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Abstract

We have previously reported the presence of three types of chitinase (acidic
fish chitinase-1: AFCase-1, acidic fish chitinase-2: AFCase-2, fish chitinase-3:
FCase-3) in Actinopterygii. In the present research, we report the identifica-
tion of the novel chitinase genes HjChi (ORF: 1380 bp) and DkChi (ORF:
1440 bp) from the stomach of Chondrichthyes, Japanese bullhead shark (He-
terodontus japonicas) and Kwangtung skate (Dipturus kwangtungensis), re-
spectively. Organ-specific expression analysis identified the stomach-specific
expression of HjChi, whereas DkChi was expressed widely in all organs. Chi-
tinase activity was measured using pNP-(GIcNAc), (1 = 2, 3) as a substrate
and p-N-acetylhexosaminidase (Hex) activity was measured using pNP-
GIcNAc. Relatively high values of chitinase activity were observed in the sto-
mach, spleen, and gonads of the Japanese bullhead shark, A. japonicas, com-
pared with that observed in the stomach of the Kwangtung skate D. kwang-
tungensis. However, Hex activity was detected throughout the body of both
species. The optimal pH of chitinase in both the Japanese bullhead shark, A.
Japonicas, and the Kwangtung skate, D. kwangtungensis, were 3.5 - 5.5 and
3.5 - 4.0, respectively, and 4.0 for Hex in both species. Phylogenetic analysis
revealed that Chondrichthyes chitinase forms a unique group (Chondrich-
thyes chitinase). These results suggested that the possibility of the formation
of chitinase groups for each class in the phylogenetic analysis based on the
observation of class-specific chitinase.
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1. Introduction

Chitinase (EC 3.2.1.14) is an endo-chitinolytic enzyme that randomly hydrolyzes
the f-1,4 glycosidic linkages of chitin to produce N-acetyl chitooligosaccharides
((GIeNAc),) [1]. B-N-acetylhexosaminidase (Hex, EC 3.2.1.52) is an exo-type
chitin-decomposing enzyme that sequentially hydrolyzes terminal residues, re-
sulting in the formation of N-acetyl-D-glucosamine (GlcNAc) [2]. After cellu-
lose, chitin is the second most abundant biopolymer and is found in the exoske-
leton of arthropods, the cell walls of fungi, and the epithelium of nematodes [3].
(GlcNAc),, a degradation product of chitin, displays various physiological prop-
erties based on the length of its carbohydrate chain; similarly, GIcNAc also exhi-
bits useful physiological activity [4]. The aforementioned points are a clear indi-
cation of the potential for the application of chitin in a wide range of fields and
the research on chitinase enzymes was invaluable to their efficient use. A wide
range of functions is suggested by the distribution of chitinase throughout a
wide range of organisms. For example, the enzyme has been found to play a
physiological role in digestion in mammals and fish [5] [6], plant and mamma-
lian host defense [7] [8], and arthropod morphogenesis [9] [10].

It is reported that chitinase from marine animals displays characteristics that
are unlike chitinase from other organisms. In particular, we made very interest-
ing findings regarding chitinase in the stomach of fish that feed on organisms
containing a chitin exoskeleton. For example, two or more kinds of chitinase
isozymes have been discovered in the stomach of Actinopterygii, one of the most
successful vertebrates on earth. The activity of these chitinase isozymes is de-
pendent on an acidic pH and the crystalline a-chitin decomposition activity of
these enzymes has been demonstrated to be superior to that of other organisms
[6]. Two varieties of the chitinase genes were obtained from the stomach of the
fish and subjected to phylogenetic analysis, based on the deduced amino acid
sequence 2 fish-specific groups, acidic fish chitinase-1 (AFCase-1) and acidic
fish chitinase-2 (AFCase-2) were identified [6]. In addition, chitinase activity has
been observed in organs, excluding the stomach, in the class of fish classified as
Actinopterygii [11] [12], and a new group fish chitinase-3 (FCase-3), has been
identified based on an isoform found in the stomach and kidneys [12]. In con-
trast, not even one chitinase gene of the AFCase-1, AFCase-2, and FCase-3
groups has been detected in the stomach of either Prionace glauca, classified as a
Chondrichthyes, or the stomach of Latimeria chalmnae, classified as Sarcoptery-
gii [12]. These findings suggested the possibility that there may be a new chiti-
nase group different from groups of AFCase-1, AFCase-2, and FCase-3, as there
were large differences in the amino acid sequences of fish chitinases based on
systematic positioning. Therefore, in this paper, two species of fish within the
same phylogenetic class, but from different subclasses, that share a similar feeding
habitat, feeding on molluscs and crustaceans, the Japanese bullhead shark Hete-
rodontus japonicas and Kwangtung skate Dipturus kwangtungensis were selected

for analysis. Compared with Actinopterygii, information on Chondrichthyes is
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still limited; however, there are some reports on the occurrence of chitinase
within the bodies of several varieties of sharks and stingrays [13], as well as re-
ports of cDNA cloning of chitinase genes in the stomach of P. glauca [14]. In
addition, there is no literature comparing chitinolytic activity and chitinase
mRNA in the body of chondrichthyes. Moreover, it is thought that the examina-
tion of chitinase from both animals will assist in the clarification of the speciali-
zation of fish chitinase, as there are theories that indicate contrasting evolutio-
nary paths for Chondrichthyes and Actinopterygii.

This is the first paper that seeks to clarify the characteristics of Chondrich-
thyes chitinase compared with the larger group of fish chitinase. This was per-
formed through primary structural analysis, the investigation of chitinase activi-
ty, the expression status of mRNA to assess the physiological role in the body,
and the use of genetic databases, including phylogenetic analysis.

