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ABSTRACT. Chitin, the second most important natural polymer in the 
world, and its N-deacetylated derivative chitosan are found in a wide 
variety of organisms. These versatile biopolymers are associated with a 
broad range of biological functions. This article is the first to report the 
potential functions of 2 chitin metabolic enzyme genes from Hyriopsis 
cumingii. A chitinase-3 gene (Chi-3) and a chitin deacetylase gene (Cda) 
were cloned from H. cumingii and characterized. Semi-quantitative 
reverse transcription polymerase chain reaction analysis revealed that 
the Cda gene was expressed in blood, mantle, liver, stomach, kidney, 
intestine, gill, and foot, whereas Chi-3 was also expressed in those 
tissues but not in blood. The tissue-specific expression of H. cumingii 
Chi-3 indicated that other Chi genes may be involved in the H. cumingii 
immune system. Real-time quantitative polymerase chain reaction 
analysis showed that the expression of Chi-3 was significantly (P < 
0.05) upregulated 12 h after shell damage, suggesting that Chi-3 might 
hydrolyze superfluous chitin after shell recovery and play a role in shell 
formation. Conversely, Cda expression did not change significantly (P 
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> 0.05) to maintain a certain degree of acetylation in chitin/chitosan. 
This study enriches the basic research on chitin metabolic genes and 
lays foundations for further research of shell regeneration in mussels.
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Chitin deacetylase gene; Expression

INTRODUCTION

The fundamental physiological role of chitinase is the degradation of chitin into N-
acetyl-D-glucosamine dimers and trimers, whereas chitin deacetylase completes the catalysis 
of chitin into chitosan, which is the deacetylation polymer of N-acetyl-D-glucosamine (degree 
of N-deacetylation >50%) (Kumirska et al., 2010). Thus, chitosan is the collective name for a 
group of fully and partially deacetylated chitins, but a rigid nomenclature defining the degree 
of N-deacetylation between chitin and chitosan has yet to be defined (Ravi Kumar, 2000). 
Chitin/chitosan have been identified as versatile biopolymers for a broad range of biological 
functions, including shell regeneration in mollusks, crustaceans, and insects (Suzuki et al., 
2009; Proespraiwong et al., 2010; Zhang et al., 2011); repair of wounded skin, nerve, carti-
lage, and bone (Riccardo, 2009), and immunity (Badariotti et al., 2007, 2011). In recent years, 
studies investigating the functions of chitin/chitosan in bivalves have concentrated mainly 
on Crassostrea gigas (Badariotti et al., 2007, 2011), Mytilus galloprovincialis (Weiss et al., 
2009), and Pinctada fucata (Suzuki et al., 2009). Badariotti et al. (2011) have found that 
chitinase plays significant roles in various biological processes such as development, tissue 
remodeling, and immunity in C. gigas by regulating chitin. Weiss et al. (2009) have demon-
strated the presence of covalently attached, hydrophobic amino acid side chains in the chitin 
matrix in the bivalve mollusk M. galloprovincialis using a combination of infrared spectros-
copy and mass spectrometry. This finding suggests an active role of such chemically modified 
chito-oligosaccharides in the creation of a defined interface and guidance of periodic matrix 
textures, which results in the unique material properties of mollusk shells. Suzuki et al. (2009) 
have proposed a model for the molecular mechanism of nacreous layer formation in P. fucata 
and have suggested that chitin plays an important role in protein collection during that process.

The triangle sail mussel (Hyriopsis cumingii), an endemic species in China, is found 
mainly in large lakes and rivers (Liu, 1979). Since artificial propagation of H. cumingii was first 
achieved in 1979, the species has become the most important mussel for commercial freshwater 
pearl production. Currently, annual production of freshwater pearls has reached 1800 metric tons in 
China, which accounts for more than 95% of the total world output (Li et al., 2005). More than 90% 
of Chinese freshwater pearls are produced by the triangle sail mussel (Wang et al., 2006). Despite 
the commercial importance of this mussel, little is known about the molecular mechanisms in-
volved in the chitin/chitosan functions that underlie shell formation and other biological processes.

