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1. Introduction  

Levels of carbon dioxide (CO2) in the Earth atmosphere are increasing, mainly due to human 

activities, and are expected to reach 485 to 900 ppm in 2100 (Jewett and Romanou, 2017; 

Meinshausen et al., 2011). One-third of the CO2 released in the atmosphere is absorbed by the 

ocean and induces complex changes in the seawater chemistry, principally decreasing  the 

surface seawater pH and carbonate ion concentration, a phenomenon known as ocean 

acidification (OA) (Orr et al., 2005). According to the IPCC RCP8.5 (Intergovernmental 

Panel on Climate Change Representative Concentration Pathway8.5) - business-as-usual - 

scenario, by the end of this century, a decrease up to 0.3 to 0.4 units of pH is expected, 

leading to a surface seawater total scale pH (pHT) 7.7. Direct and indirect effects of short and 

long-term expositions to low pH differ according to the considered taxa, making overall 

predictions difficult (Wittmann and Pörtner 2013). Calcifying metazoa with a low metabolism 

(therefore with a poor machinery to eliminate CO2 and protons) and osmoconformers 

(organisms whose composition of extracellular fluids is close to that of seawater) were 

hypothesized to be particularly vulnerable to OA  (Pörtner 2008; Melzner et al. 2009; Kroeker 

et al. 2013).  

Echinoderms cumulate these characteristics, including an extensive high-magnesium calcite 

skeleton, and were therefore expected to be particularly affected by OA. Surprisingly, adult 

sea urchins resist OA rather well, even at long-term (Kurihara et al. 2013; Dupont and 

Thorndyke 2013; Hazan et al. 2014; Moulin et al. 2015; Morley et al. 2016, Uthicke et al 

2016, Manriquez et al 2017). This is also true for the skeleton which, except for spines, 

appears protected from OA (Dery et al. 2017 and references therein). This has been attributed 

to the ability of most sea urchins to compensate their extracellular pH (pHe), principally by 

accumulation of bicarbonate ions, when facing OA (Stumpp et al. 2012; Collard et al 2013, 

2014, 2016; Moulin et al. 2015; Morley et al. 2016). Indeed, the ability to control the 
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extracellular acid-base balance is considered to be a key process in metazoans to tolerate OA 

(Pörtner 2008). It is worth emphasizing that the echinoderm skeleton is an endoskeleton, 

embedded in the dermis and covered by the epidermis, which confers some protection from 

OA (see Dery et al. 2017 for a discussion). Furthermore, the expression of biomineralization-

related genes in regenerating spines of adult sea urchins was reported to be up-regulated when 

sea urchins were exposed to very low pHT (7.47), whereas there was no significant difference 

with control at pHT 7.70 (Emerson et al. 2017).  

However, not all sea urchins do control their acid-base balance when facing OA. In particular, 

cidaroids, a basal clade of echinoids, and some basal euechinoids (the sister clade of 

cidaroids, including most living sea urchins) do not compensate their pHe and, actually, 

maintain a particularly low pHe whatever the seawater pH (Calosi et al. 2013; Collard et al. 

2013, 2014). Surprisingly, these species succeed very well in undersaturated environments 

(deep sea) or near CO2 vents. In particular, the basal euechinoid Arbacia lixula (Linnaeus 

1758), which keeps a low pHe in acidified conditions, at least in 4-days experiments, 

maintains higher population densities close to CO2 vents than the sympatric sea urchin 

Paracentrotus lividus (Lamarck 1816), which is able to compensate its pHe (Calosi et al. 

2013,  Bray et al. 2014). This couple of sympatric species, occurring close to well-

characterized CO2 vents in the Mediterranean Sea, offers an excellent opportunity to test to 

which extent the control of the acid-base balance confers a protection towards OA and up to 

which point it affects the expression of biomineralization-related genes and the mechanical 

function of the skeleton. Therefore, the present study investigated the long-term acid-base 

physiology of individuals of both species living in or out the plume of a cold volcanic CO2 

seep (Levante Bay, Vulcano Island, Sicily), together with the impact on the mechanical 

properties of their skeleton and the expression of biomineralization-related genes. Based on a 

number of Omic and functional genomic studies performed on several sea urchin species 
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(Consortium, 2006; Hogan et al., 2019; Karakostis et al., 2016a; Livingston et al., 2006; 

Mann et al., 2008; Oliveri et al., 2008), four target genes (p19, msp130 sm50, and can) with 

known roles in the biomineralization process of both embryos and adults, and a housekeeping 

gene (z12), were selected for investigate the expression profiles in the samples above 

described. Orthologous genes of P. lividus and A. lixula, known or, here, preliminary 

identified and validated, provided the molecular tools of both species for setting-up species-

specific Real-Time qPCR assays performing the analyses of gene expression here reported 

(for sequences identification and experimental setting see S01). The target genes chosen code 

for well-known proteins involved in the skeletogenesis of sea urchin embryos and larvae, 

namely an acidic protein (P19), a calcium ion transporter glycoprotein (the mesenchyme-

specific cell surface glycoprotein MSP130), a carbohydrate-binding C-type lectin (spicule 

matrix protein SM50) and a carbonic anhydrase (CAN), involved in the conversion of CO2 to 

bicarbonate HCO3
−
 ions (Costa et al., 2012; Karakostis et al., 2016a; Killian and Wilt, 2008; 

Livingston et al., 2006; V. Matranga et al., 2011). Expression of similar genes and proteins 

has been reported during the formation of larval skeleton of the sea urchins 

Strongylocentrotus purpuratus (Stimpson 1857) and P. lividus (Lamarck 1816), suggesting a 

similar role in later life stages (Karakostis et al., 2016b; Livingston et al., 2006; Mann et al., 

2008). 

