those of the

control after 2 months (Table 3; Supplementary Table 4). However,

the control pH at 6 months had a significantly lower level of PUFAs

compared to the control at 2 months (p<0.05).

Regarding Site 2, significant differences were observed in SAFAs

and PUFAs content. A significant effect of pH was revealed for

PUFAs after two months of sea urchin exposure, whereas time of

exposure significantly affected both SAFAs and PUFAs at natural

pH (Table 3; Supplementary Table 4).

An opposite trend between the two sites was found as FA

profiles of eggs of Site 2 sea urchins at 6 months were interestingly

more similar to those obtained after 2 months at reduced pH than

those at natural pH (Supplementary Table 4).

The first two PCs of the PCA performed on the whole fatty acid

dataset explained over 83% and 82% of the variance for Site 1 and

Site 2, respectively. In the PCA plot a clear separation can be seen

between the two times of exposure (along the PC1; 62.80% and

70.28% of the overall variance explained for Site1 and Site2,

respectively). The separation between 2-months and 6-months

Site 2 samples was less evident than that observed for Site 1

(Figure 2). A separation is also present between the two pH levels

(along the PC2: 21.15% and 12.44% explained variance for Site1 and
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Site 2, respectively). For both sites, the distinction between pH levels

is sensibly clearer in the 2-months compared to the 6-months

samples (Figure 2). Multivariate analysis highlighted that the pH

caused a significant variation in the fatty acid composition of eggs

from Site 1 sea urchins, but not in those from Site 2, as the results of

the two pH levels and the two sampling times are more overlapping

compared to Site 1. Notably, in Site 1, the distinction between pH

levels along the PC2 is opposite if animals were kept for 2 or 6

months. Indeed, the eggs’ fatty acid composition of urchins kept at

low pH for 6 months was similar to the control at 2 months. On the

other hand, the position of the urchins at low pH for two months is

far from the control at 6 months. PCA loadings values are reported

in Supplementary Table 5 in Supplementary Material.

The PERMANOVA results confirmed a significant effect of

exposure time, pH and time/pH interaction (Table 4) for the

urchins from Site1. Conversely, in Site 2 sea urchins, a significant

difference in egg fatty acid profiles was detected only between the

two sampling times (Table 4).
3.2 Sperm performance

Repeatability of sperm results are reported in Supplementary

Material (Supplementary Table 6). Sperm viability of males from

Site 1 significantly differed between T0 and T30 (c2 = 7.242,

p = 0.007) and the significant interaction between activation pH

and time of analysis (c2 = 5.155, p = 0.023) was also found. In
TABLE 3 ANOVA results on the sum of saturated fatty acids (SAFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) of
eggs in sea urchins from lagoon (Site 1) and coastal area (Site 2), reared for two and six months at both natural and 0.4 units reduced pH.

S_SAFA

Site 1 F value Df SSq p-value Site 2 F value Df SSq p-value

Time 14.758 1 22.873 < 0.001 Time 8.786 1 38.933 0.007

pH 9.072 1 14.060 0.006 pH 1.152 1 5.103 0.294

Time: pH 33.041 1 51.207 < 0.001 Time: pH 6.551 1 22.029 0.017

Residuals 22 34.096 Residuals 24 106.350

S_MUFA

Site 1 F value Df SSq p-value Site 2 F value Df SSq p-value

Time 0.533 1 0.620 0.473 Time 2.039 1 3.379 0.166

pH 4.808 1 5.591 0.039 pH 4.092 1 6.783 0.054

Time: pH 11.870 1 13.803 0.002 Time: pH 2.735 1 4.534 0.111

Residuals 22 25.584 Residuals 24 39.785

S_PUFA

Site 1 F value Df SSq p-value Site 2 F value Df SSq p-value

Time 3.708 1 12.323 0.067 Time 4.914 1 24.259 0.036

pH 11.063 1 36.771 0.003 pH 4.154 1 20.511 0.053

Time: pH 40.942 1 136.078 < 0.001 Time: pH 15.978 1 78.887 < 0.001

Residuals 22 73.121 Residuals 24 118.493
fron
Fatty acids with a ratio lower than 0.1% on the total were excluded. SSq, Sum of Squares; Df, Degree of freedom.
Significant results are highlighted in bold and underlined.
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Figure 3, the significant pairwise comparisons are highlighted.