To understand these mechanisms better, we constructed a complementary DNA (cDNA) 
library using messenger RNA from the H. cumingii mantle. In total, 29 expressed sequence tags 
(ESTs) were identified that showed similarity to genes potentially involved in shell formation 
(Bai et al., 2010). In the present study, 2 chitin metabolic enzyme genes were cloned from H. 
cumingii using 2 defined ESTs: chitinase-3 (Chi-3) and chitin deacetylase (Cda). These enzymes 
were characterized, and the potential physiological functions of the genes were investigated by 
examining tissue-specific expression and their expression in response to shell damage.
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MATERIAL AND METHODS

Animals and RNA extraction

Adult specimens of H. cumingii (mean mass, 100 g) were cultured individually by 
the Weiwang Company (Jinhua, Zhejiang Province, China). Animals were raised at 28°C in 
400-L aerated aquaria for 2 weeks before the experiment and fed green algae. Three healthy 
mussels were used as assay materials for the semi-quantitative reverse transcription poly-
merase chain reaction (RT-PCR) experiments. Blood, mantle, liver, stomach, kidney, intes-
tine, gill, and foot tissues were collected from each mussel, and total RNA was isolated from 
each of the tissues. For the quantitative real-time PCR (qRT-PCR) experiments, 24 healthy 
mussels were used, of which 20 individuals had their shell damaged according to Mount et al. 
(2004) method, with some modifications. A V-shaped notch was cut in the shell margin close 
to the adductor muscle of the mussels. The mussels were then divided into 5 groups at ran-
dom, each of which contained 4 individuals. The groups were sampled at 3, 6, 9, 12, and 24 
h and then killed. About 1 cm2 of the mantle tissue around the cut was separated. Meanwhile, 
the mantles of 4 individuals without shell notching were separated similarly as controls. All 
tissues were frozen in liquid nitrogen before being stored at -80°C. Total RNA was isolated 
using the RNAiso Plus (TaKaRa, Japan) and stored at -80°C after incubation with RNase-free 
gDNA Eraser (TaKaRa).

Cloning the full-length cDNA of Chi-3 and Cda

A 627-bp fragment of Chi-3 and a 766-bp fragment of Cda were obtained from a nor-
malized cDNA library of mantle tissue from H. cumingii (Bai et al., 2010). These were used 
to clone the full-length cDNA of Chi-3 and Cda with the rapid amplification of cDNA ends 
(RACE) method using the SMARTTM RACE cDNA Amplification Kit (5'-RACE; Clontech, 
USA) and 3'-Full RACE Core Set Ver. 2.0 (3'-RACE; TaKaRa) according to manufacturer 
protocols. RACE PCR was performed using primer sets designed in the adapter sequences of 
the kit and gene-specific primers designed in the cloned PCR fragments (Table 1).

5'-RACE reactions were carried out in a 50-µL reaction volume containing 34.5 µL 
PCR-grade water, 5 µL 10X Advantage 2 PCR buffer, 1 µL 50X deoxyribonucleotide triphos-
phate mix (10 mM), 1 µL 50X Advantage 2 Polymerase mix, 2.5 µL 5'-RACE-ready cDNA 
supplied with the 5'-RACE kit, 5 µL 10X Universal Primer A Mix (10 µM), and 1 µL 10 µM 
gene-specific primer under the following conditions: 5 cycles of 94°C for 30 s and 72°C for 3 
min; 5 cycles of 94°C for 30 s, 70°C for 30 s, and 72°C for 3 min, and 25 cycles of 94°C for 
30 s, 68°C for 30 s, and 72°C for 3 min.

3'-RACE reactions were carried out in a 50-µL reaction volume containing 2.5 µL 
3'-RACE-ready cDNA supplied with the 3'-RACE kit, 7.5 µL 1X cDNA dilution buffer II, 2 
µL 10 µM gene-specific primer, 2 µL 10 µM 3'-RACE Outer Primer, 4 µL 10X LA PCR buffer 
II (Mg2+-free), 3 µL 25 µM MgCl2, 0.25 µL 5 U/µL TaKaRa LA Taq, and 28.75 µL distilled 
H2O under the following conditions: 94°C for 3 min, 30 cycles of 94°C for 30 s, 55°C for 30 s, 
and 72°C for 3 min. The PCR product was subcloned into a pGEM-T Easy Vector (Promega, 
USA). Positive clones were sequenced on an ABI PRISM 3730 Automated Sequencer using 
BigDye Terminator v3.1 (Applied Biosystems, USA).
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Sequence analysis

