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Abstract 

Purpose: The aim of this study was to investigate the dynamic changes in sialic acid composition during embryonic 

development of the sea urchin Paracentrotus lividus (P. lividus) and to evaluate stage-specific variations in sialic acid 

composition. 

Method: Sialic acid variants were analyzed in unfertilized eggs and embryos at the fertilized egg, 4-cell, 128-cell, 

blastula, gastrula, and pluteus stages using capillary LC–ESI–MS/MS following DMB derivatization. Relative 

abundances were determined from the peak areas of LC–ESI–MS/MS MRM chromatograms. Statistical differences 

among developmental stages were evaluated using one-way ANOVA followed by Tukey's multiple comparisons test. 

Findings: Seven sialic acid species, including Neu5Ac, Neu5Gc, and five O-acetylated derivatives, were identified 

throughout embryonic development. Neu5Gc was the predominant sialic acid in unfertilized eggs and exhibited a 

significant reduction immediately after fertilization (P < 0.0001), followed by a transient increase during early cleavage 

and blastula stages before declining markedly in gastrula and pluteus embryos. Neu5Ac remained relatively stable 

throughout early development but decreased significantly at the pluteus stage (P < 0.001). Several O-acetylated sialic 

acid derivatives displayed distinct stage-specific abundance patterns, indicating dynamic remodeling of sialic acid 

composition during embryogenesis. 

Conclusion: These findings demonstrate that sialic acid composition is developmentally regulated during P. lividus 

embryogenesis. The stage-specific alterations in Neu5Gc, Neu5Ac, and their O-acetylated derivatives suggest 

coordinated regulation of sialylation during early embryonic development and provide a foundation for future studies 

investigating the functional roles of sialic acid modifications in developmental processes. 
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----------  ---------- 

 
Deniz Kestanesi Paracentrotus lividus (P. Lividus)'ta döllenme ve embriyogenez sırasında sialik asit 

kompozisyonundaki dinamik değişimler 

 

Özet 

Amaç: Bu çalışmanın amacı, deniz kestanesi Paracentrotus lividus (P. lividus)'un embriyonik gelişimi sırasında sialik 

asit bileşimindeki dinamik değişimleri incelemek ve sialik asit bileşimindeki evreye özgü farklılıkları 

değerlendirmektir. 

Metod: DMB türevlendirmesini takiben kapiler LC–ESI–MS/MS kullanılarak; döllenmemiş yumurtalarda ve döllenmiş 

yumurta, 4-hücre, 128-hücre, blastula, gastrula ve pluteus evrelerindeki embriyolarda sialik asit varyantları analiz 

edilmiştir. Bağıl bolluklar, LC–ESI–MS/MS MRM kromatogramlarındaki pik alanlarından belirlenmiştir. Gelişim 

evreleri arasındaki istatistiksel farklılıklar, tek yönlü ANOVA ve ardından Tukey çoklu karşılaştırma testi kullanılarak 

değerlendirilmiştir. 
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Bulgular: Embriyonik gelişim boyunca Neu5Ac, Neu5Gc ve beş O-asetillenmiş türev dahil olmak üzere yedi sialik asit 

türü tanımlanmıştır. Neu5Gc, döllenmemiş yumurtalarda baskın sialik asit türü olup döllenmeden hemen sonra önemli 

ölçüde azalmış (P < 0,0001); bunu erken bölünme ve blastula evrelerinde geçici bir artış izlemiş, ardından gastrula ve 

pluteus embriyolarında belirgin bir düşüş göstermiştir. Neu5Ac erken gelişim boyunca nispeten sabit kalmış ancak 

pluteus evresinde önemli ölçüde azalmıştır (P < 0,001). Çeşitli O-asetillenmiş sialik asit türevleri, embriyogenez 

sırasında sialik asit bileşiminin dinamik olarak yeniden düzenlendiğini gösteren, evreye özgü belirgin bolluk paternleri 

sergilemiştir. 