2. Materials and Methods

2.1. Preparation of Samples

The Japanese bullhead shark H. japonicus and Kwangtung skate D. kwangtun-
gensis were purchased from the fishing port in Miura City, Kanagawa Prefec-
ture. Each organ was collected, washed with chilled distilled water, and stored at
—80°C until use. Each organ was homogenized with five volumes of 20 mM so-
dium phosphate buffer (pH 7.3) and centrifuged at 9000 xg for 20 min at 4°C.
The supernatant was filtered through filter paper to remove floating fat and used
as the crude extract solution. The crude extract solution was stored at —80°C un-

til use.

2.2. Cloning of H. japonicas chitinasec DNA (HjChi) and
D. Kwangtungensis chitinase cDNA (DkChi)

The sequences of all primers are presented in Table 1. Total RN A was extracted
from the stomach of H. japonicus and D. kwangtungensis using RNA extraction
reagent (ISOGEN, Nippon Gene, Tokyo, Japan), in accordance with the manu-
facturer’s instructions. The total RNA concentration and purity were measured
using ultraviolet and visible spectrophotometry. cDNA was synthesized from 1.0
ug total RNA using a primer for reverse transcription (oligo dT) and ¢cDNA
synthesis kit (PrimeScript™ II First Strand cDNA Synthesis Kit, Takara Bio, Shi-
ga, Japan), in accordance with the manufacturer’s instructions. The internal se-
quences of HjChi and DkChi were amplified using the synthesized cDNA, DNA
polymerase (Go Taq® Green Master Mix, Promega, Madison, USA), and dege-
nerate primers were designed based on the conserved region of amino acid se-
quences of GH family 18 chitinases from several vertebrates, in accordance with
the manufacturer’s instructions. The forward and reverse primers were designed
from the chitinase gene sequences obtained by the internal sequence amplifica-
tion, and the upstream (5') and downstream (3') regions were amplified using
the rapid amplification of cDNA ends (RACE) method. The 5' and 3' RACE
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Table 1. Primers used in this study.

Primer name Sequence (5'-3") Length Usage
Oligo dT CTGTGAATGCTGCGACTACGATTTTTTTTTTTTTTTTTTT 40 mer cDNA synthesis
HjChi-a TGYTAYTTYACNAAYTGG 18 mer Conserved region PCR
HjChi-b GAYATHGAYTGGGARTAYCC 20 mer
HjChi-c TTCCARTARTTCATNGCRTARTC 23 mer
DkChi-a GYNGGNGGNTGGAAYTTYGGNAC 23 mer
DkChi-b GAYTGGGARTAYCCNGG 17 mer
DkChi-c AYTTCATNGCRAARTCNAC 19 mer
DkChi-d TARTANGCNARRAANCCNGC 20 mer
3'RACE CTGTGAATGCTGCGACTACGAT 22 mer 3'RACE PCR
HjChi-1 CTGCGTCGTTATGGATTTGATGGT 24 mer
DkChi-1 GACAAGCATCTCTACACTG 19 mer
DkChi-2 TTCCTCAGCTCGGCAAGGTAGTT 23 mer
HjChi-2 AGMSSMRASATGGCAAAGCTT 21 mer 5'RACE PCR
HjChi-3 AGTCCAGGATTTGTCCAAGCTG 22 mer

AAP GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG 36 mer
AUAP GGCCACGCGTCGACTAGTACC 21 mer
DkChi-3 TTGCTCATCCCACCAGCAAC 20 mer
DkChi-4 ATCAGCTCCTGAGCCAG 17 mer
DkChi-5 CGAGATCCAGGATATTCCC 19 mer
DkChi-6 AAAGCCGTACCCTCTCAGG 19 mer
DkChi-7 AACTACCTTGCCGAGCTGAGG 21 mer
HjChi-4 AGAGGCGAGATGGCAAAGCTTCT 23 mer Full length amplification
DkChi-8 CTCCTGCCCAGAACAGTAAC 20 mer
DkChi-9 CCCAAGACTGTGGTCAAC 18 mer
P-actin-a GAAAGACAGTTACGTTGGTG 20 mer Organ expression
p-actin-b AGAATCTAGCACAATGCCAG 20 mer
HjChi-5 TCCCAAATTCCCAAGACACT 20 mer
HjChi-6 TCCAACCCATTCATTTCCAC 20 mer
DkChi-10 CTGCCTAATGACAAGGATTAC 21 mer
DkChi-11 GCCGACCCATATTCCATTCT 20 mer

analyses were performed using custom Kkits (5' and 3' RACE System for Rapid
Amplification of cDNA Ends, Invitrogen, Carlsbad, USA) in accordance with the
manufacturer’s instructions. Thefull-length chitinase genes were amplified using
DNA polymerase (PrimeSTAR® Max DNA Polymerase, Takara Bio), in accordance
with the manufacturer’s instructions. The PCR products were electrophoresed
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on a 2% agarose gel and the resolved DNA was extracted using Quantum Prep®
Freeze N Squeeze spin columns (Bio Rad, Hercules, USA) and ligated into the
PGEM-T Easy Vector (Promega). The base sequences were determined using the
Big Dye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosys-
tems, Waltham, USA) and domain prediction was performed using Inter Pro
(EMBL-EBI: The European Bioinformatics Institute, European Molecular Biol-
ogy Laboratory, Hinxton, England).

2.3. Organ-Specific Gene Expression

Total RNA was extracted from the organs of H. japonicus and D. kwangtungen-
sis. cDNA was synthesized from 1.0 pg of total RNA obtained from each organ
and an oligo dT primer; 1.0 pg of the synthesized cDNA was amplified using
PCR and primers for HjChi, DkChj, and fish f-actin amplification primers. The
PCR parameters were 30 cycles of denaturation at 95°C for 30 s, annealing at
53°C for 30 s, and extension at 72°C for 20 s.