This work is a contribution to understand the OA impacts on calcifying marine organisms. For 

the first time, a combination of cutting-edge approaches highlighted intraspecific correlated 

properties of acid-base regulation capacity of the coelomic fluid, calcitic skeleton integrity, 

and gene expression in specimens of P. lividus and A. lixula from a naturally acidified site and 

a control site. The results prompt towards new hypotheses on the effects of the impact of OA 

in sea urchins. 
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2. Materials and Methods 

2.1.Sampling and physico-chemical measurements  

 

Adults sea urchins P. lividus and A. lixula, were collected in September 2018 by snorkelling 

between three and five meters depth in two sites (10 urchins per species per site) in the 

Levante Bay off Vulcano Island in the Mediterranean Sea (38°25’19’’ N/14°57’59’’ E ) 

(Italy) (Fig.1), alongside with three seawater samples per site. One site is characterized by 

stable environmental conditions (Control) and the other is in an acidified area characterized 

by the presence of natural CO2 vents (corresponding, respectively, to sites R1 and 20 fully 

described in Boatta et al. 2013). This site has already been used as a natural OA experiments 

laboratory in the past few years (i.e. Calosi, et al. 2013; Duquette et al. 2017; Milazzo et al. 

2019). Our sampled adult organisms P. lividus and A. lixula (size of individuals from each 

species and site are presented in Table 2.) were taken at the pCO2 intermediate levels (pH 7.6) 

because, as reported in Calosi et al. (2013), the density of both species in that area was 

appropriate and not to decimate the populations and to enable comparisons with organisms 

from the control site. Salinity, temperature, total-scale pH (pHT) and the total alkalinity (TA) 

of seawater from the site were directly measured after sampling and seawater samples were 

stored at 4°C for further measurements of dissolved inorganic carbon (DIC). All measures 

followed methods described by Collard et al. (2014).  

Sampled animals were kept inside aerated buckets filled with seawater from the sampling 

sites at 24°C for a few hours until their processing in the laboratory of the INGV (Istituto 

Nazionale di Geofisica e Vulcanologia) of Vulcano Island. Diameter at ambitus and height of 

the test were measured for each specimen using a Vernier caliper. The extracellular fluid of 

the coelomic cavity (= coelomic fluid = CF) was collected through the peristomial membrane 

using a 5 ml syringe. A part (500µl) was used to measure the pHT and TA. The remaining 
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fluid was enclosed in Eppendorf tubes without air bubble and deprived of the cells by 

centrifugation at room temperature and was stored for further analyses. All physico-chemical 

parameters measurements of the coelomic fluid (CF) were carried out according to Collard et 

al. (2014). Aragonite and calcite saturation states (Ω) as well as pCO2 and the concentrations 

of the carbonate system components in the sea water and these parameters together with TA 

in the CF were calculated from DIC, pH (total scale), salinity and temperature data (measured 

in the laboratory and corrected with the field data) using the software CO2SYS (Pierrot et al., 

2006) with the dissociation constants for carbonate from Mehrbach et al. (1973) refitted by 

Dickson and Millero (1987), and for KSO4 from Dickson (1990).  

Then, half of the test (with the spines) was dried in an oven at 50 °C for 24 hours and stored 

for further experiments. The other half was cleaned from internal organs and spines with clear 

seawater and one entire ambulacra was dissected and stored by immersion in RNA later™ 

Stabilization solution (Thermo Fisher) in a volume ratio of 1:5 at 4°C, to be used within 1 

month for RNA extractions.  

2.2.Ossicle sampling and preparation for mechanical tests  

The oven-dried sea urchin half test (spines and plates) were cleaned from soft tissues by 

incubations in NaOCl 2.5% for 90 min., then in NaOCl 5.25%, for 90 min. for the spines and 

150 min. for the plates; after that, all the ossicles were rinsed with Supra-pure water 

(Sartorius), then air-dried for at least 24 hours before use.  

Five spines, five ambital interambulacral plates, i.e. the middle largest plates, and five apical 

plates, i.e. the smallest and the uppermost plates, the most recently formed, were detached 

from each of the ten sampled sea urchins of both species and sites. In total, 50 ossicles of each 

type per species per sites were sampled and submitted to mechanical tests.  
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2.3.Mechanical test methods 

All mechanical tests were carried out at room temperature. Different mechanical 

characteristics were measured or calculated for all considered ossicles: the force at which the 

ossicles breaks (Fmax), the stress at rupture (ζ=Fmax/fracture surface of the ossicles) and the 

apparent Young’s modulus (E), characterizing the material stiffness, was calculated according 

to the linear-elastic beam theory: 

   
      

      
  
 

 
  
 
 ⁄

  
 ⁄
 (  ) 

Where: ζ: stress (Pa), ε: strain (dimensionless) F: force (N), A: area (in transverse section) 

(m
2
), ∆L: deflexion or displacement (m), L: effective length (m). 

Mechanical tests differed according to the considered ossicles, in order to mimic the forces 

applied to these on nature.  

Ambital plates were tested using a three-point bending test as represented in Fig 2. in Collard 

et al. (2016) at a speed of 0.2 mm/min for loading the load frame. The apparent Young’s 

modulus (E) of ambital plates was calculated with the formula: 

   
       

 

        
 (Pa) 

Where: Fmax: force at fracture (N), ∆L: displacement (m), Le: effective length (m) and I2: 

second moment of inertia (m
4
). 

I2 is a description of the geometric distribution of material around a neutral plane of bending 

and reflects the proportion of stereom in the plate fracture surface (vs. pores). 

   ∫ 
     (  ) 

Where: y: the distance to the neutral plane of bending (m) and A: the area (m²). 
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It was measured on micrographs of fractured surfaces of the plates obtained in a scanning 

electron microscope, using the macro MomentMacro in the software ImageJ (Schneider et al., 

2012).  