Interestingly, at T0 the sperm viability of males maintained at

natural pH was significantly higher if activation occurred at pH -0.4

compared to pH N (p = 0.035). However, in the latter case, sperm

viability remained constant from T0 to T30, whereas in the former a

significant reduction from T0 and T30 (p = 0.001) was observed,

with values dropping from 87.38% to 77.16% on average (Figure 3).

The viability of sperm from adults maintained at pH -0.4 was not

influenced by the activation pH at T0, but the viability of sperm

activated at pH -0.4 showed a reduction over time, although not

significant. No significant effect of the three factors was found for

the viability of sperm from Site 2 males.

In both sites, the sperm VCL was not significantly influenced by

any of the factors investigated. Sperm was slightly faster in the Site 2

sea urchins; however, values were quite similar among all the

conditions tested, ranging from 202 to 216 µm s-1 (Figure 4).
4 Discussion

In this study, we investigated potential variations in gamete

quality of sea urchins P. lividus with different ecological history after

long-term exposure to future OA scenario. Parental exposure pH

showed little influence on gamete quality, whereas a greater

difference emerged in egg quality at different time-points (i.e. eggs
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spawned after two and six months of parents’ exposure) and in the

specific responses of each site of origin (i.e. lagoon and coastal area).

Except for the fatty acid profile (discussed below), the only

significant difference due to pH of exposure was found in the

diameter of eggs from Site 1 females. Eggs of specimens maintained

at lower pH, indeed, were smaller than those from females at

natural pH. These findings are different from those obtained in

other sea urchin species where egg size was not affected by exposure

to lower pH conditions: Echinometra mathaeimaintained for seven

weeks at pH 7.5 (Uthicke et al., 2013); Strongylocentrotus

purpuratus kept at upwelling conditions (-0.3 pH units and -4°C

compared to the control) for four months (Hoshijima and

Hofmann, 2019); Sterechinus neumayeri specimens, kept for six

and seventeen months at pH 7.7 (Suckling et al., 2015). However,

in this latter study an effect emerged after seventeen months at

pH 7.5, with larger eggs compared to the control (Suckling et al.,

2015). In addition to the variability in response to lower

pH across sea urchin species, an intraspecific variability in egg

size is also observed in natural populations (George et al., 1990;

Moran and McAlister, 2009).

In the present study, the number of eggs spawned in 30 minutes

was very different between the time-points considered, with the eggs

collected after six months being up to four times more abundant

than those collected after two months. This is reasonably due to the

accumulation of eggs during the 6 months of rearing in captivity
FIGURE 2

Principal component analysis of the fatty acid profile in eggs of sea urchins from lagoon (Site 1) and coastal area (Site 2) reared for two and six
months at both natural and 0.4 units reduced pH. Fatty acids with a ratio lower than 0.1% on the total were excluded.
TABLE 4 PERMANOVA results on the egg fatty acid profile (% of total FAME) in sea urchins from lagoon (Site 1) and coastal area (Site 2), reared for
two and six months at both natural and 0.4 units reduced pH.

Site 1 F value Df R2 p-value Site 2 F value Df R2 p-value

Time 8.725 1 0.230 < 0.001 Time 3.479 1 0.115 < 0.001

pH 2.657 1 0.070 0.017 pH 1.248 1 0.041 0.247

pH: Time 4.571 1 0.120 < 0.001 pH: Time 1.440 1 0.048 0.160

Residuals 22 0.580 Residuals 24 0.640
fro
Fatty acids with a ratio lower than 0.1% on the total were excluded. Significant results are highlighted in bold and underlined. SSq, Sum of Squares; Df, Degree of freedom.
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during which females continued to produce eggs but did not have

the chance to spawn. The pH of exposure, however, did not

influence egg production. This is in line with a previous study on

Hemicentrotus pulcherrimus exposed for nine months to pH 7.8

(Kurihara et al., 2013).