2.4. Chitinolytic Enzyme Activity Assay

Chitinolytic Activity was measured using p-Nitrophenyl- N-Acetyl--D-Gluco-
saminide (pNP-GIcNAc), p-Nitrophenyl Di-N-Acetyl-S-Chitobioside (pNP-
(GIcNAc),), and p-Nitrophenyl Tri-N-Acetyl-f-Chitobioside (pNP-(GlcNAc),)
(Yaizu Suisan Kagaku Industry Co., Ltd., Shizuoka, Japan) as substrates in ac-
cordance with the method described by Ohtakara [15], with slight modifications.
Briefly, 2.5 pL of enzyme solution and 2.5 uL of substrate (4 mM solution) were
added to 10.0 pL of 0.2 M phosphate-0.1 M citrate buffer (pH 6.0), and the solu-
tion was incubated at 37°C for 20 min. After incubation, 65 pl of 0.2 M sodium
carbonate solution was added to the solution, and the absorbance of released p-
nitrophenol was measured at 420 nm. A unit of chitinolytic enzyme activity (U)
was defined as the amount of enzyme that liberated 1 umol of p-nitrophenol per

minute.

2.5. Determination of Optimal pH

When 4 mMpNP-(GIcNAc), (n =1 - 3) was used as a substrate, the optimal pH
was determined by assaying enzyme activity. Specifically, the solution was incu-
bated for 20 min at 37°C in 0.2 M phosphate-0.1 M citrate buffer (pH 2.5 - 8.0)

using the same technique used for the measurement of chitinolytic activity.

2.6. Phylogenetic Analysis of HjChi and DkChi

Phylogenetic analysis based on the deduced amino acid sequences of HjChi and
DkChiwas performed using the chitinase genes obtained from many organisms.
The analysis was performed using Clustal W2 program (EMBL-EBI: The Euro-
pean Bioinformatics Institute, European Molecular Biology Laboratory, Hinx-
ton, England) and the tree view program. A bacterial chitinase (GenBank:

X03657) was used as an outgroup.
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3. Results and Discussion

3.1. Cloning of H. japonicas chitinase cDNA (HjChi) and
D. kwangtungensis chitinase cDNA (DkChi)

Using degenerate primers designed based on the deduced amino acid sequences
of several vertebrate chitinases, the internal sequences of the cDNA of the sto-
mach of H. japonicas and D. kwangtungensis were amplified by RT-PCR and
fragments of 450 bp and 400 bp were obtained, respectively. From the nucleotide
sequence of the obtained fragments, upstream and downstream amplification
primers were designed. Using the 5’RACE method, the upstream region of the
gene fragments, 300 bp and 500 bp, were amplified and the nucleotide sequence
of the start codon was included in the gene fragments. In addition, gene frag-
ments of 1300 bp and 1000 bp were obtained by the 3’'RACE method, and the
analysis of the nucleotide sequence identified a stop codon and polyadenylation
signals (AATAAA), each found in the 3'UTR. Based on the untranslated regions
of these nucleotide sequences, the full-length primer was designed to sandwich
an open reading frame (ORF) and using an enzyme with 3'>5' exonuclease ac-
tivity, the full-length gene of chitinase was amplified. Based on these methods,
we obtained full length chitinase genes from the stomach of both H. japonicas
and D. kwangtungensis. The full-length gene of the stomach chitinase of the /.
Japonicas (HjChi), consisted of 1592 bp and included a 1380 bp ORF encoding
480 amino acids (Figure 1). For D. kwangtungensis, a 1440 bp ORF encoding
478 amino acids was included in the 1601 bp full length stomach chitinase gene
(Figure 2). The nucleotide sequences of the full length chitinase genes were reg-
istered in DBB]J and the accession numbers were (HjChi LC215400, DkChi:
LC215399) issued. The nucleotide sequences of HjChi and DkChi were analyzed
using NCBI BLAST search. The paper claims that HjChi and DkChi demon-
strated approximately 70% homology with other Chondrichtyeschitinase (RhAin-
codon typus. XP_020390951, P. glauca: AB872008, Scyliorhinus torazame:
BAU51439) and approximately 60% with Actinopterygii (Hexagrammos otakii:
ABG626093, Scophthalmus maximus. KY421058, Paralichthys olivaceus. AB121732).
The computed pI/Mw tool was used to estimate the isoelectric point and mole-
cular weight of the deduced amino acid sequence (HjChi and DkChi) of HjChi
and DkChi, which were 8.52 and 51.6 kDa and 6.59 and 50.6 kDa, respectively.
Using the same calculation method, the isoelectric point and molecular weight
of chitinase of R. typus were 8.33 and 51.0 kDa (DDBJ: XM_ 020535362) and 2.
glauca were 8.42 and 52.0 kDa (DDBJ: AB872008) [14], respectively. For P. oli-
vaceus, Actinopterygii, the isoelectric points and molecular weights of the chiti-
nase varieties were 6.31, 52.6 kDa (fChil); 5.39, 53.2 kDa (fChi2); and 6.52, 53.1
kDa (fChi3), respectively. These results identified similar molecular weights of
the chitinases of Chondrichthyes and Actinopterygii and the differing chitinase
of the shark species, which tended to have a higher isoelectric point.

