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A B S T R A C T   

Shell formation is a dynamic process involving organic matrix secretion and calcification. In this study, we 
characterized shell morphogenesis during larval development in Crassostrea gigas. Using scanning electron mi
croscopy (SEM) and fluorescence staining, we demonstrated that shell field, the first morphologically distin
guishable shell-forming tissue, became visible soon after enlargement of the blastopore at the anterior end of the 
trochophore. Shell organic matrix namely protein polysaccharides and calcified structure appeared as a slit at the 
dorsal side of the embryo. The early shell field began to extend along the dorsal side of the trochophore larvae, 
and became a saddle shaped shell field that gave rise to the prodissoconch I embryonic shell in the early D- 
shaped larvae. Subsequently, prodissoconch II shell was formed in the late D-shaped larvae with a characteristic 
appearance of growth lines. To identify gene expression markers for studying shell formation, we isolated three 
potential larval shell formation genes CgPOU2F1, CgSox5, and CgPax6 and analyzed their expression during shell 
morphogenesis. The three potential shell formation genes possessed a similar pattern of expression. Their 
expression was detected in the shell gland and shell field regions in early D-shaped larvae, hereafter, their 
expression was detected at the larval mantle edge in the calcified shell stages. Together, these studies provide 
knowledge of shell morphogenesis in pacific oyster and molecular markers for studying the molecular regulation 
of biomineralization and shell formation.   

1. Introduction 

Biomineralization by living organisms is a dynamic biological pro
cess to generate mineralized tissues with diverse biological functions 
including tissue support, protection, mineral storage, shelter against 
predation, and magnetic field perception (Song et al., 2019). In meta
zoan, the diverse mineralized exoskeletons contribute, in part, to the 
rapid establishment of shell-bearing mollusks during evolution. 
Molluscan shells are organo-mineral complex made up of approximately 
95% calcium carbonate (CaCO3) and 1%–5% organic components (Song 
et al., 2019). The organic matrix is the major source of macromolecules 
including glycoproteins, chitin, and acidic polysaccharides that play 
important roles in crystal nucleation and growth (Marin et al., 2005; 
Addadi et al., 2006; Suzuki et al., 2009). Shell matrix proteins (SMPs) 
have been identified from a variety of mollusk species using genomic, 
transcriptomic, and proteomic approaches in Crassostrea gigas (Marie 
et al., 2011; Zhang et al., 2012), Hyriopsis cumingii (Berland et al., 2013), 
Mytilus edulis (Liao et al., 2015), Haliotis asinine (Marie et al., 2010) and 

Lottia gigantea (Marie et al., 2013). These studies revealed a complexity 
of macromolecules and structural diversity of SMPs between species 
(Jackson et al., 2010). 

Shell formation starts early in larval development in bivalves. Bi
valves form two types of shells during larval development, namely 
prodissoconch I and II shell (Zhao et al., 2018). They are generated by 
distinct tissues at different developmental stages. The embryonic shell, 
prodissoconch I, is established by organic components secreted by the 
ectodermal cells (shell gland) in the dorsal region of trochophore larvae 
(Aranda-Burgos et al., 2014). Subsequently, the larval shell, prodisso
conch II, is generated by the veliger larval mantle (Freeman and Lun
delius, 1999; Che et al., 2001). Adult shell begins to form after 
metamorphosis using organic components secreted from mantle (Zhao 
et al., 2018). Evidently, shell components displayed extensive dynamic 
changes during shell morphogenesis as reflected by changes in calcium 
carbonate crystal polymorphisms and shell layer structures (Rose and 
Baker, 1994). Prodissoconch I is mainly composed of amorphous cal
cium carbonate (ACC) found in shells during trochophore larval stage, 
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whereas prodissoconch II, which consists of aragonite and calcite, forms 
at the veliger larval stages (Miyazaki et al., 2010; Lee et al., 2006). 
During early veliger larval stage, the aragonite makes up of approxi
mately 92% (Lee et al., 2006). The adult shell of marine bivalves, also 
known as dissoconch shell, is composed of calcite and aragonite (Fang 
et al., 2011). 