The eggs from Site 1 females kept at low pH were slightly lighter

and with slightly lower carbohydrate content, although this

difference was not statistically significant.

The total energetic content did not show a clear influence of the

exposure pH, suggesting that embryo development started at the

same energetic conditions for all eggs. Also eggs from Site 2 at

reduced pH were slightly less abundant, lighter, with lower content

of all three biochemical components and with a lower total energy

content (although differences between treatments were not

statistically significant). However, it is noteworthy that differences

in the egg biochemical composition, based on different pH of

maternal exposure, decreased with the prolongation of the

exposure, suggesting acclimation and better starting condition for

the offspring growth.
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It has been hypothesized that producing lighter eggs might

represent an advantage since lighter eggs can remain longer in the

water column, reaching greater distances, and colonizing new areas

(Arai et al., 1993; Harii et al., 2007). However, the lower content of

energetic components associated to lighter eggs might force the

embryo to enter the exotrophic stage faster, possibly resulting in

smaller larvae. As a consequence, embryos could be exposed to a

higher risk of predation, a reduced possibility to find food and to

reach the right substrate for the settlement on time, since all these

aspects are related to larval size (Marshall and Keough, 2003; Allen,

2008). Eggs and sperm analyzed in the present study were used for

in vitro fertilization trials in a parallel study regarding OA effects on

larvae (Asnicar et al., 2022). Larvae obtained from eggs with a lower

energetic content were significantly smaller and reached the

exotrophic stage (four-armed echinopluteus) faster. Moreover,

differences in the larval size also decreased from two to six

months of parental exposure (Asnicar et al., 2022). In Heliocidaris

erythrogramma, smaller eggs with lower lipid content produce

larvae that need more time to develop and metamorphose, have
FIGURE 3

Sperm viability in sea urchins from lagoon (Site 1) and coastal (Site 2) areas, reared for six months at both natural and 0.4 units reduced pH. Sperm
was activated at both natural and 0.4 units reduced pH and viability was checked immediately after activation (T0) and after 30 minutes (T30). Data
are shown as mean ± SE; n = 9. Significant pair-wise comparisons are represented with asterisks (*: p<0.05; **: p<0.01)
FIGURE 4

Sperm curvilinear velocity (VCL; in µm s-1) in sea urchins from lagoon (Site 1) and coastal (Site 2) areas, reared for six months at both natural and 0.4
units reduced pH. Sperm was activated at both natural and 0.4 units reduced pH and velocity was checked after 0 and 30 minutes. Data are shown
as mean ± SE; n = 9.
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less chance to reach the juvenile stage and result smaller in size

(Emlet and Hoegh-Guldberg, 1997). These and our findings

emphasize the key role of gamete quality as a good predictor of

offspring performance. To the best of our knowledge, the present

study investigates for the first time the effect of ocean acidification

on Paracentrotus lividus eggs’ biochemical composition and

energetic content while standardizing the exposure conditions

(seawater parameters, gonadal development).

Although we did not find a significant effect of the pH of

exposure on the egg quality, a higher influence of pH in Site 2

specimens than in specimens from Site 1 was highlighted. This can

be possibly related to the different ecological features of the two

Sites. Site 1, in the lagoon of Venice, shows a highly variable and

inhabited environment subject to relevant levels of anthropogenic

stress compared to Site 2. Our results suggest that specimens from

the lagoon have higher tolerance to OA, possibly reflecting better

adaptation to changing environmental conditions.

In both sites, regardless of the pH, females produced fewer but

more energy-rich eggs, after two months of exposure and, at the

opposite, more eggs but with a lower energy content after six months of

exposure. Therefore, maternal plasticity in reproductive strategy can be

hypothesized as a tool to optimize fitness gain over time. Indeed, egg

energy content is favored over number after twomonths (when the first

eggs are spawned), whereas significantly more eggs are produced after

six months, increasing the likelihood that a good number of offspring

would survive on the long term. Further investigations are necessary to

support this hypothesis.