A comparison of the deduced amino acid sequences of several varieties of
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AGAGGCGAG
ATGIGCAAAGCTTCTACTTGGAACAGTTGCGGTCTTGTTGGCATGTCTGGAACTGGGCTCT 60
M| A K L L L G T V A ¥ L L A cC L E L G S
GCCTACAGACTGGTTTGTTACTTTACAAACTGGGCTCAGTACAGACCAGGAGAGGGGAAG 120
A Y R L V C Y F T N W A Q Y R P G E G K
TACATGCCCGAGAATGTGGACCCTTGCTTGTGCACGCATCTGATCTATGCTTTTGCTGGG 180
Y ¥ P E N V D P c L C T H L T Y A F A G
ATGAAGGACAATCAAATTACCACCTATGAATGGAACGACGCAACTCTCTACCACTCATTC 240
M XK D N Q T T T Y E ¥ N D A T L Y H S F
AATGGCCTAAAAAACAAAAATGCAAACCTTAAGACACTCCTGGCCATCGGAGGCTGGAAC 300
N 6 L X N X N A N L X T L L A T G G Vv N
TTTGGAACTCAGAAGTTCAGCGCTATGGTTTCCACAGCAGCAACTCGCCAAACTTTCATA 360
F G T Q K F S A MV S T A A T R Q T F T
AAATCTGTGATTAGCTTCCTGCGTCGTTATGGATTTGATGGTTTTGATCTAGATTGGGAA 420
X N v T N F L R R Y G F D G F D L D ¥ E
TATCCTGGGTCAAGAGGAAGTCCCCCACAAGACAAACATCTCTTCACTGTGTTGGTGCAG 480
Y P G S R G S P P Q D XK H L F T v T VvV Q
GAACTGATGGCAGCCTTTGAAGCTGAGGGGAAAAGCTCTGGGAGACCAAGACTGCTGCTC 540
E L M A A F E A E G X S N G R P R L L L
TCGGCTGCAGTTGCTGGTGGGAAGAGTACCATTGATTCTGGCTATGAGATTCCTCAGCTT 600
S A AV A G G K S T T D N G Y E T P Q L
GGACAAATCCTGGACTTTTTCAACGTGATGACGTATGATTTCTTTGGTTCCTGGAGTGCT 660
G Q I L D F F N VvV M T Y D F F G S ¥ S A
GTCACTGGAGAAAATAGCCCTCTTTATCCTCTCCCAAATTCCCAAGACACTACCAACCTA 720
v T ¢ E N S P L Y P 1 P N N Q D T T N L
TACTTTAATGTGGATTTTGCAATGAAATACTGGAAAGATCAGGGAGCTCCTGCAGAGAAA 780
Y F N V D F A M X Y ¥ K D Q G A P A E K
TTGAATGTTGGATTCCCTACATATGGCCATACCTTCAGACTGGCCTCATCCAACACTGGG 840
L N v G F P T Y ¢ H T F R L A N N N T G
ATTGGAGCCCCAGCAGCAGGTCCTGGAGCAGCTGGGAAGTACACCAGGCAGGCTGGATTC 900
T G A P A A G P G A A G K Y T R Q A G F
CTGGCCTATTATGAGATCTGCACATTTTTGAAACGTGCCACCGTGAAATGGAATGCTCCA 960
L A Y Y E I C T F L X R A T V X ¥ N A P
CAAATGGTTCCATATGCCTACAGTGGAAATGAATGGGTTGGATATGACAATGTGAAAAGC 1020
Q ¥ vV P Y A Y S G N E ¥y v G Y D N VvV X N
TTTGGCGACAAGACTGAGTGGCTGAAAAAGAACAACTATGGAGGAGCTATGGTGTGGGAT 1080
F G D X T E ¥ L X X N N ¥ G G A ¥ vV ¥ D
CTTGCTCTGGATGATTTCTCTGGCACTTTCTGTGACCAAGGACCTTATCCTCTCATTAAT 1140
L A L D D F N G T F C D Q G P Y P L I N
AAACTGCACACTGGGCTTGGAATTTCTGCAGCTTGTGTTCCATCCAAAACAACACTGCCA 1200
X L ®H T G L G I N A A c v P N X T T L P
CCAACTGTTCCTGGTGGTGGCAGCAGTGGCTGTGGGTTCTGCACTGACAAAGCTAATGGG 1260
P T v P G ¢ G S N G C G F C T D K A N G
TACTACCCTTATCCAAAAGACAAGAGTAAATTTTATCATTGTGTCGATGGAGTGACCTAC 1320
Y Y P Y P X D K N K F Y H c VvV D G v T Y
CAGATGGACTGTTCTCCTGGATTAGTCTTTGATCCTTCCTGTGACTGTTGCAGCTGGCCG 1380
Q M D C N P G L v F D P S c D C C N A P
TAATGAGAACGCAGATGTTTGCCATTACTCTTCATTGGTTATCATGAAGGTGCACCTGCT

®
CTTCAGTTTAACTACTGAAATGGCACGACTTGGTGGATAAAGAACATTAATGCACCACTG
TAATTTGTCTCAACTGAAGATATAAACTGTAGTTTAAACAGCAAATAAAATCATTGATTC
ATACAGCAAAAAAAAAAAAAAAA

Figure 1. Deduced amino acid sequences and bases for HjChi from the
stomach of H. japonicus. DDB] accession No. LC215400.

previously reported chitinase from P. olivaceus (DDBJ: AB121732, AB121733,
AB121734) [16], Homo sapiens (DDBJ: AF290004, U29615) [8] [17], and Mus
musculus (DDB]J: EF094027, AY458654) [18] is shown in Figure 3. Based on the
domain prediction, beginning at the N-terminal side, all sequences were com-
posed of a signal peptide, a catalytic domain, a linker region, and a chitin-bind-
ing domain. The domain structure predicted from the deduced amino acid se-
quence was a common structure in vertebrate chitinases [19] [20]. The
(DXXDXDXE) array, a conserved sequence within the active site of the GH fam-
ily18 chitinases [21], was identified in the active site of the catalytic domain and
was thought to possess chitin-degrading activity. The linker region of HjChi and
DkChi was rich in glycine, and a distance between the catalytic domain and the
chitin-binding domain was observed. The flexible, glycine-rich amino acid linker
region allows for the flexibility in determining the appropriate distances between
domains, which enabled the full demonstration of domain function [22]. Therefore,
based on enzymatic degradation, it was inferred that HjChi and DkChi pos-
sessed a rational structure. In contrast, a different scenario was predicted for the
linker regions of AMCase [8], fChil, and fChi2 [16], in which serine-containing