Flexural stress of the ossicle in a beam under three-point bending was calculated following: 

         
       

 

     
 (Pa) 

Where ζ: the bending stress at fracture (Pa), E, Young’s modulus (Pa), ε, the strain (=ΔL/L, 

dimensionless), Fmax: force at fracture (N), ∆L: displacement (m), Le: effective length (m) and 

I2: second moment of inertia (m
4
). 

Spines were tested using a two-point bending test as described in Dery et al. (2017), the 

device used for this test was represented in Fig. 3 in Moureaux et al. (2011). The apparent 

Young’s modulus E was calculated with the formula:  

   (
    

   
)   ∫

(     )

  ( )

 

 
    (Pa) 

with          (m
4
) 

with Fmax: force at fracture, ΔL the displacement, Le the effective length, and x the spine 

section position. The distribution of the material around the neutral fibre was calculated by 

integrating the equation of the second moment of area (due to conical shape of spines, I2 

varies according to position in the spine).  

Apical plates were tested using a simple compression method as described in Collard et al. 

(2016). To determine the Young’s modulus for the apical plates, the force–displacement 

curves were transformed into stress–strain curves using the following equations:  

    
                   

                   
 (Pa) 
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The E1 is calculated as the slope between two points of the final linear part of the curve, in 

this case the maximum force and the 100
th

 point before that. 

Where:  : stress (Pa) calculated as Fmax /A (A= area of the tuberculae of the plate)  and  : 

strain (dimensionless) calculated as ∆L/Le (Le = the height of the plate) as in Asnaghi et al. 

(2019). 

2.4.Nanoindentation  

Five ambital plates and five spines on each of the five individuals used for the gene 

expression analyses from each species and each site were sampled. Once cleaned, the ossicles 

were embedded in epoxy resin (Struers ®, Gmbh), then ultra-polished using sandpapers of 

increasing grain size (from 180 to 2400, FEPA Struers®) and cerium oxide (3 µm) until the 

calcium carbonate of the skeleton was exposed to the surface and properly polished. The 

obtained sections were perpendicular to the growth axis. Three to ten useful indents were 

obtained in the cross section of each ossicle by a nanoindenter (TriboIndenter, Hysitron, 

Minneapolis, MN, USA) with a charge of 3000 µN using a Berkovich tip (Presser et al. 

(2010). Elastic modulus (Young’s modulus; E) and hardness (H) values of the calcite were 

determined from the unloading curve of the indentation test (Oliver and Pharr, 1992).  

2.5.Gene expression 

2.5.1. RNA Extractions   

In order to select a tissue to use for gene expression analysis, body wall and podia (containing 

skeletal elements) taken from P. lividus and A. lixula were preliminarily used in RNA 

extractions performed using the GenElute™ Mammalian Total RNA Miniprep Kit, following 

the manufacturer instructions with some changes. Briefly, after removing RNA later solution, 

ambulacral plates or podia skeletal ring were plunged and washed by pipetman in the lysis 

solution containing 2-Mercaptoethanol (0.1%), for 2 min. The resulting lysate was further 
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homogenized in a 2 ml Dounce (Sigma Aldrich). After centrifugation at 13.000 rpm for 2 

min., the pellet containing coarser particles was removed and the supernatant was loaded on 

the filtration column of the kit to remove the remaining debris. DNA contamination was 

removed after the RNA elution step by DNase reaction using the on column DNase I 

Digestion Set (Sigma Aldrich), following the manufacturer instructions. The highest yield was 

obtained using body wall tissue of both species. Therefore, total RNA extractions from the 

sampled sea urchins of both species were performed using five ambulacral plates per 

specimen, following the procedure described above. Two total RNA extractions were 

performed for each specimen. Absence of contaminants (purity) and amount of total RNA 

extracted were estimated using the D30 spectrophotometer (Eppendorf) at 260/280 nm and 

260 nm, respectively. All samples were frozen at −20 °C until use. 

 

2.5.2.Synthesis of cDNA and preliminary amplifications (PCRs) 

In preliminary real time qPCRs, cDNAs corresponding to 20ng, 15ng, 10ng and 5ng of total 

RNA, were tested in addition to temperature, time and number of running cycles, in order to 

ensure similar efficiency for target and reference genes. The primers shown in Table 1 and the 

reference genes (Pl- and Al-z12-1) were also validated. Single pick ensuring the lack of 

primer-dimers and primers specificity was shown in each melting curve; minimal threshold 

cycle (CT) variability in both controls and acidified samples demonstrated that the reference 

genes were unaffected by acidification conditions (Table S01.2.) 

In a final reaction volume of 20 µl, cDNAs were derived from 500ng of total RNAs in a 

thermal cycler using the High-Capacity cDNA Reverse Transcription Kits and random 

hexamer primers (Applied Biosystems, Life technologies) according to the manufacturer’s 

instructions. In total, four cDNA preparations were performed for each specimen, two for 

each total RNA sample. The synthesized cDNAs were frozen at −20 °C. Before using them in 
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the gene expression assays, aliquots were checked by amplification in preliminary Polymerase 

Chain Reaction (PCR) with Red Taq Polymerase (Sigma Aldrich) following the 

manufacturer’s instructions. The NCBI GenBank Accession Numbers of the amplicons 

sequenced are reported in Table S01.1.  

2.5.3. Real Time qPCR Comparative Assays 

The 2
-ΔΔCt

 method (Livak and Schmittgen, 2001) and SYBR Green chemistry were used in 

Real time qPCRs comparative assays to measure the expression of the P. lividus and A. lixula 

selected genes: p19, msp130 sm50, can. Step One Plus real time PCR Cycler Instrument 

(Applied Biosystems) and the PFAST- R SY Precision FAST qPCR Master Mix with ROX 

and SYBR green (Primerdesign Ltd) were used according to the manufacturer instructions. In 

preliminary real time qPCRs, cDNAs corresponding to 20ng, 15ng, 10ng and 5ng of total 

RNA, were tested in addition to temperature, time and number of running cycles, in order to 

ensure similar efficiency for target and reference genes. The primers shown in Table 1 and the 

reference genes (Pl- and Al-z12-1) were also validated. Single pick ensuring the lack of 

primer-dimers and primers specificity was shown in each melting curve; minimal threshold 

cycle (CT) variability in both controls and acidified samples demonstrated that the reference 

genes were unaffected by acidification conditions (Table S01.2.). 