Mollusks, such as Crassostrea gigas, are marine calcifiers of econom
ically importance. C. gigas is one of the most important species in 
aquaculture around the world. In addition, it is also a useful model for 
developmental studies owing to its mosaic pattern of early embryos and 
interesting life cycle from the free-swimming state to the immobile 
sessile. Shell formation is an important event during the larval devel
opmental process. Several studies have been conducted on C. gigas 
larvae to identify novel shell formation genes. Several genes, such as 
SoxC, gata2/3, engrailed, and tyr1, have been identified that showed 
expression in larval mantle of C. gigas (Huan et al., 2013; Liu et al., 2015; 
Liu et al., 2017). 

In the present study, SEM and larval shell staining were performed to 
observe the dynamic morphological changes during shell formation in 
C. gigas. Additionally, several potential shell formation genes were 
identified, and their expression profiles were determined during shell 
biomineralization and formation. Whole-mount in situ hybridization 
revealed that these potential shell formation genes were expressed in the 
shell field, thus providing molecular markers for future studying the 
molecular regulation of biomineralization and shell formation. 

2. Materials and methods 

2.1. Sample collection 

C. gigas embryos and larvae were collected from Laizhou, Shang
dong, China at the following developmental stages: fertilized egg (1 h- 
post-fertilization [hpf]), multicell (2–3 hpf), blastula (5hpf), gastrula 
(8hpf), trochophore (11hpf), early D-shaped larvae (12hpf), D-shaped 
larvae (2 days post-fertilization [dpf]), early Umbo larvae (10dpf), late 
Umbo larvae (16 dpf) and eyed larvae stages (28dpf). Samples for RNA 
extraction were stored in RNA-store solution (Dongsheng Biotech, 
China) at − 20 ◦C. For scanning electron microscopy (SEM), larvae were 
fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer solution (PBS). 

For whole-mount in situ hybridization (WISH), specimens were fixed in 
4% paraformaldehyde at 4 ◦C overnight. D-shaped larvae, Umbo larvae, 
and eyed larvae were anesthetized with the gradual addition of 7.5% 
MgCl2 solution to the seawater before they were collected and fixed. 
After fixation overnight, samples were washed and dehydrated with 
100% methanol and stored in 100% methanol at − 20 ◦C until use. 

2.2. Total RNA extraction and synthesis of cDNA 

TRIzol reagent (Invitrogen, USA) was used to extract total RNA from 
the samples according to the manufacturer's instructions. The quality 
and concentration of RNAs were determined by Nanodrop 2000 
(Thermo, USA) and analyzed in a 1.5% agarose gel electrophoresis. The 
first-strand cDNA was synthesized using the PrimeScript™ 1st strand 
cDNA Synthesis kit (Takara, Japan). 

2.3. Cloning of the full-length cDNA sequences 

The cDNA coding sequences of CgPOU2F1, CgSox5, and CgPax6 were 
isolated by PCR based on the sequence information from the National 
Centre for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih 
.gov; Accession: POU2F1: LOC105318365; Sox5: LOC105326856; Pax6: 
LOC105332393). Specific primers were designed by the Primer Premier 
5.0 software (Premier Biosoft International, Palo Alto, CA) in Table S1. 
The PCR was performed using Phanta Max super-Fidelity DNA poly
merase (Vazyme, China) using the following condition: predenaturation 
at 95 ◦C 3 min; 95 ◦C for 15 s, Tm for 15 s, 72 ◦C for 30–60s/kb, 35 
cycles; 72 ◦C for 5 min. The PCR products were purified and cloned into 
pMD-19 T vector (Takara, Japan). The sequences were determined by 
Sanger sequencing method. 

2.4. Sequence and phylogenetic analyses 

The amino acid sequences of CgPOU2F1, CgSox5, and CgPax6 were 
analyzed for homology using the BLAST programs hosted by the NCBI. 
Conserved domains prediction was performed using NCBI conserved 
domain search (CD-Search). The functional domains were predicted 
using SMART software (http://smart.embl-heidelberg.de/). Multiple 
sequences alignments were conducted using DNAMAN version 6.0 

Fig. 1. SEM analysis of larval development in C. gigas. A: fertilized egg; B: multicellular larvae (2-3hpf); C: gastrula larvae (8hpf), the shell gland begins to be seen as 
a slit (asterisk); D: trochophore (10hpf); E: D-shaped larvae (12hpf); F: D-shaped larvae (2dpf); G: Umbol larvae (10dpf); H: eyespot larvae (28dpf). 
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(Lynnon Biosoft, USA) program, and the phylogenetic tree was con
structed using the neighbor-joining (NJ) method in MEGA7 with 1000 
bootstrap replications. The accession numbers of genes included in 
multiple sequence alignment and phylogenetic analysis were shown in 
Table S2. 