repetitive sequences are present in addition to glycine.
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CGAGATCCAGGATATTCCCCTCCTGCCCAGAACAGTAACAAG
ATGGCAAAGCTACTTCTCGGAACAGCGGTGGTCTTACTGGCCTGCCTGCAACTGGGCTCT 60
M A X L L L G T A V V L L A cC L Q L G S
GCCTACAGGCTGGTGTGTTACTTCACCAACTGGGCGCAGTACAGACCAGGAGAGGGTAAA 120
A Y R L VvV C Y F T N ¥ A Q Y R P G E G K
TACATGCCCCAGAGCGTGGACCCTTGCCTTTGCACACACATCATCTACGCCTTCGCTGGA 180
Y M P Q S vV D P c L c T H I 1 Y A F A G
ATGAGGAGCAATCAGATCGCCACCTATGAATGGAACGACCCAAAACTCTACAAGGAGATC 240
¥ R S N Q T A T Y E ¥ N D P X L Y K E T
AACAGCCTGAAGAACAAGAATTCAAACCTCAAGACTCTGCTGTCCATTGGAGGCTGGAAC 300
N S L XK N X N S N L K T L L S 1 G G ¥ N
TTTGGCACCCAGAAATTCACCGCGATGGTTGCCTCATCAGGAACTCGGCAAATCTTCATC 360
F ¢ T Q X F T A N V A N N G T R Q I F T
AAGTCAGTCATCGCCTTCCTGAGAGGGTACGGCTTTGACGGTCTGGACATCGATTGGGAA 420
X S v I A F L R ¢ Y G _F D G L D I D A E
TATCCTGGATCTCGAGGAAGTCCTCCCGTTGACAAGCATCTCTACACTGTCCTGGCTCAG 480
Y P G S R G S P P V D K H L Y T Vv L A Q
GAGCTGATGGCTGCGTTCGAGGCCGAGGGGAAAAGCACAGGACAGCCACGACTGCTGCTC 540
E L M A A F E A E G K S T G Q P R L L L
TCAGCTGCCGTTGCTGGTGGGATGAGCAACATTGATACTGGCTACGAGGTTCCTCAGCTC 600
S A AV A G G M S N 1 D T G Y E v P Q L
GGCAAGGTAGTTGACTTCTTCAACGTGATGACCTACGATTTCTATGGTCCCTGGAGCCAC 660
¢ X vV v D F F N V N T Y D F Y G P ¥ N )8
GTTACTGGAGAGAACAGCCCCCTCTATGCCCTGCCTAATGACAAGGATTACACCAACATC 720
vV T G E N S P L Y A L P N D K D Y T N I
TACTTCAATGTGGAATACGCCATGAACTACTGGAAGAGCAAGGGGGCTCCAGTGGACAAG 780
Y F N V E Y A ¥ N Y ¥ K S K G A P v D K
CTGAATGTGGGCTTCCCCACCTATGGACACACCTTCAGACTGACCTCGTCCAGCACGGCC 840
L N V G F P T Y G H T F R L T N N N T A
GTGGGTGCCCCAGCAGGAGGCGCTGGACCAGCCGGCAAATACACCCGCCAAGCCGGCTTC 900
vV G A P A G G A G P A G K Y T R Q A G F
CTGGCCTACTATGAGATCTGCGGGTTCCTGAACGGTGCCACCGCCGAATGGAACGCCCCT 960
L A Y Y E I C G F L N G A T A E ¥ N A P
CAGGACACCCCGTACGCCTTCAAGAATGGAATATGGGTCGGCTATGACAACATCAAGAGC 1020
Q D T P Y A F K N G I ¥ v G Y D N I K N
TTTGGAGACAAGGTTGAGTGGCTGAAGAAGAACAACTTTGGAGGAGCTATGG6TCTGGGAT 1080
F G D K VvV E ¥ L K K N N F G G A ¥ V ¥ D
CTGGCTCTGGATGACTTCTCTGGTGCCTTCTGTCACCAGGGACCCTACCCTCTCATCAAC 1140
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ACTCTGCACTCTG6GCCTTGGCATCTCTGGAGCTTGCGTCCCATCCAAGACAACATTGAAG 1200
T L H®H S G L G T S G A c v P N K T T L K
CCAGCGGTCCCACCTACTGATGCTCCTAGTGGTGGTGGAGGTGGTGGGGGTGGTGGAGGC 1260
P A v P P T D A P N G G G G G G G G G G
AGCAGTGGTGGAGGCAGTGGCAGTGGAGGCAGTGGCTTCTGTAAGGGCAAAGCGAACGGT 1320
S S G G G S G N G G N G F ¢ K G K A N G
ACCTTCCCCGATCCCAAGGACAAGAACAAGTTCTACCAGTGCGCCAATGGTCGGACCTAC 1380
T F P D P K D K N K F Y Q C A N G R T Y
CTGAAGAGCTGTGCCACTGGATTAGTCTTCGATTCATCCTGTAAATGTTGCAACTGGCCT 1440
L K S C A T G L V F D S N C K C C N L P
TAATGGCCCAAGACTGTGGTCAACAAACAACTTGGAACGTCCATCCCAAAGATAATTGTT

*

GCTGTTAAAACAATAAAAAAAAGTCATAATTTTAAACATAAAAAAAAAAAAAAAAAAAA

Figure 2. Deduced amino acid sequences and bases for DkChi from the sto-
mach of D. kwangtungensis. DDBJ accession No. LC215399.