In each real time qPCR comparative assay, the reactions were performed in a 96 wells plate, 

in final volumes of 20 µl containing the same quantity of cDNA correspondent to 11.11 ng of 

total RNA. Five independent biological replicates of both biological group (Control and 

Acidified) of each species were run in the same plate. Pl- and Al- z12-1 mRNAs (NCBI 

GenBank A. Numbers LT900344.1 and MN917142), were used as reference genes, 

respectively, as well as specimens from control site were used as calibrators (Pl-C and Al-C, 

respectively). Both, master mix for each oligo couple and technical duplicates of each cDNA 

were used to test the reproducibility of the qPCR technology. After optical adhesive film 
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sealing (Applied Biosystems, Life Technologies), the plate was briefly centrifuged (1.000 rpm 

for 2 min at ambient temperature). The assay running was set as follows: 1×cycle: enzyme 

activation (hot start), 2 min. at 95°C; 45×cycles: denaturation at 95 °C for 5 sec. plus 

annealing/extension at 60 °C for 20 sec., followed by a melting curve stage. For each cDNA 

preparation, two to five qPCR assays were performed.  

The data were collected and analyzed by StepOne Software v2.3 (Applied Biosystems). After 

omitting the non-assessable wells according to the StepOne software setting, the final plate 

layout was elaborated using as calibrator each of the five control specimens (Pl-C or Al-C) for 

all acidified specimen (Pl-A or Al-A). The total number of comparisons within the same 

qPCR assay was increased by using all the five control specimens one by one as calibrators (n 

crossing). For each species, data from all qPCR assays were checked and the outlier’s values 

were omitted. The mean and standard deviation were calculated from all data obtained from 

the assays from one acidified biological replicate for each gene. In the graphic representations 

(Figures 3 and 4), the relative expression values of each gene are shown as the mean of all 

acidified specimens.  

 

2.6.  Statistical analyses  

All ANOVA models were built according to the recommendations of Doncaster and Davey 

(2007) and followed by Tukey test using the appropriate mean square error for multiple 

comparisons when ANOVA p-value was lower than 0.050. All tests were carried out using 

the software Systat12 (Systat Software Inc., USA). 

Physico-chemical parameters of the seawater sample were analysed with non-parametric 

Kruskal-Wallis test. All data of physico-chemical and biometric parameters of the coelomic 

fluid were submitted to two-factors ANOVA (species: crossed fixed factor, site: crossed fixed 

factor). Relative gene expression was analysed using model III ANOVA (gene: fixed factor, 

individual: random factor, crossed individual: random factor).  
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2.7.  Weibull analysis  

Because of the broad dispersion of results, material science usually uses the cumulative 

probability function to interpret mechanical results:  

          ( (
  
  
)
 

) 

Which is known as the Weibull three parameters strength distribution. Pf is the probability of 

failure that increases with the stress variable, ζ. Weibull modulus, m, corresponds to the 

distribution of flaws within the specimen. The characteristic stress ζ0 is an experimentally 

obtained parameter that corresponds to a proportion of fractured samples of (1 – 1/e) = 63% 

(cumulative failure probability).  In this study, this formula to stress (ζ), force at fracture 

(Fmax), Young’s modulus (E), nanohardness (H) and nanoelasticity (E) was applied and the 

linearized curve of Weibull statistical analysis was used to calculate the 95% confidence 

intervals of the 63 percentile of each of the aforesaid variables, with the modified least square 

regression method of Bütikofer et al. (2015). This allowed statistical comparisons, based on 

the 95% confidence intervals, for each ossicle of each species and site.  

3. Results  

3.1.Carbonate chemistry of seawater and acid-base physiology of the sea urchin  

Carbonate chemistry of seawater in Levante Bay on the day of sampling is reported in Table 

2. Temperature ranged from 24.1 to 25.0°C and salinity was 37.2.  

Seawater pHT, carbonate concentration and saturation states of calcite and aragonite were 

significantly lower (p-value ≤ 0.046, S02), while concentrations of DIC and bicarbonate as 

well as partial pressure of CO2 (pCO2) were significantly higher at the acidified site (p-value ≤ 

0.049). Seawater TA and carbon isotopic signature of DIC did not significantly differ between 

the two sites (p-value ≥ 0.827). The results are similar to those reported for the same sites 

during a long-term monitoring by Boatta et al. (2013). 
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The coelomic fluid from adults of the two species significantly differed in all acid-base 

variables, P. lividus showing the more basic values and A. lixula the more acidic ones (pANOVA 

≤ 0.009, Table 3, S03). In contrast, neither the site nor the interaction term between the site 

and the species had any significant effect on these variables (pANOVA ≥ 0.106). Only the δ
13

C 

of the coelomic fluid of both species was significantly more negative in the acidified site 

(pANOVA =0.027, Table 3, S03). The isotopic signature of 
13

C of seawater was significantly 

higher (positive) than that of the coelomic fluid of P. lividus and A. lixula in all sites (pTukey < 

10
-3

). The diameter and height of the test of the two species significantly differed (pANOVA< 

10
-3

) and the interaction term was significant for the diameter (pANOVA = 0.018, Table 3). A. 

lixula was always the smaller species (pTukey ≤ 0.034). 