Sonuç: Bu bulgular, P. lividus embriyogenezi sırasında sialik asit bileşiminin gelişimsel olarak düzenlendiğini ortaya 

koymaktadır. Neu5Gc, Neu5Ac ve bunların O-asetillenmiş türevlerindeki evreye özgü değişimler, erken embriyonik 

gelişim sırasında sialilasyonun koordineli bir şekilde düzenlendiğini düşündürmekte ve gelişimsel süreçlerde sialik asit 

modifikasyonlarının işlevsel rollerini araştıracak gelecekteki çalışmalar için bir temel oluşturmaktadır. 

 

Anahtar kelimeler: sialik asitler; embriyogenez; deniz kestanesi; glikobiyoloji; lc-ms/ms 

 

1. Introduction 

 

Sialic acids represent a structurally diverse class of nine-carbon acidic monosaccharides that occupy terminal 

positions on glycoconjugates [1]. More than 50 different types of naturally occurring Sia variants are derivatives of N-

acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), and deaminoneuraminic acid (KDN; 2-keto-3-

deoxy-D-glycero-D-galactonononic acid) [1,2]. The expression of sialic acids is highly conserved in deuterostomes [3]. 

Sialylation influences a wide range of biological processes, including intercellular communication, membrane 

organization, and developmental regulation [4]. Among deuterostomes, echinoderms represent an early evolutionary 

group in which sialylated glycoconjugates are abundantly present and structurally diverse. Sialic acid residues play an 

important role in sperm–egg interactions during fertilization and embryonic development of sea urchin [5-7]. Neu5Gc, 

the predominant sialic acid in sea urchins, is often sulphated in the egg plasma membrane and vitelline layer [8]. 

Sulfated and unsulfated Neu5Gc-containing gangliosides are major glycolipid components of sea urchin eggs and 

embryos, particularly in Strongylocentrotus purpuratus [9]. Ganglioside M5 (NeuGcα2-6Glcβ1-1'Cer) is also the 

predominant ganglioside in sea urchin, constituting more than 90% of the egg gangliosides and 0.8% or more of the egg 

dry weight. Egg gangliosides are distributed throughout the cell surface. After fertilization, gangliosides became 

concentrated at one pole of the embryo. During subsequent development, gangliosides became uniformly distributed 

over the blastomere surface [10,11]. In this context, sialic acids, components of gangliosides, play a crucial role during 

sea urchin embryogenesis as regulators of molecular and cellular interactions. In this study, we investigated stage-

dependent alterations in sialic acid composition during embryonic development of P. lividus. Using LC–ESI–MS/MS, 

we identified multiple sialic acid variants and characterized their temporal dynamics across early developmental stages. 

These findings provide new insights into the regulation of sialylation during embryogenesis and highlight its potential 

roles in cellular differentiation. 

 

2. Materials and methods 

 

Animals and gametes: Adult sea urchins P. lividus were collected from the Aegean Sea at the northern Izmir, 

Foca coast and kept in an aerated seawater tank at room temperature. Gametes were obtained by intracelomic injection 

of 0.5 M KCl. Eggs were collected into a 6-well plate in artificial seawater (ASW) at neutral gravity and kept at room 

temperature, and sperm were collected dry and kept at 4°C. For fertilization, eggs were perfused with ASW containing a 

1:1000 dilution of sperm. The embryos were cultured in ASW (1% Gentamicin, Sigma G1397) at 18°C up to the 

beginning of active feeding (Pluteus stage). 

Standards and reagents: All solvents were of the highest grade commercially available (LC-MS grade). 