3.2. Organ-Specific Gene Expression

Organ-specific expression analysis of HjChi and DkChi chitinase genes from the
stomach, intestines, liver, kidney, spleen, and gonads of H. japonicas and D.
kwangtungensis was performed (Figure 4). HjChi was expressed only in the sto-
mach of H. japonicas. This was similar to the observed expression conditions of
digestion-related genes, classified as AFCase-1 and AFCase-2 in the stomach of
Actinopterygii [16]. However, their expression in D. kwangtungensis displayed a
similar profile to that of P. glauca [14] and Latimeria chalumnae [23], with ex-
pression in all organs, including metabolic and detoxification organs such as the
liver and kidney, hematopoietic organs such as the spleen, and hormone-secreting
organs (endocrine organs) such as the gonads. The expression conditions of
DkChi were similar to that of FCase-3 obtained from the kidney and expressed
in various parts of the body of Sebastiscus marmoratus. These results suggested
that, similar to fish chitinase classified as AFCase-1 and AFCase-2, HjChi is
mainly responsible for the digestion of food H. japonicas. In D. kwangtungensis,
DkChi was responsible not only for digestion, but is also involved in the meta-

bolism of chitin oligosaccharides in the liver and kidney, and the possible role

DOI: 10.4236/0jms.2018.81007

143 Open Journal of Marine Science


https://doi.org/10.4236/ojms.2018.81007

M. Watanabe et al.

Dipturus kwangtungensis_DKChi
Heterodontus japonicus _HjChi
Scyliorhinus torazame _StChi
Homo sapiens_AMcase

Mus musculus_AMCase
Paralichthys olivaceus_fChi1
Paralichthys olivaceus_fChi2
Paralichthys olivaceus_fChi3
Homo sapiens_Chitotriosidase
Mus musculus_Chitotriosidase

Dipturus kwangtungensis_DkChi
Heterodontus japonicus _HjChi
Scyliorhinus torazame _StChi
Homo sapiens_AMcase

Mus musculus_AMCase
Paralichthys olivaceus_fChil
Paralichthys olivaceus_fChi2
Paralichthys olivaceus_fChi3
Homo sapiens_Chitotriosidase
Mus musculus_Chitotriosidase

Dipturus kwangtungensis_DkChi
Heterodontus japonicus _HjChi
Scyliorhinus torazame _StChi
Homo sapiens_AMcase

Mus musculus_AMCase
Paralichthys olivaceus_fChil
Paralichthys olivaceus_fChi2
Paralichthys olivaceus_fChi3
Homo sapiens_Chitotriosidase
Mus musculus_Chitotriosidase

Dipturus kwangtungensis_DkChi
Heterodontus japonicus _HjChi
Scyliorhinus torazame _StChi
Homo sapiens_AMcase

Mus musculus_AMCase
Paralichthys olivaceus_fChil
Paralichthys olivaceus_fChi2
Paralichthys olivaceus_fChi3
Homo sapiens_Chitotriosidase
Mus musculus_Chitotriosidase

Dipturus kwangtungensis_DkChi
Heterodontus japonicus _HjChi
Scyliorhinus torazame _StChi
Homo sapiens_AMcase

Mus musculus_AMCase
Paralichthys olivaceus_fChi1
Paralichthys olivaceus_fChi2
Paralichthys olivaceus_fChi3
Homo sapiens_Chitotriosidase
Mus musculus_Chitotriosidase

= signal peptide — |« _ Glycoside family 18 catalytic domain

AKLLLATAVVLLACLELGRAYRVIEIF SNRIANRSIP GEGK Y FidH NV Di4CIRaT
AKLLLGTAVVLLACLQLGRAYRPVISMF TRRIANRSIP GEGK Y Mi4Q S VDJJCIAIT
AKLLLGTVAVLLACLELGRAYRVIEIF TARIADRSIP GEGK Y MIJE NV Dj4CIHaT

LIYERJAGM - RGNQI SINY
TIYERJAGM -RSNQIAQNY
LIYERJAGM -KDNQI TRHY
LIYEWJAGR-QNNEITHNI
LIYEWAGM-QNNETITHT
LIYEWJAGM -DSNMIKRNY
LLYEWJATI - KNNEKLANY
LIYEWISGINDANEL VigM
LIYERJAGM - TNHQL SQT
VIFESJAGM -DNHQL SKNV

[WNIJP KSgH A FN GISEN KNG NIRGwag s v

TKLILLTGLVLILNLQLGHAYQAT[SF TRRAAREIP GLGREMJZAD NI DjZCIHGT
AKLLLVTGLALLLNAQLGHAYNJAT[SRF THRAANRGIP GLGSFXJ|IDD I NjJCIHIT
GKLLICVGLALLLHVQLGRSYTAS[SNF TARIGUR@IP GAGK YF)4T N T D)4CeD
GKVLFVTALALLLHAQLGHSYIAS[SF TRRAACREIP PPTI YMJIND I DjZCIHET
NKLILLAGLCLSLGS-LVESARAV[EIF TURAS[RSIP GNGEKFM)JS DV DIINIRYT
[VRSVAWAGFMVLLNIPWGEAAKAVIEIF TERIANRSIQGEARFLIJK DL DJJSIAYT
VQSLAWAGVMTLLMVQVGHAAKIVISIL TRRASMRS®ITEAVRFFIARD VDN T
Active site

NF[QTOKEITAERIA S SGNIJQ IJT KNV I SFIRYG Y GG Ll VORRAYISG SRS PPQIKELYTVLAQELMARYSFEARIGKS SGQPRIALLSLEMIAGGRNNID TGREV P Q
NFTOKEITARMIASSGTINQ TIJT KN VT AF)RIG Y GRS L TDAR:AY|4G SR[GSPPVIKHLYTVLAQELMARNFEARJGKSTGQPRALL SAEMAAGGUMSNTID T GRJE VP Q
NFMRTOQKIRISAPWISTAATEIQTIJI KRV I SFIBAR Y GREG P LDRRAY 4G SRS PPQIMKELFTVLVQELMARYFEARGKSSGRPRALLSAPMAAGGKSTIDSGRE I PQ