 

3.2. Mechanical properties   

The mechanical data was analysed using Weibull analysis, based on the cumulative 

probability function (see Materials and Methods) (Tables 4,5,6). Arithmetical means and 

standard deviations are presented in supporting materials (S04).  

The Weibull modulus for stress, a measure of flaw distribution in the material, in ambital 

plates ranged between 1.362 and 1.896. Based on the 95% confidence interval (CI 95), the 

Weibull moduli were not significantly different between species nor sites. In contrast, the 

characteristic stress at rupture (ζ0) and the characteristic Young’s modulus (E0), a measure of 

the elasticity of the material, of ambital plates differed significantly between A. lixula from 

control and acidified sites, being higher at the control site (Table 4, S05). The force needed to 

break 63% of the ambital plates (Fmax0) of A. lixula was higher at the control than at the 

acidified site but when corrected with the length (Fmax/Le0), the difference was not significant 

anymore (Table 5, S05). CI 95 of ζ0, E0 and Fmax0 for ambital plates of P. lividus of the two 

sites overlapped (S05).  
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Based on the respective CI 95, the force needed to break 63% of the apical plates (Fmax0) was 

significantly higher for plates of A. lixula than for those of P. lividus from the same site but 

did not differ according to sites (Table 5, S06). However, when corrected by the effective 

length (Le), Fmax/Le0 did not differ significantly between species (S06). The characteristic 

Young’s modulus (E0) of apical plates was not significantly different between species and 

sites (Table 5, S06). 

For spines, based on their respective CI 95, the force needed to break 63% of the spines 

(Fmax0, and Fmax/Le0) and the characteristic Young’s modulus (E0) were significantly lower in 

spines of A. lixula from acidified site than from control site (Table 5, S07). Confidence 

intervals of spine mechanical properties of P. lividus from the two sites overlapped.
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3.3.Nanoindentation 

Characteristic nanoelasticity (E0) and nanohardness (H0) of the ambital plates were not 

significantly different between species nor sites based on their respective CI 95 (Table 6, Fig. 

2A-B, S08, S09).  

Characteristic nanoelasticity of the spines (E0) was significantly higher in P. lividus at both 

sites than in A. lixula based on their respective CI 95 (Table 6, Fig. 2C-D, S08, S09) but site 

had no significant impact.  

3.4.Gene expression analysis, Real Time qPCR comparative assays 

In the preliminary expression analysis (One Step RT-PCR) of p19, msp130, sm50, can and 

z12-1 genes, we used podia skeletal ring and tests of both species. The sequences of the 

validated products amplified from tests of P. lividus and A. lixula are presented in S01 with 

their NCBI GenBank Accession Numbers. Although we found all targeted genes expressed in 

both tissues, for the following expression analyses we only used the tests of the animals for 

practical facilities and to link the results to the mechanical data. In preliminary qPCRs, we 

validated z12-1 genes of both species to be used as reference genes, as acidification did not 

affect their expression (S01 and Table S01.2.). Through the expression assays properly set, we 

found a high number of relative expression values for each acidified specimen. Figure 3 

shows the results of the Real Time qPCR comparative assays from P. lividus. The expression 

levels of p19 and msp130 genes from the acidified site seem to increase with respect to the 

control site (calibrator), although the differences are not significant. Expression of can did not 

differ according to the site. On the contrary, the sm50 gene showed a significant decreased 

expression level (pANOVA < 10
-3

) with respect to the control site (calibrator). We found a 

different trend of expression in the A. lixula genes. In the Figure 4, the expression of all genes 

significantly decreased with respect to the specific calibrators (pTukey ≤ 0.005, Fig. 4, S10, 

S11). In particular, sm50 showed the lowest expression value of 0.317±0.120 (S10, S11). 
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4. Discussion  

4.1.Acid-base physiology 

A clear-cut difference in acid-base physiologies of the two species was evidenced for the first 

time for adult individuals living in acidified or control conditions, probably from their 

metamorphosis. Previous experiments reported results obtained after a few days exposure in 

acidified conditions for A. lixula (Calosi et al. 2013) or a few weeks for P. lividus (Catarino et 

al. 2012; Collard et al. 2013, 2014). P. lividus has a higher pHe and lower pCO2 than A. lixula, 

due to a much higher bicarbonate concentration in the coelomic fluid. These differences are 

not due to the respective sizes of individuals of both species. Indeed, A. lixula had a size 

similar to that of P. lividus in the control site and was significantly smaller in the acidification 

site. This means that A. lixula had a higher surface/volume ratio, which should allow a more 

efficient elimination of respiratory CO2. Respiratory rates between the two species do not 

differ (Di Giglio, unpublished data). Therefore, higher pCO2 in A. lixula CF is not due to this 

factor.  

No differences in acid-base physiology of both species were evidenced between the control 

and acidified sites. On the one hand, it has been attributed to the bicarbonate buffering 

capacity of the CF in P. lividus, which is able to accumulate bicarbonate from seawater 

(Collard et al. 2014). On the other hand, A. lixula has a naturally close to 7.0 pHe and pCO2 

around 4000-5000 µatm. As a consequence, the increased pCO2 at the acidified site does not 

induce a significant reduction of the gradient allowing the diffusion of respiratory CO2 out of 

the body, therefore avoiding or reducing an increase in CF pCO2 (see Seibel and Walsh 2003). 

It is also noteworthy that CF alkalinity of A. lixula did not differ significantly between 

individuals of both sites and remained close to bicarbonate concentration, indicating that a 

non-bicarbonate buffer is not involved, contrary to the hypothesis of Calosi et al. (2013). 

Finally, the saturation states for calcite and aragonite are, respectively, equal and lower than 1 
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in the CF of A. lixula from the acidified site. Such condition is also observed in cidaroid sea 

urchins (Collard et al. 2014).  