Standard sialic acids; Neu5Ac, Neu5Gc and KDN (A9646, G9793 and 60714) and DMB (1,2-diamino-4,5-

methylenediaoxy-benzene dihydrochloride) (D4784) were obtained from Sigma (Sigma-Aldrich Chemie GmbH. Sialic 

acids were determined by labeling with DMB. Mucin (purchased from Sigma-M-3895 Bovine Submaxillary Gland) was 

used in the present study as a standard model for sialic acid compounds. Salivary mucin is a collection of proteins that 

contain large amounts of O-glycosidically linked carbohydrate chains [10]. The amino group of sialic acids in mucin is 

usually substituted with acetyl or glycolyl groups.  

Release of sialic acids from eggs and embryos: Unfertilized and fertilized eggs, as well as early embryonic 

stages (4-cell, 128-cell, blastula, gastrula, and pluteus), were collected using a Pasteur pipette and gently washed with 

fresh ASW. Samples were then disrupted by sonication (Bandelin-Sonorex) at 4°C in an acidic extraction buffer (2 M 

acetic acid; 1 mg cells per 5 µL). To release sialic acids from glycoconjugates, extracts were incubated at 80°C for 3 h. 

The resulting solutions were subsequently used for derivatization and LC–ESI–MS/MS analysis. 

Derivatization of standards and samples: 40 µL DMB solution (7 mM DMB, 18 mM sodium hydrosulphite 

and 0.75 M -mercaptoethanol in 1mL 1.4 M aqueous acetic acid) were added to the 40 µL hydrolyzed sample 

containing the sialic acids and mixed well. The mixture was heated at 60oC for 150 min in the dark. The mixture was 
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then cooled and centrifuged at 16000g. Supernatant was transferred to a 250-µL HPLC vial insert. 0.5 µL was injected 

and analyzed by LC-ESI-MS/MS. The standards; Neu5Ac, Neu5Gc and KDN (1.25 µg/mL) were directly derivatized 

with DMB and the reaction mixture directly injected into LC-ESI-MS/MS system. 

Capillary LC-ESI-MS/MS parameters: Agilent 1200 capillary HPLC system with an ODS capillary column 

(Agilent ZORBAX SB-C18 150 x 0.5 mm, 5 µm, USA) was used as liquid chromatography system. Elution was 

performed by isocratic mode using mixture of methanol-acetonitrile-water (7.5:5:87.5, v/v). The mobile phase flow rate 

was set at 20 µL/min. The column was kept at 30oC during the analysis. The samples were stored at 5oC in temperature-

controlled auto sampler board (Agilent G1377A). The LC system was connected to an electrospray ion source. All mass 

spectrometric measurements were performed using HCT Ultra ion trap mass spectrometer (Bruker Daltonics, Bremen, 

Germany) equipped with an electrospray ion source. Spectrometric conditions such as the ion optics voltages, nebulizer 

gas and dry gas flow rates, and the dry gas temperature was controlled by Esquire Control software 6.1. Nitrogen was 

used for both nebulizer and dry gas, and helium (He) (99.9%) was used as the collision gas in the ion trap. The ion 

source parameters were set as follows: dry temperature 300oC, nebulizer pressure 20.0 psi, and dry gas flow 5 L/min. 

MS/MS spectra were acquired by collision-induced dissociation (CID). All mass spectra were acquired in the mass 

range 100–650 m/z, with ultra scan mode (26,000 m/z per second). Data analysis was carried out using Data Analysis 

software (v.3.4, Bruker Daltonics). 

Statistical analysis: Quantitative analysis was performed by integrating the peak areas of individual sialic acid 

species obtained from LC–ESI–MS/MS multiple reaction monitoring (MRM) chromatograms. Relative abundances 

were compared among developmental stages based on peak area measurements. All experiments were performed using 

three independent biological replicates. Data are presented as the mean ± standard deviation (SD). Statistical analyses 

were performed using GraphPad Prism version 9.5.0 (525) (GraphPad Software, San Diego, CA, USA). Differences 

among developmental stages were analyzed using ordinary one-way analysis of variance (ANOVA) followed by 

Tukey's multiple comparisons test. Adjusted P values < 0.05 were considered statistically significant. 