2.5. Expression analysis by real-time quantitative PCR 

To characterize the expression of CgPOU2F1, CgSox5 and CgPax6 
during C. gigas embryonic, we quantified their transcript levels at 
different developmental stages by qPCR. The qPCR was performed using 
the QuantiNova SYBR Green PCR kit (Qiagen, Germany) on a Light
cycler® 480 real-time PCR instrument (Roche, Switzerland). The spe
cific primers were designed using primer premier 5.0 software (Premier 
Biosoft International, Palo Alto, CA) and listed in Table S1. Their spec
ificity was confirmed by conventional PCR and melting curve analysis. 
The arf1, ef1α and gapdh were used as internal controls (Huan et al., 
2016). The relative expression was calculated by the 2-ΔΔCT method. All 
the data and significant differences were analyzed using GraphPad 
Prism 8.0 by one-way ANOVA followed by multiple comparisons. Dif
ferences were considered statistically significant at P < 0.05. 

2.6. Whole-mount in situ hybridization 

Whole-mount in situ hybridization (WISH) was used to analyze the 

pattern of gene expression at various developmental stages. The gene- 
specific primers for sense and antisense probes were shown in 
Table S1. For sense probe synthesis, the forward primers were tagged 
with a T7 primer sequence (GATCACTAATACGACTCACTATAGGG). In 
contrast, for antisense probes, the reverse primers were tagged with the 
T7 primer sequence. Together with respective reverse and forward 
primers without the T7 primer sequence, digoxigenin-labeled sense and 
antisense probes were synthesized using the DIG-RNA labeling kit 
(Roche, Switzerland). WISH was conducted using the protocol with 
some modifications (Hohagen et al., 2015). Briefly, after washing with 
PBST (PBS, 0.1% Tween-20), embryos were treated with protease K of 
different concentrations depending on the embryonic stages (Solarbio, 
China) for 30 min at 37 ◦C. For D-shaped larvae, Umbo larvae, and eyed 
larvae, they were treated with 0.5 M EDTA for 0.5, 6 and 7 h respectively 
before protease K treatment. Prehybridization was carried out in hy
bridization buffer (20× SSC, 50% Formamide deionized, 500 μg/ml 
tRNA, 50 μg/ml heparin, 0.1% Tween-20, 9.2 mM citric acid) at 65 ◦C 
for 5-6 h. Then hybridized with 500 ng/ml antisense or sense probe 
overnight at 65 ◦C. After removal of the hybridization solution, all 
samples were rinsed with low salt washing buffer and then blocking 
buffer. The embryos were incubated with anti-digoxigenin-AP Fab 
fragments (Roche, Switzerland) diluted 1:5000 at 4 ◦C overnight. Color 
reaction was performed in 2% NBT/BCIP solution (Roche, Switzerland) 
for 1-3 h at room temperature in the dark. Samples were photographed 
using an Olympus BX53 microscope equipped with a DP80 camera 

Fig. 2. Confocal images showing the time course of shell formation in C. gigas from gastrula (6hpf) to the D-shaped stage (24hpf). a: calcofluor fluorescent signal 
(blue); b: calcein fluorescence signal (green); c: brightfield image of the embryo; d: merged calcofluor, calcein, and brightfield images. A, B, C, D represent 6hpf, 
10hpf, 12hpf, and 24hpf respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Sequence alignment and phylogenetic analysis of POU2F1. A: The alignment of the deduced CgPOU2F1 amino acid sequence with homologous sequences in 
other species. B: The predicted structures of the POU2F1 protein in C. gigas. C: The phylogenetic analysis of the CgPOU2F1 protein. 

Fig. 4. Sequence alignment and phylogenetic analysis of Sox5. A: The alignment of the deduced CgSox5 amino acid sequence with homologous sequences in other 
species. B: The predicted structures of the Sox5 protein in C. gigas. C: The phylogenetic analysis of the CgSox5 protein. 
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(Olympus, Japan). 