The open reading frames (ORFs) of Chi-3 and Cda cDNA were identified using ORF 
Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/). Nucleotide and amino acid sequence iden-
tity and the prediction of conserved domains in the peptide were performed using the Basic Local 
Alignment Search Tool program (GenBank, National Center for Biotechnology Information). 
The putative amino acid sequence was analyzed for the presence of signal peptides using the 
SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al., 2004). Multiple 
sequence alignments were performed using ClustalW 1.8 (Jeanmougin et al., 1998). The Needle 
program (http://www.ebi.ac.uk/Tools/emboss/align/) was used to calculate the identities among 
Chi-3 and Cda genes from different species. A phylogenetic tree was constructed based on the de-
duced full-length amino acid sequence alignments using the neighbor-joining algorithm and the 
maximum likelihood method in the Molecular Evolutionary Genetics Analysis 5.0 program. The 
reliability of the estimated tree was evaluated using the bootstrap method with 1000 pseudo-rep-
lications. The accession numbers of the sequences used in this analysis are listed in Figures 1-4.

Semi-quantitative RT-PCR analysis

Tissue expression of Chi-3 and Cda was investigated using semi-quantitative RT-PCR. 
Total RNA was isolated as above from blood and mantle, liver, stomach, kidney, intestine, gill, 
and foot tissues of adult individuals of H. cumingii. Equal quantities (0.4 µg) of total RNA 
from the various tissues and blood were reverse transcribed into cDNA using PrimeScript RT-
PCR Kit primers in 20 µL reaction mixtures (TaKaRa). The generated cDNA was used as the 
template for PCR, which was catalyzed with Taq DNA polymerase (TaKaRa) and typically 
consisted of 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and then a hold at 4°C. 
The 30-cycle reaction proved to be optimal among the 18-, 22-, 26-, 30-, and 34-amplification 
cycles for all of the cDNAs used. The primer pairs used for the amplifications are given in 
Table 1. β-actin was used as the internal control with gene-specific primers designed accord-
ing to a mussel β-actin cDNA sequence (accession No. HM045420). The PCR products were 
sub-cloned into a pGEM-T Easy Vector and verified through sequencing. Equal volumes of 
the PCR products were fractionated on a 1.5% agarose gel and stained with ethidium bromide. 
The experiments were repeated using 3 individuals, and the results were consistent.

Primer name Primer sequence (5'-3')

Chi-GSP5 CCGACCCACTGATCACCTTTTACCA
Chi-GSP3 CAAGTTGAATATCGGACTGGGC
Chi-RT-F CAGTGGGTCGGTTATGATGA
Chi-RT-R GTGCAATGGGTGCTCTTGT
Chi-qRT-F AATAGCCCGCTGTTTCCTCAT
Chi-qRT-R CCATACAAGCCCAGTCCGATA
Cda-GSP5 CCTTGATCCGTCAAAAAGCTCTCG
Cda-GSP3 CCAAACGGTTGTCCTATCTCCA
Cda-RT-F TCAACCCAGCACGCTTAAAGA
Cda-RT-R TTGTAATCCATGAGGGACACCA
Cda-qRT-F TGACCGTCTGAAGGCAATGGA
Cda-qRT-R GCTTTGATAAGGGCGTGGGAT
β-actin-F ACGGATAACACAAGGAAAGGAAAC
β-actin-R ATGGATGGAAACACGGCTCT

Table 1. Primer sequences used in this study.
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qRT-PCR analysis