Our results also confirm that, as suggested by previous studies

(Grosjean et al., 1998; Spirlet et al., 2000; Shpigel et al., 2004; Sartori

et al., 2016), the maintenance at 18-19°C, 14:10 L:D hours, with a

diet based on spinach and corn is optimal to promote sea urchin

gametogenesis and produce mature gametes, even after two months

of exposure. In fact, in vitro fertilization trials that were carried out

with eggs and sperm of the present work (Asnicar et al., 2022) led to

a fertilization success always exceeding 90%.

Of course the diet can also influence the lipid metabolism and

storage (e.g. Schiopu et al., 2006; Trocino et al., 2012) and in our

study the diet was different from a natural one. P. lividus lives in a

natural environment, where several food sources, including brown,

red, green algae, and seagrass, are available (Boudouresque and

Verlaque, 2020). Our unvariegated spinach-corn diet, necessary for

the standardization of the procedure, could have influenced the

eggs’ lipid profile and could contribute to explain the difference

observed in the FA profile between 2 and 6 months of exposure.

However, despite this difference in eggs’ FA composition across

the time of exposure, we interestingly observed an effect of the pH of

exposure only in animals from Site 1, whereas the effect is very

limited in animals from Site 2. The fatty acid profile importance in

diet is very well studied, with much evidence that higher MUFA and

especially PUFA levels, compared to SAFA, in food intake are

beneficial for the health of animals and humans (Dewhurst et al.,

2003; Ramsden et al., 2015). It is known that environmental changes

and pollution may alter the FA composition of organisms and

gametes (Filimonova et al., 2016). Changes in the fatty acid

composition of the eggs may be linked to adjustments that the

adults make to favor the appropriate growth of embryos or give
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them extra protection. For example, non-methylene-interrupted

(NMI) fatty acids seem to have a protective function from lipid

peroxidation processes, although the mechanism of action is not

fully understood (Garrido and Medina, 2002). The lack of long

chain unsaturated fatty acids, such as linolenic [C18:3(n-3)] and

docosahexanoic acid [DHA C22:6(n-3)], may have deleterious

effects, as reported for larvae of the sand dollar Dendraster

excentricus (Schiopu et al., 2006). Compared to Site 2, in Site 1

eggs we detected a higher content of PUFAs (heneicosapentaenoic

acid (HPA), docosahexaenoic acid (DHA), linolenic acid) that play

a key role in the health and functioning of animals. After two

months of exposure, DHA made up 0.380% of the total FA in the

eggs of control animals, while it was three times higher in those

from animals kept at reduced pH (1.117%). This difference

disappeared after 6 months. Linolein (C18:2) and linolenic

(C18:3) acids are precursors of the eicosapentaenoic acid (EPA;

C20:5_n3) which also has an important role in animal health

(Cohen et al., 1993). In the present study, at two months, linolein

acid % was reduced at low pH, while the linolenic acid % was

increased. Overall, the EPA % did not change demonstrating

compensatory mechanism in the animals.

The larvae from Site 1 urchins, obtained in a further study with

these gametes, performed better than those from Site 2 (Asnicar

et al., 2022). This suggest that the changes detected at reduced pH

may be compensatory changes, with females from Site 1, already

accustomed to a more variable environment, providing more

nutritious content in the eggs for the future generation. The egg

fatty acid profile represents, therefore, a powerful tool in predicting

the performance of the following generations in response to

environmental stressors.

In the present study, seawater pH affected only slightly the P.

lividus sperm endpoints considered. The only significant differences

in the sperm viability and velocity were driven by the activation pH,

rather than the exposure pH, and they were found in sperm from

males maintained at natural pH. For both Site 1 and Site 2, sperm

from sea urchins maintained at low pH and activated at the same

low pH, showed a similar or even enhanced response if compared to

the corresponding one activated at natural pH and also to sperm

from adults maintained at natural pH and activated at natural pH.