2.7. SEM analysis of shell biogenesis 

SEM was performed to examine larval shell morphogenesis. Briefly, 
samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer 
solution (PBS) and then refixed in 1% osmic acid. After fixation, the 
samples were washed in PBS and dehydration was done using a gradu
ated series of ethanol. Subsequently, samples were dehydrated using 
chloroform and let them dry in a sealed glass Petri dish. Once dried, 
samples were coated with gold and scanned using the VEGA3 TESCAN 
scanning electron microscope. 

2.8. Calcein and calcofluor staining 

Calcein and calcofluor white staining were performed to visualize 
calcified structure and polysaccharides in shell field, respectively 
(Kapsenberg et al., 2018; Miglioli et al., 2019). These two fluorescent 
dyes were added at different times to the live samples. Calcein was 
added into filtered seawater used to incubate fertilized eggs, while cal
cofluor (Fluorescent Brightener 28) was added to seawater containing 
the embryo and larvae five minutes before sampling. Upon sampling 
time (before D-shaped larvae), larvae were fixed with 4% para
formaldehyde (PFA) in filtered seawater, and then were immediately 
washed three times in filtered seawater to remove excess dyes. After 
washing, the samples were imaged by the Lecia TCS SP8 (Lecia, France). 

3. Results 

3.1. SEM analysis of shell morphogenesis in C. gigas 

The embryogenesis and process of shell formation were analyzed 
using SEM during early embryonic and larval development. After 

fertilization, the single cell embryo went through a cleavage process to 
become a morula of approximately 64 cells around 4–5 hpf. By 8hpf, 
shell gland appeared as a slit at the dorsal side of the gastrula stage 
embryo (Fig. 1-C). The early shell field began to extend along the dorsal 
side of the trochophore larvae, and became a saddle shaped shell field in 
early D-shaped larvae around 12hpf (Fig. 1-D). The saddle shaped shell 
field further expanded to cover the entire larvae and gave rise to the 
prodissoconch I larval shell (Fig. 1-E), although the shell surface was not 
well established (Fig. 1-E). Subsequently, prodissoconch II shell was 
formed in the late D-shaped larvae with a characteristic appearance of 
growth lines (Fig. 1-F). The growth lines were more apparent in larvae of 
Umbo and eyespot stages (Fig. 1G-I). 

3.2. Confocal analysis of shell matrix deposition and calcification during 
shell morphogenesis 

Organic shell matrix and calcified structures were analyzed in 
developing embryos from gastrula to D-shaped stage (6, 10, 12 h, and 
24 h) by double staining using calcofluor and calcein that bind to 
polysaccharides and calcium, respectively. As shown in Fig. 2, gastrula 
larvae started to secrete organic matrix at 6hpf. A clear calcofluor signal 
(blue) was visible around the outline of the gastrula larvae, whereas the 
calcein signal was not detectable. At 10hpf, signals from calcein staining 
became visible in a saddle-shaped area corresponding to the early shell 
field (Fig. 2-B), which is consistent with the SEM results (Fig. 1-D). The 
larval shell began to take shape as calcein signal gradually appeared at 
the shell gland of the larvae. At 12hpf, the shell field was expanded and 
calcein fluorescent signal was intense at the center of the forming shell. 
By 24hpf, the calcified shell covered the entire larvae, with clear growth 
lines revealed by calcein staining (Fig. 2-D). The Umbo larvae and 
eyespot larvae were also stained by calcein and calcofluor (not pro
vided), but the calcein signal was not clear, likely because fixed larvae 
did not bind well to calcein or calcofluor. 

Fig. 5. Sequence alignment and phylogenetic analysis of Pax6. A: The alignment of the deduced CgPax6 amino acid sequence with homologous sequences in other 
species s. B: The predicted structures of the Pax6 protein in C. gigas. C: The phylogenetic analysis of the CgPax6 protein. 
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3.3. Gene cloning and sequence analysis 

CgPOU2F1, CgSox5, and CgPax6 genes were identified through 
genomic data (PRJNA629593). Their CDNAs were cloned and 
sequenced. ORFs of 966 bp, 1941 bp, and 1464 bp were identified in 
CgPOU2F1, CgSox5, and CgPax6 that encode a 321, 647 and a 488-amino 
acid (AA) peptide, respectively. Amino acid sequence alignments of 
CgPOU2F1, CgSox5, and CgPax6 from C. gigas were performed and 
shown in Figs. 3, 4, 5. The CgPOU2F1 showed 19.48% identity to the 
Pinctada fucata POU2F1, 15.48% with POU2F1 of Mizuhopecten yes
soensis. The CgSox5 shared 78.47% identity with Crassostrea virginica 
SRY-box13, and 47.33% with M. yessoensis SRY-box13. The CgPax6 
shared the highest (70.37%) identity with Pecten maximus, and 69.63% 
with M. yessoensis. Further conserved domain analysis revealed that 
CgPOU2F1 possessed a POU domain and a Homeobox domain. As for the 
CgSox5 and CgPax6, an HMG box, Paired Box domain, and Homeobox 
domain were identified, respectively. 