Induced expression of Chi-3 and Cda in response to shell damage was investigated 
using qRT-PCR, which was performed on a CFX96 Real-Time PCR System (Bio-Rad, USA). 
Total RNA was isolated as described above from the mantles of adult H. cumingii individu-
als after shell damage. Approximately 1 µg RNA from each sample was reverse transcribed 
using the PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). The first-strand cDNA 
was subsequently used as the template for PCR with the primer pairs listed in Table 1. 
β-actin was also amplified, and this gene served as the internal control for cDNA normaliza-
tion (accession No. HM045420). The qRT-PCR mixture consisted of 50 ng cDNA sample, 
8.2 µL nuclease-free water, 10 µL 2X SYBR Premix Ex TaqTM (TaKaRa), and 0.4 µL 10 
µM of each gene-specific primer. The PCR cycling conditions were 95°C for 30 s; then 40 
cycles of 95°C for 5 s and 60°C for 34 s followed by dissociation curve analysis at 95°C for 
15 s, 60°C for 60 s, and 95°C for 15 s to verify the amplification of a single product. The 
cycle threshold value was determined with the 7500 software v2.0, and data were exported 
into a Microsoft Excel spreadsheet for subsequent analysis, in which the relative expression 
ratios of target genes in the treatment groups were calculated using a 2-ΔΔCt method (Livak 
and Schmittgen, 2001) and compared with expression in the controls. The experiment was 
performed in triplicate.

Statistical analysis

Data from the qRT-PCR experiment are reported as means ± standard error, and sig-
nificant differences between groups were examined with one-way analysis of variance with 
the Dunnett T3 post hoc test using the SPSS v17.0 software (SPSS, USA). Significance was 
accepted at P < 0.05.

RESULTS AND DISCUSSION

Cloning and identification of H. cumingii Chi-3 and Cda cDNAs

A full-length cDNA encoding Chi-3 (GenBank accession No. JN582038) from 
H. cumingii was obtained from a normalized full-length cDNA library and the 5'- and 
3'-RACE experiments. The Chi-3 cDNA was 2523 bp, and it consisted of a 196-bp 
5'-untranslated region (UTR), a 1962-bp ORF encoding 653 amino acid residues, and a 
365-bp 3'-UTR. Basic Local Alignment Search Tool analysis revealed that the deduced 
amino acid sequence of H. cumingii Chi-3 (HcChi-3) shared 21.3-34.4% identity with 
known genes from other organisms and relatively higher identity 27.2-34.7% with 5 other 
Chi-3 (see Figure 1). Although this sequence homology is relatively low, the important 
aspects for the identification of a potential gene are functional domains, evolutionary 
relationships, and biological functions (Zhou et al., 2011). The catalytic and chitin-binding 
domains are key structural components of chitinases. Multiple alignments of deduced 
amino acid sequences of Chi-3 are shown in Figure 1. Similar to other known chitinases, 
the HcChi-3 peptide was predicted to consist of a signal peptide and 3 conserved domains: 
a catalytic domain (glycoside hydrolase family 18 domain) followed by 2 chitin-binding 
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domains [carbohydrate-binding module family 14 (CBM14) domain]. For most chitinase 
genes in invertebrates, the CBM14 domain is located near the C-terminus and after the 
catalytic domain (Huang et al., 2010; Proespraiwong et al., 2010). Only a small number of 
species display a CBM14 domain interspersed among catalytic domains (Zhu et al., 2008). 
The phylogenetic tree (see Figure 2) shows HcChi-3 clustered with Chi-3 from C. gigas, 
suggesting that HcChi-3 belongs to the bivalvia Chi-3 group.

Figure 1. Multiple alignment of deduced amino acid sequences of various Chi-3 genes. Above the sequences, the 
signal peptide, catalytic domain (GH18 domain), and chitin-binding domain (CBM14 domain) are marked out, 
respectively. Fully conserved amino acid sequences are shaded in black. The protein sequences used for alignment 
analysis were as follows: Paralichthys olivaceus (Chi-3: BAD15061.1), Crassostrea gigas (Chi-3: CAI96027.1), 
Danio rerio (Chi-3: NP_998378.1), Fenneropenaeus chinensis (Chi-3: AAY44300.1), Hyriopsis cumingii (Chi-3: 
JN582038), Marsupenaeus japonicus (Chi-3: BAA22854.1).
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Regarding the Cda gene, the full-length cDNA from H. cumingii (GenBank accession 
No. JN582040) was obtained from ESTs in a normalized full-length cDNA library by 
performing 5'- and 3'-RACE experiments. The Cda cDNA was 2654 bp and contained a 347-
bp 5'-UTR, a 1938-bp ORF that encodes 645-amino acid residues, and a 369-bp 3'-UTR, as 
well as a signal peptide, 3 predicted N-glycosylation sites (NTS, NIT, and NET) and a catalytic 
domain (Polysacc_deac_1; see Figure 3). Cdas in invertebrates are reportedly divided into 
various groups based on domain patterns (Dixit et al., 2008). In our study, the phylogenetic 
tree of Cda in invertebrates was constructed based on the Cda domain patterns. As shown in 
Figure 4, H. cumingii Cda (HcCda) clustered in group 4, which contains peptides that consist 
only of a signal peptide and a Polysacc_deac_1 domain.