 

3. Results 

 

The DMB derivatives of the sialic acids were determined with high sensitivity. The ionization of the DMB-Sia 

conjugates in positive mode was obtained efficiently (Figure 1). Protonated pseudomolecular ions of the sialic acid 

types were identified using MS/MS mode in ion trap mass spectrometry. Derivatized sialic acids were well separated on 

reversed-phase system and O-acetylated forms of sialic acids were characterized successfully in accordance with Klein 

et al., 1997. 

 

 
 

Figure 1. Schema of the reaction of 1,2-diamino-4,5-methylenediaoxy-benzene (DMB) derivatization of sialic acids 
 

First, derivatized standard sialic acids (KDN, Neu5Ac, and Neu5Gc) were injected and analyzed. The 

chromatographic profiles and mass spectra of the standards are shown in Figure 2A. Under these conditions, KDN 

eluted first. Acetylated derivatives were characterized using mucin glycoprotein (data not shown). Mono-O-acetylated 

forms of Neu5Ac and Neu5Gc were readily detected, whereas di-O-acetylated forms of both Neu5Ac and Neu5Gc were 

present at low abundance in the mucin solution. DMB-derivatized KDN was detected at m/z 367, with major CID 

fragments at m/z 367 and 313. Neu5Gc was detected at m/z 442, yielding a fragment at m/z 424, while Neu5Ac was 

detected at m/z 426 with a characteristic fragment at m/z 408. A total of seven sialic acid species—Neu5Gc, Neu5Ac, 

Neu5Gc9Ac, Neu5,8Ac2, Neu5,9Ac2, Neu5Gc7,9Ac2, and Neu5,8,9Ac3—were identified in limited amounts in 

unfertilized and fertilized eggs and early embryonic stages (4-cell, 128-cell, blastula, gastrula, and pluteus) (Figure 2B). 

Mono-O-acetylated Neu5Ac was monitored at m/z 468, with a characteristic fragment at m/z 450 used for extracted ion 

chromatogram analysis. Both 8-O- and 9-O-acetylated Neu5Ac species were detected across all developmental stages. 
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Figure 2. Determination of sialic acids by mild acid hydrolysis followed by DMB derivatization and LC–ESI–MS/MS. 

(A) Mass spectrum and chromatogram of standards (KDN, Neu5Gc and Neu5Ac). (B) Mass spectrum and 

chromatogram of sialic acids found in unfertilized eggs. Monitoring of molecular ions [M + H] + as labeled (♦) 

by software and CID (collision-induced dissociation) fragments [M + H-H2O] + at m/z. 

 

Mono-O-acetylated Neu5Gc species were analyzed at m/z 484, with a corresponding MS/MS fragment at m/z 

466. Among these, only the 9-O-acetylated Neu5Gc species showed a strong signal, whereas other mono-O-acetylated 

forms were not well resolved and were therefore not further characterized in this study. Di-O-acetylated Neu5Ac 

(Neu5,8Ac2/Neu5,9Ac2) and tri-O-acetylated Neu5Ac (Neu5,8,9Ac3) were detected at m/z 510, while di-O-acetylated 

Neu5Gc species were detected at m/z 526, with corresponding fragment ions at m/z 492 and 508, respectively. The 

MS/MS spectra (Figure 2) indicate that the predominant fragmentation pattern corresponds to dehydration of the 

precursor ions. In the ion trap system used in this study, the major CID fragment resulted from the loss of water 

([M+H−18]+), reflecting fragmentation of protonated precursor ions. The assigned protonated sialic acid variants are 

summarized in Table 1. All chromatograms and spectra were acquired using MRM transitions, and peak areas of 

individual compounds were used to compare sialic acid levels across embryonic stages. 