3.4. Phylogenetic analysis of CgPOU2F1, CgSox5, and CgPax6 

Phylogenetic analysis was performed to investigate the relationship 
between CgPOU2F1, CgSox5, and CgPax6 and other members of their 
respective gene families. The POU2F1 and other family members formed 
three separate groups in vertebrates and invertebrates. Pacific oyster 
POU2F1, together with POU2F1 from other mollusca formed a major 
distinct group from vertebrate homologs (Fig. 3-C). The CgSox5 

clustered with Sox5/6/13 from other mollusca and brachiopoda, then 
clustered with arthropoda homologs (Fig. 4-C). The CgPax6 clustered 
with other Pax6 in other bivalves to form a major distinct group (Fig. 5- 
C). 

3.5. Temporal expression patterns of CgPOU2F1, CgSox5, and CgPax6 
during larval development 

The expression patterns of CgPOU2F1, CgSox5, and CgPax6 were 
analyzed at different developmental stages. The data showed that all 
three genes were mostly expressed in all developmental stages analyzed. 
CgPOU2F1 was strongly expressed at the multicellular stage around 3- 
4hpf. Its expression level decreased dramatically during development 
(Fig. 6-A). The expression profile of CgPax6 were similar to the CgSox5 
(Fig. 6-C). CgPax6 was rarely expressed in fertilized eggs and multicel
lular stage, while its expression increased rapidly reached the maximum 
at the gastrula stage (Fig. 6-C). CgPax6 expression decreased dramati
cally from the trochophore stage to the eyed larval stage. The expression 
profile of CgSox5 were extremely different from CgPOU2F1 and CgPax6. 
High levels of CgSox5 expression was detected at the gastrula stage 
(Fig. 6-B) and maintained a high level with slight fluctuations. 

3.6. Spatial pattern of CgPOU2F1, CgSox5, and CgPax6 expression 
during larval development 

The temporospatial patterns of CgPOU2F1, CgSox5, and CgPax6 

Fig. 6. The spatial pattern of mRNA expression at various embryonic and larval developmental stages. A, B, and C represent expression patterns of CgPOU2F1, 
CgSox5, and CgPax6 in different developmental stages of C. gigas. 
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expression were determined from fertilized egg to the eyespot stage 
using WMISH. A similar pattern of expression was detected for the three 
potential shell formation genes. Positive signal of CgPOU2F1 was first 
detected in the saddle-shaped shell field area at the trochophore stage 
(Fig. 7-E, 7-F). Later, CgPOU2F1 expression appeared in larval mantle 

edge of later developmental stages (Fig. 7). As for CgSox5, a positive 
signal was first detected in the shell gland of gastrula stage embryos 
(Fig. 8-D), and later appeared in the larval mantle edge. The expression 
patterns of CgPax6 were similar to CgPOU2F1, with initial detection in 
shell field of the trochophore stage (Fig. 9-E), and then appeared at the 

Fig. 7. The spatial pattern of CgPOU2F1 expression in embryos and larvae at different developmental stages.  

Fig. 8. The spatial pattern of CgSox5 expression in embryos and larvae at different developmental stages.  
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edge of larval mantle in calcified shell stages. The negative control of 
three genes were shown in the Figs. S1–S3. 

4. Discussion 

During development, larval shell formation is driven by shell matrix, 
which plays a crucial role in CaCO3 deposition and shell growth 
(Miglioli et al., 2019). In this study, we analyzed the secretion of organic 
matrix and CaCO3 deposition by the double staining using calcofluor 
and calcein. We showed that the calcification area was proceeded by an 
expansion of the organic matrix. In addition, the organic layer is in a 
position to protect initial shell structures from dissolution during 
adverse environmental conditions such as lowered saturation state for 
aragonite (Ramesh et al., 2018). Furthermore, the CaCO3 deposition 
becomes more vividly during shell growth. Together, these data clearly 
indicate a close interaction between shell organic matrix and calcifica
tion. Organic matrix may provide raw material for calcification to take 
place in the early stages of shell formation. 