Figure 2. Phylogenetic tree of chitinase (Chi) sequences in animals and chitinase from Pseudomonas syringae as 
an outgroup, amino acid sequences of full-length Chi were analyzed using the neighbor-joining method in the Mega 
5.0 program. The protein sequences used for phylogenetic analysis were as follows: Pennahia argentata (Chi-
1: BAJ51753.1; Chi-2: BAJ51754.1), Paralichthys olivaceus (Chi-1: BAD15059.1; Chi-2: BAD15060.1; Chi-
3: BAD15061.1), Epinephelus coioides (Chi-1: ACN38311.1; Chi-2: ACN38310.1), Bos taurus (AAI02932.1), 
Mus musculus (ABK78778.1), Homo sapiens (EAW91471.1), Nomascus leucogenys (XP_003264627.1), 
Crassostrea gigas (Chi: CAI96026.1; Chi-3: CAI96027.1), Fenneropenaeus chinensis (Chi-1: ABB85237.1; Chi-
3: AAY44300.1), Marsupenaeus japonicus (Chi: BAA12287.1; Chi-2: BAA14014.1; Chi-3: BAA22854.1), and 
Pseudomonas syringae (AAO53944.1).
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Figure 3. The nucleotide and deduced amino acid sequence of the Cda in Hyriopsis cumingii (GenBank accession 
No. JN582040). Above the sequence, the signal peptide, catalytic domain (Polysacc_deac_1 domain), predicted 
N-glycosylation sites are underlined, grayed, and boxed, respectively.
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Constitutive expression of Chi-3 and Cda genes in various tissues

To gain insight into the possible physiological functions of the 2 putative chitin meta-
bolic enzymes under study, a determination of their tissue distribution was performed with 
RT-PCR. As shown in Figure 5, Cda was expressed in the blood and in a wide range of tis-
sues, including mantle, liver, stomach, kidney, intestine, gill, and foot, whereas Chi-3 was 
expressed in all of those tissues but not in the blood. Hemocytes are considered the main 
immune cells in mollusks (Cheng, 1996) and have been shown to express a humoral fac-
tor (Montagnani et al., 2001) and a potential cytokine homologue (Lelong et al., 2007) in 
response to bacterial infection. Chitinase is probably involved in defense against and degra-
dation of chitin-containing pathogens such as fungi, nematodes, and protozoa (Badariotti et 
al., 2007). The absence of expression of HcChi-3 messenger RNA in blood is reminiscent of 
the results obtained for C. gigas Chi-3, which is also expressed at very low quantities in the 
blood (Badariotti et al., 2011). These results indicate that other Chi may be involved in the H. 
cumingii immune system; however, no tissue-specific differences were found in the expres-
sion of HcCda gene transcripts.

Figure 4. Phylogenetic tree of chitin deacetylase (Cda) sequences in invertebrates. The domain patterns were used 
for constructing the phylogenetic tree. Amino acid sequences of full-length Cda were analyzed using the neighbor-
joining method in the Mega 5.0 program. The protein sequences used for phylogenetic analysis were as follows: 
Helicoverpa armigera (Cda-1: ADB43610.1; Cda-5B: ADB43612.1), Heliothis viriplaca (Cda: ACZ71481.1), 
Mamestra brassicae (Cda-1: AEI30868.1; Cda-2: AEI30869.1), Lucilia cuprina (HLM: ABI95429.1), Drosophila 
melanogaster (Cda-like-5A: NP_722589.1; Cda-like-5B: NP_722590.2; Cda-like-5D: NP_001097044.1; Cda-
like-5E: NP_001097045.1), Hydra magnipapillata (Cda-like: XP_002154465.1), Mamestra configurata (Cda-1: 
ACD37362.1), and Entamoeba invadens (Cda-1: ABB90108.1; Cda-2: ABB90109.1; Cda-3: ABB90110.1).