[HNPIE LP'RQ EL N SPYT KRIP KPRy @pg A VIR

NFETAPRITALNMIS TPENIJQ TIYJT THV IKFIMQ Y EGNG L DIFDRA]YISG SRS PPQEIKELFTVLVQEMREINFEQEJAKQINKPRIAMVTAPRMAAAGISNTIQSGREIPQ
NFGTAPRITTERIS TS QNJQTIYT TRV I K FPRIQ Y GRIERG LM LDARAY|4G SR[GSPPQMKELFTVLVKEMRENNFEQPJATESNRPRAMVTAEMAAGGTSNTQAGMETPE
TQKIITANRIS SPANRIQTIII TRIVITF)IRIQ Y ERNCI L IDRBAY|AG SRS PPQIMKERYTVLVQELMSEYFEARGKKTNRPRAML TAPMASAGKGTIDSGRJQ1AQ
NY[STGRISQOEAIS SPATRIQTIYI SV ISFIRIQ Y BRI TDRRAYIJANR[GC S YDPIKENYSVFLEEMRSEAFETIJAK QS NRARALM SAFPMASAGRDTID SARJQ 1 PK
TFTREKPYTTEAUS TEANRGINTIIT QNS TK LYK HG NG LPILDRRAYIJA AR[QSPLENRQRFTVLCKELLEQNYEAPIRTAIGKPKAT I SAPMIPAGKGTIDAGRETAE
NFRTOQKRITDEMIATANNEJQ TIJVNNATRF)BIK Y SR L LDRRAY 4G S Q[JSPAVIMKERFTTLVQDLANEYFQQPJAQTSGKERALL SAEMAPAGQTYVDAGRJE VDK
TFETOKETDERIA TASNIJO TIIVKRAL S FIRIT Q GLE LPILDRARAFIJG GRS PTVIJKERFTALTIQDLAKEYFQERJAQS SGRKERIJLL TAERAP SDRGLVDAGREV DK

LGQTVRIFFNV|
LGKVVRIFFNV|
LGQILMFFENY
LSQYLRPIYTEV|
LSKYLMF IHV|
IGAVLPIYFHY|
LGQALPIMINYV|
LAKYLMFINY
TAQNLPIF VNL
TAQSLPFINL

[(F LAMYRII[MTLLKS -ATMEWNAAQIV VIRGAYTASEQLII GYDINYV KERIK AR4] E WIMEK NN FeNef VM VLID L A LDIBIF S[UA FGE[P YPJJINT L H 8 G
[(F L ARYRATMGFLNG-ATAEWNAPQUD TRRMAFENG ILIVGYRIN T KRG DSV E VIMMAK NN FeNefA M VRUD L A LM F S[GA FIMH Q[P Y PPAT N T L H § G|
[(F L ANgY
(1 WANSY
[GF W ARqY
[(F W ARQY

TR@ILHGSVEGY T[YENERGAYKRYPTDT - GSNAYLNIVDYVMNYUIKD N[GAMJAE)QAT VI[GF P TREGHA NI TPAS NP SNT G T[CHWIT S[AGP AP YAKES
TR@ILEGSWEGY T[QENRRSAYKYPTET -GSNAYLNIVDYVUNYUKNN[JABJAENQAI VGF PERMH T IPARNP SDNG [[EWIT S[DGPA[PYTRQA
TR@IFHGSWERHENV[ENERSARKGPADQ-BAMVYFRIVDYAMN YUIK S N[cJADJA B)QAL V[F P TR@cIH TRIRIMA S - SNTA V[FWIA S[PGPA[JTFTRQA
TR@JFHGSWDPNT[YD CER@AFKGPEDQ-GGF I YFRIVDYAMNYLUIK S Q[GADJAE)QAT V[GF P TREGN TIITPARNPADHG VEWIT A[A G TP[YRYTQE A
TR@IFHGTWES VT[JH HRR@AYKGSHDT - GEHVYLNITDFAMK YUIRDK[ATIJVERQANMIIF A TREEIR TIIRIAST - QS SA VSEWIT SEIPAAA[JAFTREA
AP@IFEGSWEKVT[JHNERSAYKRQEES - GAAASLNIVDAAVQQUIL QK[ETPJA SEQAI L{GM P TRMEIR SIYTIRAS SSDTR VIEWIA T[S G TPEPFTKEG

TR@IFFGPWSHT T[YENERGAYPLPNNKNLLNLDFRUIVDYAMK YUK TK[JADPJADYQAN VF P TRQEIH TIIRIAT S - SSHG VISEWIS SEJAGPA[QYTRQA
TR@IFYGPWSEVT[JENRNSAYALPNDKDYTNIYFRIVEYAMNYUAK SK[GAPJVDEQAN VIGF P TR@eH TIJRIAT S - SSTA VERIA GIAGPA[IKYTRQA
TR@IFFGSWSAVT[JENERSAYPLPNSQDTTNLYFRIVDFAMKYUIKD Q[JANJA EYQAN V[GF P TREEH TIYRIAA S - SNTG I[cHBIA A[PGAA[KYTRQA

IR4A T[HPGAPPYTKDK

ARIFESSLEKRTTEIH NERBSAYRKRQGES - GAAAEQRIVDAAVTLUAL QK[CGTRJA SEQHT L[IM P ThgeIR SEITIHA S S SDN G V[e]