Currently, the mechanism underlying molluscan larval shell forma
tion is largely unknown. The dynamic developmental events are regu
lated by gene regulatory networks (GRNs) to precisely regulate the 
spatial and temporal expression of downstream “effector” genes 
involved in various steps of tissue patterning and cell differentiation 
(Exelby et al., 2021). Several regulatory factors have been implicated in 
shell-field development in molluscan. These include T-box transcription 
factor Brachyury, homeobox transcription factor Distal-less, homeo
domain transcription factors of Engrailed and various Hox genes as well 
as one morphogenetic proteins BMP2 and BMP4 (Jackson and Degnan, 
2016). In our previous study, CgPOU2F1, CgSox5, and CgPax6 were 
three potential transcription factors that modulate heme peroxidase 2 
gene involved in shell pigmentation. Several studies reported that there 
is a close relationship between shell formation and pigmentation (Nagai 
et al., 2007; Sun et al., 2015). In this study, three novel genes, 
CgPOU2F1, CgSox5, and CgPax6 were identified. Expression analysis 
indicate that they were expressed in shell-field during shell formation. 

The transcription factor POU2F1 is a member of the POU domain 
family ubiquitously expressed in both larval and adult tissues. POU2F1 
has multiple functions in growth regulation and disease development 
(Zhang et al., 2013). It has been reported that POU2F1 drives miR-415a 
expression and promotes osteoblast differentiation (Xie et al., 2016). In 
P. fucata, POU2F1 has been implicated in activating Aspein gene to 

regulate shell formation (Gao et al., 2016). Data from in situ analysis 
showing the CgPOU2F1 expression in the shell field area are consistent 
with its potential function in early shell plate morphogenesis and shell 
formation. 

Sox gene family encodes a group of transcription factors containing 
the Sry-related HMG box domain. Sox genes play crucial roles in cell fate 
specification and differentiation (Kamachi and Kondoh, 2013). Among 
members of the Sox family, genetic studies demonstrated that knockouts 
Sox5 or Sox6 lead to skeletal abnormalities in mice (Smits et al., 2001). 
Consistent with a potential role of CgSox5 in shell formation, we showed 
by WISH studies that CgSox5 expression occurs earlier in larval devel
opment than CgPOU2F1 and CgPax6, and its expression was detected in 
shell gland cells of the gastrula embryos. Studies on Lymnaea stagnalis 
have demonstrated that the first organic shell is secreted from shell 
gland cells (Hohagen and Jackson, 2013). 

The highly conserved paired box (Pax) transcription factors are vital 
for cell fate specification and tissue differentiation in various bilaterians 
(Scherholz et al., 2017). A recent study in brachiopods suggested that 
the Pax6 may act as a transcriptional regulator to control the segment 
polarity gene engrailed expression (Vellutini and Hejnol, 2016). We 
showed here that engrailed expression was located in the shell-forming 
region during mollusk shell formation (Jacobs et al., 2000; Baratte et al., 
2007). CgPax6 was first detected in the shell-forming region at the 
trochophore stage, which correlates with prodissoconch I formation. It is 
possible that Pax6 regulates engrailed gene expression during shell for
mation, although the target genes have yet to be identified to provide a 
better mechanistic understanding of Pax6 function in shell formation. 

Conclusions: In this study, we characterized the shell formation 
during larval development in C. gigas. By using SEM and fluorescent 
staining, we characterized the dynamic process of shell morphogenesis 
from trochophore to eyespot larvae. We demonstrated that the shell field 
displayed a series of morphological changes as shell develops from 
prodissoconch I and II to teloconch shell. We found a close connection 
between organic matrix secretion and CaCO3 deposition during early 
shell formation. To better understand the molecular regulation of shell 
morphogenesis, we isolated three key transcriptional factors, 
CgPOU2F1, CgSox5, and CgPax6, that have been implicated in shell 
formation and bone development. Expression analysis revealed a colo
calized pattern of gene expression and developing shell field formation, 
indicating that they may play a potential role in the initiation of shell 
morphogenesis and formation. 

Fig. 9. The spatial pattern of CgPax6 expression in embryos and larvae at different developmental stages.  
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cbpb.2022.110783. 
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