The difference in CF δ
13

C between individuals of both species is intriguing because this 

variable did not differ according to site in seawater. Courtney and Ries (2015) showed a 

positive relation between δ
13

C in the spine skeleton and pCO2 in seawater. Here we had the 

opposite relation. This might match the dissolution hypothesis proposed by Courtney and Ries 

(2015), dissolved CaCO3 molecules containing isotopically lighter 
12

C-isotopes. This is 

making sense for A. lixula whose CF saturation states are low, but not for P. lividus whose CF 

Ω are larger or equal to 2. Another hypothesis is that food in both species differed according 

to sites. This could result from differences in δ
13

C in food but the link is much more indirect 

than in usual stable isotopes studies (France, 1995; Ng et al., 2007). Indeed, our measures of 

δ
13

C only concern CF DIC. 

 

4.2.Impact on the skeleton  

The mechanical properties of different parts of the skeleton of P. lividus did not differ 

between individuals from control and acidified sites. Regarding ambital and apical plates, this 

is in line with results of Collard et al. (2016) and Asnaghi et al. (2019). For spines, previous 

studies reported no mechanical effect at seawater pHT higher than 7.5 despite corrosion 

evidence on the skeleton (Byrne and Fitzer, 2019; Dery et al., 2017; Emerson et al., 2017; 

Holtmann et al., 2013). On the contrary, ambital plates and spines of A. lixula from the 

acidified site showed reduced Fmax0 and E0, meaning that those skeletal parts are less stiff and 

break more easily when formed in acidified conditions. However, effects on Fmax disappeared 

when normalized by the effective length of the plates, indicating that the size of the skeletal 

elements were the drivers of the effects on Fmax. Furthermore, ambital plates also showed a 

characteristic stress at rupture reduced by 42%, meaning that for normalized areas they are 
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much more breakable. Surprisingly, the apical plates, the most recently formed test plates, did 

not show significant differences in their mechanical properties between individuals from 

control and acidified site. This could be due to the lower discriminant power of compression 

tests, compared to three-point bending tests. Therefore, the functional properties of A. lixula 

skeleton (elasticity and stress at rupture) were impacted in acidified conditions and this 

occurred at a much higher seawater pHT than previous effects reported in euehinoid species.  

 

4.3.Impact on gene expression  

Relative patterns of biomineralization-related genes expression in the sea urchin test strongly 

differed between the two species. Expression of these genes was not different in P. lividus 

from both sites except for sm50, which was downregulated, while all studied genes were 

downregulated in A. lixula from the acidified site. In adult, downregulation of several 

biomineralization-related genes appeared correlated to the recorded mechanical effects, 

strongly suggesting a cause-relationship effect.  

These results contrast with those obtained by Emerson et al. (2017), who showed significant 

upregulations of biomineralization-related genes in regenerating spines of L. variegatus. 

However, this effect was only recorded at low seawater pHT 7.47 and in actively regenerating 

spines, which are quite different conditions from those of the present study. Data on the 

expression of biomineralization-related genes in adult submitted to OA conditions is still 

poor, whereas the regulation of genes involved in embryos and larvae are more studied. 

Especially, researches focusing on the impact of OA on the expression of development-related 

genes increased recently, and highlighted a significant down-regulation of all kind of genes 

including biomineralization-related genes (Evans and Watson-Wynn 2014). Especially, 

Martin et al. (2011) showed a down-regulation of the sm50 gene in embryos and larvae of P. 

lividus under OA, which has also been measured in adult P. lividus in the present study. Since 
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the role of the protein SM50 has been defined to be the same in all S. purpuratus life stages 

(Killian and Wilt, 2008), further transgenerational studies could confirm the negative effect of 

OA on biomineralization-related genes from the larval to the adult stages.    

4.4.Ecological impacts  

A. lixula, which has a low pHe with low buffering capacity, were more affected from OA than 

P. lividus, which is endowed with a much higher buffering capacity in its extracellular fluids. 

By contrast, A. lixula maintained higher population density in acidified sites than P. lividus 

(Calosi et al. 2013, personnal observations). Sympatric sea urchins of Mediterranean Sea, A. 

lixula and P. lividus coexist on the rocky shore because of the low overlap of their diet, 

respectively herbivorous and omnivorous, leading to a niche differentiation (Agnetta et al., 

2013; Benedetti-Cecchi and Cinelli, 1995; Bulleri et al., 1999; Palacín et al., 1998). Their 

food web role are different but their density of population are similar in most natural 

environments, except near CO2 vents where P. lividus is less present than A. lixula (Calosi et 

al. 2013; Bray et al. 2014). Calosi et al. (2013) rejected the hypotheses based on food 

availability, predation or human harvesting. García et al. (2015) highlighted a difference in 

the settlement of larval P. lividus and A. lixula due to the effect of low pH. They observed that 

P. lividus settlement was delayed because of the stress and hypercapnic conditions that alter 

the composition of settlement inducers, such as crustose coralline algae or bacterial biofilms 

(Webster et al., 2013), but the same stressors had no consequences for the settlement of A. 

lixula. However, Privitera et al. (2011) did not highlight any difference on the metamorphosis 

(from larvae to juvenile) rate of P. lividus according to the substrate, whereas A. lixula 

showed a different rate when settling on naked stones or encrusting coralline algae. These 

hypotheses might explain why P. lividus population is less dense at high pCO2 site, although 

none of the characteristics studied in this work were impaired by OA, except for the down 

expression of the biomineralization-gene sm50. This could be linked with a different strategy 
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of survival than A. lixula population, in which the four studied biomineralization-related 

genes were significantly downregulated and the skeletal spine properties were significantly 

affected. Indeed, higher densities of A. lixula in the acidified sites might be linked to a better 

settlement of larvae in acidified conditions (Wangensteen et al., 2012). However, this does not 

mean that performances are similar in control and acidified sites. In particular, significantly 

smaller sizes of A. lixula in the acidified site may be due to either reduced growth or increased 

predation of larger size classes linked to reduced mechanical strength, smaller individuals 

escaping this by hiding in cracks and holes. Resource allocation to reproduction in acidified 

sites should also be questioned (García et al., 2018; George, 1990; Visconti et al., 2017). 