Our results suggest that exposure to reduced pH for six months

does not affect the ability of P. lividus to produce gametes of good

quality, potentially guaranteeing a successful fertilization

irrespective of the pH of parental maintenance.

Previous studies on the effects of OA exposure on sea urchin

sperm viability and velocity gave mixed results, possibly due to

differences in ecological history of analyzed population or to

different methodologies applied. A pH reduction of 0.2-0.3 units

enhanced velocity and motility in Psammechinus miliaris sperm

(Caldwell et al., 2011); exposure to pH 7.7 significantly reduced

velocity and motility in sperm of H. erythrogramma (Havenhand

et al., 2008), but in another study on the same species only sperm

motility, and not velocity, was affected by reduced seawater pH

values (7.8 and 7.6) (Schlegel et al., 2012). Previous results in P.

lividus showed that the exposure of sperm to pH reduced of 0.4

units negatively affected the velocity in the first five minutes post-

activation (Munari et al., 2022). Although after 15 and 30 minutes
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from activation treated sperm reached the same performance of

controls, the first 5 minutes gap was enough to reduce the

fertilization success of treated individuals (Munari et al., 2022).

These studies however, did not include exposure of the parents to

OA conditions before their gamete analyses. In the only previous

study in which P. lividus adults were maintained at pH conditions of

8.0, 7.7, and 7.4 for two months, sperm produced by treated animals

did not differ in motility and oxygen consumption from the control

(Marčeta et al., 2022). Sperm velocity, instead, was affected by

parental pH: sperm from males reared at pH 7.7 show a lower

average initial velocity with no changes over time (0-60 minutes).

Whereas sperm ATP content was significantly higher in males

reared at low pH (both 7.7 and 7.4), ATP consumption was affected

by both parental pH and activation pH (Marčeta et al., 2022).

It has been suggested that sperm speed and longevity are negatively

correlated in broadcast spawners (Levitan, 2000; Burness et al., 2004)

and that sperm longevity, more than velocity, influences the ejaculate

fertilization ability (Fitzpatrick et al., 2012). Our data suggests higher

sperm viability in Site 1 males, that might be related to a higher

reproductive fitness for sea urchins from the site with higher

environmental variability and anthropogenic stress, although this

deserves further specific analysis to be confirmed.
5 Conclusions

Overall, our results suggest a negligible effect of seawater

acidification on the quality of P. lividus gametes spawned after long-

term parental exposure. In particular, OA levels expected for the next

century did not cause severe alterations in the quality of eggs and

sperm, especially with the prolongation of the adult exposure (six

months vs. two months). This limited effect could be related to a

general great tolerance to environmental variations in P. lividus sea

urchins. In fact, this species has a very wide distribution range, even

latitudinally, suggesting a very high adaptation potential. However, our

results suggest a different response toward OA in the two sites of origin,

in particular in relation to the eggs’ FA composition. An intraspecific

variability related to the ecological history of the animals is suggested,

with specimens from the coastal area more strongly suffering the effect

of OA compared to animals from the lagoon area, and, then, possibly

requiring longer time to acclimate to stressful conditions. Our

observations concur with recent evidence of robustness of P. lividus

to end-of-century acidification conditions. However, here we provide

further evidence that local populations subjected to higher levels of

environmental stress may play an important role in promoting

adaptation and resilience to future reduction in seawater pH. Indeed,

considering that the effects of time and exposure pH are more

pronounced in animals from Site 1 (lagoon), coupled with the fact

that their offspring were of higher quality compared to Site 2 (coastal

area), the detected variations might be linked to higher adaptability of

the lagoon population rather than to negative effects of ocean

acidification. Moreover, our results highlight the importance of

integrating the analyses of parameters of gamete quality, in particular

eggs’ biochemical and fatty acid composition, to fully understand the

transgenerational adaptation ability of sea urchins to

ocean acidification.
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