 = signal peptide;  = signal anchor sequence;  = chitin binding peritrophin-A domain (CBM_14 domain); 
 = low-density lipoprotein receptor class A domain (LDLa domain);  = catalytic NodB homology 

domain of the carbohydrate esterase 4 superfamily (CE4_SF);  = catalytic domain of chitin deacetylase-
like proteins (CE4_CDA_like_1)
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Data about Cda in mollusk at present are relatively rare. According to Minagawa 
et al. (2007), chitin and chitosan have properties that accelerate wound healing. In addition, 
Riccardo (2009) has concluded that the chitins and chitosans together with some of their de-
rivatives obtained through chemical or enzymatic means are protagonists in the scenario of 
wound healing and bone regeneration. Hence, does HcCda play a role in the various tissues by 
regulating chitosan, or do HcChi and HcCda play possible roles in mollusk shell regeneration 
by regulating chitin and chitosan?

Induced expression of Chi-3 and Cda after shell damage

Induced expression of Chi-3 and Cda was investigated after shell damage. Chi-3 tran-
script levels were upregulated significantly (P < 0.05) 12 h after shell damage, and expression 
reduced gradually thereafter; however, transcript levels of Cda did not change significantly 
(P > 0.05) (see Figure 6). Chitin/chitosan, silk fibroin protein, and acidic macromolecules are 
important components of shell formation (Furuhashi et al., 2009). According to the molecular 
mechanism proposed by Suzuki et al. (2009) for nacreous layer formation in P. fucata, chitin 
plays an important role as a “bridge” for protein collection during nacreous layer formation. 
However, the interactions between chitin/chitosan and protein have not been clearly resolved. 
To date, most in vitro experiments with chitin protein compounds indicate intercalation of the 
silk into the chitins. However, the X-ray diffraction and infrared spectroscopy experiments of 
Falini et al. (2003) suggest that a defined interface exists between chitin and the gels of silk-
like proteins in vivo, and that these interactions occur mainly via the chitin acetyl groups. In 
that scenario, chitin deacetylation into chitosan is unhelpful for interactions between chitin 
and protein, which has been suggested to occur via covalent modification of chitin with silk 
derivatives (Weiss et al., 2009). In both adult and larval developmental stages, modified chitin 
is thought to play a fundamental role in the biomineralization of mollusk shells (Weiss et al., 
2009). In the present study, the distinct induced expression differences between HcChi-3 and 
HcCda suggest that HcChi-3 might hydrolyze superfluous chitin during shell recovery and 
play a role in shell formation in mollusks. However, HcCda expression did not change signifi-
cantly (P > 0.05) in response to shell damage, but this response may maintain a certain degree 
of acetylation in chitin/chitosan.

Figure 5. Tissue distribution of (A) Chi-3 and (B) Cda mRNA in Hyriopsis cumingii by RT-PCR analysis using 
β-actin as the internal reference. Bl = blood; Ma = mantle; Li = liver; St = stomach; Ki = kidney; In = intestines; 
Gi = gill; Fo = foot.
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Figure 6. Quantification by qRT-PCR of (A) Chi-3 and (B) Cda mRNA in the mantle after shell damage. The x-axis 
represents time of treatment. “0 h” indicates non-treatment samples. The quantities of Chi-3 and Cda transcripts 
were normalized to β-actin mRNA. *Significant difference (P < 0.05).

A

B
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We cloned and characterized 2 metabolic enzyme genes, HcChi-3 and HcCda. HcChi-3 
had the typical structural motifs of chitinases, including a signal peptide, a glycoside hydrolase 
family 18 domain, and 2 CBM14 domains. HcCda had a signal peptide and a Polysacc_deac_1 
domain but showed no chitin-binding domain and was phylogenetically clustered in group 
4 (see Figure 5). The lack of HcChi-3 expression in blood indicated that other Chi may be 
involved in the H. cumingii immune system. This study highlights the presence of covalently 
attached, hydrophobic amino acid side chains in the chitin matrix that interact mainly via the 
acetyl groups of the chitin.
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