Finally, these higher densities of A. lixula at acidified sites might be only possible thanks to 

reservoirs of successfully reproducers outside the acidified zone.  

5. Conclusion  

In the two species studied here, it appeared that P. lividus, which has a high bicarbonate 

buffering capacity in its extracellular fluids, is much less affected than A. lixula which has a 

weak buffering capacity. Actually, adult A. lixula showed effects at much higher seawater 

pHT values than any other adult sea urchin species studied so far. Therefore, the capacity to 

regulate the acid-base physiology has major role in resistance to OA. However, the 

distributions of both species around the vent at Vulcano point to the importance to consider all 

the ecological aspects as the recruitment ecology to avoid misleading conclusions concerning 

the adaptation of populations to an acidified habitat.  
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Primers of biomineralization genes sequences utilized in One Step RT-PCR and Real 

Time qPCR assays 

Gene 

name 

Forward 5’-3’ 

 

Reverse 5’-3’ Amplico

n 

size (bp) Pl-

Z12-1 

AGCGCCACACCAAAAGAAGTC GGATGATAGACAGGGCTGTTTGG

A 

93 

Pl- p19    GCAGGAGACTAAGACAGAGAC CTCCGCTCGCCTCTCCTT 83 

Pl-

msp13

0 

GTTGACCCCGTAACCATGAAC GGGAAGAACTTTGCAACCTCC 80 

Pl-

sm50 

CCGTGAACGCACAAAATCC GGGCCTGACGCTTCATGA 64 

Pl-can CCAAAATGCTGGGAAAGTGTAA

C 

TCGGAACATGTCAAGCTGATTAT

G 

81 

Al -

Z12-1 

GTCTGCCTGAAGACCTTCGC GAAAGACTTCCCGCATTCCTC  102 

Al -p19 GAGAGCACGAGAGGGGAAC GCGTCCATCTCAGCCTCC 102 

Al -

msp13

0 

GGGTCCTGAGTGCGAGTC GATGGCGAGAGCGCTGAC 91 

Al -

sm50 

CCGTGAACGCACAAAATCC GGGCCTGACGCTTCATGA 64 

Al -can CCAAAATGCTGGGAAAGTGTAA

C 

TCGGAACATGTCAAGCTGATTAT

G 

81 
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Table 2. Seawater physico-chemical parameters at control and acidified sites on the day of sea 

urchins sampling (Mean ± SD, n=3) at Levante Bay 

Site  Control   Acidified   p-value 

pHT (total scale)  7.93 ± 0.03   7.63 ± 0.05   0.049 

TA (µmolkg-1)  2742 ± 167   2663 ± 29   0.827 

DIC (mM)  2.37 ± 0.01   2.54 ± 0.06   0.049 

pCO2 (µatm) 594 ± 50   1327 ± 145   0.049 

[HCO3
-
] (mM)  2093 ± 15   2325 ± 49   0.049 

[CO3
2-

] (mM)  201 ± 14   115 ± 14   0.049 

δ13C 1.08 ± 0.24   1.02 ± 0.03   0.827 

Ω Calcite  4.75 ± 0.33   2.72 ± 0.32   0.046 

Ω Aragonite 3.13 ± 0.22   2.32 ± 0.37   0.049 
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Table 3. Acid-base physiology of the coelomic fluid and biometry of adult sea urchins P. 

lividus and A. lixula at control and acidified sites (Mean ± SD) in Levante Bay. TA: total 

alkalinity (µmolkg
-1

, n=3), DIC: concentration of dissolved inorganic carbon (mM, n=8), 

[HCO3
-
]: concentration of bicarbonate ions (mM, n=8), [CO3

2-
]: concentration of carbonate 

ions (mM, n=8), δ
13

C: isotopic ratio of carbon 13 (‰, n=8), Ω Calcite : saturation state of 

calcite, Ω Aragonite : saturation state of aragonite. Means sharing the same superscript are not 

significantly different. 

Site Control Acidified pANOVA pANOVA pANOVA 

Species Paracentrotus lividus Arbacia lixula Paracentrotus lividus Arbacia lixula species sites species*sites 

pHT (total scale) 7.50 ± 0.17 a 7.10 ± 0.22 b 7.47 ± 0.08 a 7.14 ± 0.15 b <10-3 0.802 0.474 

TA (µmolkg-1) 3845 ± 215 a 2575 ± 597 b 4338 ± 615 a 2336 ± 702 b <10-3 0.683 0.250 

DIC (mM) 3.83 ± 0.64 
a 2.84 ± 0.52 

b 4.18 ± 1.05 
a 2.65 ± 0.31 b <10-3 0.751 0.289 

pCO2 (µatm) 2933 ± 1243 b 5283 ± 2498 a 3253 ± 1366 b 4185 ± 1694 a 0.009 0.513 0.238 

[HCO3
-] (mM) 3514 ± 591 a 2575 ± 501 b 3848 ± 969 a 2421 ± 274 b <10-3 0.698 0.297 

[CO3
2-] (mM) 137 ± 61 a 42 ± 20 b 132 ± 27 a 43 ± 12 b <10-3 0.889 0.829 

δ13C -5.34 ± 0.70 a -4.08 ± 2.40 a -5.74 ± 1.66 b -6.52 ± 2.05 b 0.693 0.027 0.106 

Ω Calcite 3.23 ± 1.43 a 1.00 ± 0.47 b 3.12 ± 0.63 a 1.02 ± 0.28 b <10-3 0.894 0.843 

Ω Aragonite 2.13 ± 0.95 a 0.66 ± 0.31 b 2.06 ± 0.41 a 0.68 ± 0.19 b <10-3 0.891 0.832 

Diameter (mm) 39.4 ± 4.4 a,b 35.9 ± 4.8 b,c 42.4 ± 3.8 a 32.8 ± 2.1 c <10-3 0.968 0.018 

Height test (mm) 22.1 ± 2.5 a 17.7 ± 6.9 b 24.6 ± 2.5 a 16.0 ± 3.3 b <10-3 0.764 0.121 
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Table 4. Characteristic stress (ζ0) and Weibull modulus and their 95% confidence intervals, of 

ambital plates of the test of the sea urchins P. lividus and A. lixula at control and acidified 

sites at Levante Bay analysed with Weibull probabilistic method following Butikofer et al. 