Figure 3 illustrates the developmental profiles of the two predominant sialic acid species, Neu5Gc and 

Neu5Ac, quantified by LC–ESI–MS/MS using MRM analysis. Relative abundances were determined from the peak 

areas of MRM chromatograms and compared among developmental stages using one-way ANOVA followed by 

Tukey's multiple comparisons test. Neu5Gc was the predominant sialic acid detected throughout embryogenesis and 

exhibited pronounced stage-dependent changes. Following fertilization, Neu5Gc levels decreased significantly 

compared with unfertilized eggs (P < 0.0001). Subsequently, Neu5Gc abundance increased significantly during the 

cleavage stages, reaching its highest level at the blastula stage, before declining significantly during gastrula and pluteus 

development (Figure 3A).  
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Table 1. Characteristic ions [M+H]+ and CID (collision-induced dissociation) fragments of DMB-Sialic acid derivatives 

from unfertilized eggs, generated and analyzed by LC-ESI-MS/MS. (RT: Retention time)  
CID fragments 

Sialic acids Rt [M+H]+ [M+H-H2O]+ Fragments (m/z) 

Neu5Gc 6.7 442 424 313-295-283-229 

Neu5Ac 9.1 426 408 313-295-283-229 

Neu5Gc9Ac 11.9 484 466 313-295-229 

Neu5,8Ac2 14.0 468 450 313-295-229 

Neu5,9Ac2 17.8 468 450 313-295-229 

Neu5,8,9Ac3 21.8 526 508 313-295-229 

Neu5Gc7,9Ac2 25.7 510 492 313-295-229 

 

Pairwise comparisons using Tukey's multiple comparisons test confirmed significant differences between 

several developmental stages (adjusted P < 0.05), supporting the stage-dependent regulation of Neu5Gc abundance 

(Figure 3A). In contrast, Neu5Ac showed relatively modest fluctuations during early embryogenesis. Although Neu5Ac 

levels remained comparatively stable from the unfertilized egg through the gastrula stage, a significant reduction was 

observed in pluteus embryos compared with earlier developmental stages (P < 0.001) (Figure 3B). Overall, these 

findings demonstrate distinct developmental regulation of the two major sialic acid species during P. lividus 

embryogenesis.  

 

 
Figure 3. Developmental changes in the relative peak area (a.u.) of Neu5Gc (A) and Neu5Ac (B) during P. lividus 

embryogenesis determined by LC–ESI–MS/MS. Data are presented as mean ± SD from independent biological 

replicates. Statistical significance was determined by one-way ANOVA followed by Tukey's multiple 

comparisons test. Statistical significance is indicated as P < 0.001 (***), and P < 0.0001 (****) 

 

Figure 4 presents the developmental profiles of O-acetylated sialic acid derivatives quantified by LC–ESI–

MS/MS using MRM analysis. Relative abundances were determined from the peak areas of MRM chromatograms and 

compared among developmental stages using one-way ANOVA followed by Tukey's multiple comparisons test. 

Distinct developmental patterns were observed among the O-acetylated sialic acid species. Neu5Gc9Ac exhibited 

pronounced stage-dependent variation, with levels decreasing immediately after fertilization, increasing during the 

cleavage stages to reach their highest abundance at the blastula stage, and subsequently declining during gastrula and 

pluteus development. Pairwise comparisons using Tukey's multiple comparisons test confirmed significant differences 

between several developmental stages (adjusted P < 0.05) (Figure 4A). Neu5,9Ac₂ exhibited moderate developmental 
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fluctuations, with increased abundance during the cleavage and blastula stages followed by reduced levels during later 

embryogenesis (Figure 4B). Similarly, Neu5Gc7,9Ac₂ (Figure 4C) and Neu5,7,9Ac₃ (Figure 4D) showed transient 

stage-specific changes, with significant differences detected between selected developmental stages by Tukey's multiple 

comparisons test (adjusted P < 0.05). In contrast, Neu5,8Ac₂ remained relatively stable throughout embryogenesis, and 

no statistically significant stage-dependent differences were detected (Figure 4E). Overall, these findings demonstrate 

that O-acetylated sialic acid derivatives undergo dynamic and species-specific remodeling during P. lividus 

embryogenesis.  