2015  

Species Site n ζ 

Weibull 

modulus 

(m)  

m CI95%  - m CI95%  + ζ0 (MPa)  
ζ0 (MPa) 

CI 95%  - 

ζ0 (MPa) 

CI95%  + 

P. lividus 
Control 

49 1.455 1.085 1.951 417.72 339.27 514.31 

A. lixula 47 1.362 1.009 1.838 555.75 442.97 697.26 

P. lividus 
Acidified 

47 1.452 1.075 1.959 363.67 293.94 449.94 

A. lixula 49 1.896 1.414 2.544 323.25 275.57 379.17 
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Table 5. Characteristic force at fracture (Fmax0) and characteristic Young’s modulus (E0) ant 

their 95% confidence intervals of the ambital and apical plates of the test and the spines of the 

sea urchins P. lividus and A. lixula at control and acidified sites at Levante Bay analysed with 

Weibull probabilistic method following Butikofer et al. 2015  

Ambital plates  

Species site 
n 

Fmax 
 Fmax0  (N)  

Fmax0 (N) 

CI95%  - 

Fmax0 (N) 

CI95%  + 
n E E0(GPa) 

E0 (GPa) 

CI95%  - 

E0 (GPa) 

CI95%  + 

P. lividus 
Control 

50 6.66 6.06 7.32 49 46.09 37.73 56.30 

A. lixula 49 7.47 6.85 8.14 47 58.21 46.87 72.29 

P. lividus 
Acidified 

50 6.67 5.99 7.43 47 42.22 34.14 52.20 

A. lixula 50 6.10 5.69 6.55 49 30.14 25.89 35.07 

Apical plates  

Species site 
n 

Fmax 
 Fmax0  (N)  

Fmax0 (N) 

CI95%  - 

Fmax0 (N) 

CI95%  + 
n E E0(GPa) 

E0 (GPa) 

CI95%  - 

E0 (GPa) 

CI95%  + 

P. lividus 
Control 

47 26.19 23.97 28.61 46 1.61 1.24 2.09 

A. lixula 50 30.98 28.62 33.53 50 1.61 1.24 2.10 

P. lividus 
Acidified 

50 23.30 21.75 24.96 50 1.26 1.09 1.45 

A. lixula 50 30.47 28.26 32.84 50 1.54 1.14 2.09 

Spines 

Species site 
n 

Fmax 
 Fmax0  (N)  

Fmax0 (N) 

CI95%  - 

Fmax0 (N) 

CI95%  + 
n E E0(GPa) 

E0 (GPa) 

CI95%  - 

E0 (GPa) 

CI95%  + 

P. lividus 
Control 

49 1.39 1.28 1.51 44 86.80 65.14 115.67 

A. lixula 49 1.31 1.19 1.44 47 90.05 78.58 103.20 

P. lividus 
Acidified 

48 1.22 1.12 1.34 46 71.18 59.08 85.75 

A. lixula 43 1.07 0.99 1.16 42 67.54 59.41 76.79 
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Table 6. Characteristic nanoelasticity (E0) and characteristic nanohardness (H0) and their 95% 

confidence intervals of the ambital plates of the test and of the spines of the sea urchins P. 

lividus and A. lixula at control and acidified sites at Levante Bay analysed with Weibull 

probabilistic method following Butikofer et al. 2015  

Ambital plates  

Species Site n E E0(GPa) 
E0 (GPa) 

CI95%  - 

E0 (GPa) 

CI95%  + 
n H H0(GPa) 

H0 (GPa) 

CI 95%  - 

H0 (GPa) 

CI 95%  + 

P. lividus 
Control 

84 58.74 56.14 61.45 82 4.69 4.41 4.99 

A. lixula 92 60.35 57.72 63.10 91 4.77 4.47 5.10 

P. lividus 
Acidified 

50 55.64 52.51 58.97 48 4.65 4.35 4.97 

A. lixula 61 55.06 52.03 58.27 61 4.44 4.08 4.83 

Spines 

Species Site n E E0(GPa) 
E0 (GPa) 

CI95%  - 

E0 (GPa) 

CI95%  + 
n H H0(GPa) 

H0 (GPa) 

CI 95%  - 

H0 (GPa) 

CI 95%  + 

P. lividus 
Control 

105 67.61 65.38 69.92 102 5.02 4.84 5.21 

A. lixula 74 59.36 56.61 62.24 74 4.43 4.13 4.74 

P. lividus 
Acidified 

98 66.15 64.08 68.28 99 5.09 4.85 5.34 

A. lixula 50 56.11 53.16 59.21 51 4.56 4.23 4.92 
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Highlights   

 

 Arbacia lixula and Paracentrotus lividus were differently affected by low pH exposure  

 P. lividus skeleton integry was not affected by low pH  

 Arbacia lixula exposed to low pH near CO2 vent showed decreased skeletal integrity  

 pH exposure lead to changes in biomineralization-related genes expression  

 Acid-base regulation capacity is linked with a better tolerance to low pH   
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