 

 
Figure 4. Developmental profiles of O-acetylated sialic acid derivatives during P. lividus embryogenesis. Relative 

abundances of (A) Neu5Gc9Ac, (B) Neu5,9Ac₂, (C) Neu5Gc7,9Ac₂, (D) Neu5,7,9Ac₃, and (E) Neu5,8Ac₂ 

were quantified by LC–ESI–MS/MS using MRM analysis. Relative abundances were determined from the 

peak areas of MRM chromatograms. Data are presented as the mean ± standard deviation (SD) of three 

independent biological replicates. Statistical differences among developmental stages were analyzed using one-

way ANOVA followed by Tukey's multiple comparisons test. Statistical significance is indicated as P < 0.05 

(*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****) 
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4. Discussion 

 

Sialic acids are major components of cell-surface glycoconjugates and contribute to membrane organization, 

cell–cell communication, and developmental regulation [12,13]. Among deuterostomes, echinoderms possess 

remarkable structural diversity in sialic acid composition and represent one of the earliest animal groups capable of 

synthesizing these molecules [11,14-16]. Neu5Gc, the predominant sialic acid in sea urchins, is highly abundant in egg 

glycoconjugates and has been implicated in fertilization and early embryonic development [19-22]. However, despite 

the recognized importance of sialylated glycoconjugates, quantitative information describing developmental changes in 

individual sialic acid species has remained limited.  

In the present study, LC–ESI–MS/MS analysis revealed seven sialic acid species during P. lividus 

embryogenesis, including Neu5Gc, Neu5Ac, and five O-acetylated derivatives. Neu5Gc was the predominant form 

throughout development and displayed pronounced stage-dependent fluctuations, whereas Neu5Ac remained relatively 

stable until the pluteus stage. These findings demonstrate that sialic acid composition is dynamically remodeled during 

embryogenesis rather than remaining constant throughout development. The transient increase in Neu5Gc and several 

O-acetylated derivatives during the cleavage and blastula stages may reflect increased requirements for membrane 

biosynthesis, cell proliferation, and intercellular communication during rapid embryonic growth. In contrast, the decline 

observed during gastrula and pluteus stages may indicate developmental remodeling associated with tissue 

differentiation and morphogenesis. Although the precise molecular mechanisms remain to be elucidated, these temporal 

changes suggest that sialylation is tightly regulated during embryonic development. O-acetylation further increases the 

structural and functional diversity of sialic acids [23].  

Previous studies have demonstrated that O-acetylated sialic acids influence cell differentiation, cell–cell 

interactions, immune recognition, and developmental processes [24-27]. Consistent with these observations, our results 

showed that individual O-acetylated derivatives exhibited distinct developmental profiles, indicating that each 

derivative may be subject to specific regulatory mechanisms during embryogenesis. To our knowledge, this is one of 

the first studies to quantitatively characterize stage-specific changes in multiple sialic acid species during P. lividus 

embryogenesis using LC–ESI–MS/MS. These findings provide a basis for future functional studies investigating how 

individual sialic acid modifications contribute to fertilization, embryonic patterning, and early developmental events. 

 

5. Conclusions 

 

In conclusion, this study demonstrates that sialic acid composition undergoes dynamic developmental changes 

during P. lividus embryogenesis. LC–ESI–MS/MS analysis identified Neu5Gc as the predominant sialic acid together 

with Neu5Ac and five O-acetylated derivatives, all exhibiting distinct stage-dependent abundance patterns. These 

findings indicate that both the composition and O-acetylation of sialic acids are developmentally regulated during 

embryogenesis and likely contribute to developmental progression. This work provides a quantitative reference for 

future studies investigating the biological functions and regulatory mechanisms of sialic acid modifications during 

echinoderm development. 
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