GISTSCAPSKT
GISGACVPSKT
GISAACVPSKT
GLQSASCTAPA
GISTEGCTAPD
GTG-ASCASRS
NLEQASCAPPA
ALDLPPLPTTE
SLPYLPSGTPE

TMSFLKQGATQAVWDST[ID VigRqA YNQGTLIVG YPINVERRIQ T)47 Q V)R40 S G FLCNiA M VRIS LD LB F S[GT FIEG Q[e4R Y PRI N T I K S G
TMGFLKGGATEVVNQA[ID VIRqA YKGNQUIVG YPINNKERIQ TRV D WpBYK S N FeAdA M VEIT LD MPRJ Y M[G4T FMN QK Y PIIT NV L K K G
IMTFLQG-ASVQLIEDK VER4ATENNELIVG YPINK ERBIE TRV R YISYD NR FeNefA F VJA L D LPIIF QQ Y[4Q Q[gIN Y A]RI NYLR S L|
VIgSWVEGA--TRKQRTIQD[IK VigRgI FRDNQUIVGFIID VERBIR TSV S YPR4QO K G L[cHciA M VRJA LD LpDBIF A[QF S[MN Q[eJR Y PJHT Q TL R Q E|

TMTFLEKR-ATVEVNAP[QIM VidA Y SGNELIVG YRIN VERRIG DT E WPMAK NN Y[eRGJA M VRID L A LpBIF S[YT FYD Q4P YPIRTNK L H T G|
IMTFLENGATQGWDAPME VERMAYQGNVLIVGYPIN I KEBID 109A Q ViMRYH N K FleNei A M VA I D LDRMF T(GT FION Q[g4K F PRI S T L K K A
IMTFLRSGATEVVWDAS[E VERGA YK ANBYIL G YRIN T KBS VIdA Q VIO NN FHA M IJA 1D LRBIF T[dS FloD Qek F PIAT S TLNK A

[HE L ANF

[dF WSpqY

[ L ARdY

(v AkdYlAMS WK - - - -ERARTED[K viRda F oD NQkdv s FRID v ERRK Abda A YiBdo x 6 LI A v vEAV L D LRBIF k[Els FlAN ofddP Y P TR TLRQEMNLPSETPRSPE
Linker region = Chitin binding domain type 2 )
TLKPAVPPTHAPSGGGGGGGGGG--6GGGGGGGGS - -~ -~ - GERJAckANETYPDPKDRSKFYQEANERTYLES[A SRR s sEEERINE]s 478
TLKPAVPPTDAPSGGGGGGGGGGSSGGGSGSGGS - - G)MR GK AN TFPDPRDENKFYQMANHRTY LR s[da T cplRdD s s[Hx NP 480
TLPPTVP v e mcmmemmaenasannn GGGSSGC- - GMT DK AN[YYPYPKDESKFYHMVD[dvTYQuD[ds P cplgdD p s[MD[dshyr 460
QPIEPITAAPSGSGNGSGSSSSGGSSGGS GUNMA VRAN[LYPVANNRNAFVHMVNIYVTYQQN[HQA GPIAID T S{HD[GNNLIA 476
VPSEPVSTPP---GSGSGGGSSGGSSGGS GldA DKk ADELYPVADDRNAFVQMIN[EI TYQon[do A cplAdD T s[UN[ENE]Pr 473
NPLPPVTPTQHAQPQPGGGGSSGGSSGGSSSGGSSSGGS -GMdAGKSNELYPDATNKNAFYB[sQfk TvDou[da vopIEdD N s[dkHdANEIs 484
TRLPPIAGVSTTSGEGSSGGSSGGSSGSSGRDSGTSCMNNGEEMAGKANEIMYPNPTNENQFYNMSG[JKTYFQN[SA P GPAIN S A4S [HeINLYS 487
TPPTQVIPTKNPPYVTSHPTPVIPTSPKTPDS - - - - NiEJA AR AGIIT YAREGSPSSFYSMAN[JT TN I QN[dP A NPRAIR @ S[N[dDldr 477
LEVPKPGQPSEPEHGPSPGQD - - - - - - --u-m---- T)EMQGKADLYPNPRERSSFYSMa A[dRLFQos[dp T cpMAds N sk [ TLIN 466
QIIPEPRPSSMPEQGPSPGLD-----------==-- NildockapldvypNreDEsTYY NG cldrLFQosdp p cPRER A sk [ TREs 464

298

298

397
397
397
398

396
398
396
396
394

Figure 3. Alignment of amino acid sequences of chitinase. D. kwangtungensis (DkChi: stomach LC215399), H. japonicus (HjChi:
stomach LC215400), S. torazame (StChi: stomach LC018996), P. olivaceus (fChi-1: stomach AB121732, fChi-2: stomach
AB121733, fChi-3: pancreas AB121734), H. sapiens (AMCase: stomach and lung AF290004, Chitotriosidase: U29615), M. muscu-
lus (AMCase: stomach EF094027, Chitotriosidase: Tongue AY458654).
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Figure 4. Expression of DkChi, HjChi, and f-actin mRNA in organs of H. japonicus and
D. kwangtungensis by RT-PCR; p-actin was used as a control.

of biological defense is also suggested in the spleen and gonads for one variety of

chitinase.

3.3. Distribution of Chitinolytic Enzyme Activity

The distribution of chitinolytic enzyme activity in H. japonicas and D. kwang-
tungensis was investigated using pNP-(GIcNAc), (2 = 2, 3) as a substrate for the
measurement of chitinase activity (Figure 5(a), Figure 5(c)). The highest activ-
ity for pNP-(GIcNAc), was observed in the gonads, followed by the stomach and
spleen in H. japonicas. However, with the substrate pNP-(GIcNAc),, the activity
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Figure 5. The distribution of the chitinolytic enzyme activities in the organs of H. japo-
nicus and D. kwangtungensis. (a) Chitinase activity of H. japonicus, (b) p-N-Acetylhex-
osaminidase activity of H. japonicus; (c) Chitinase activity of D. kwangtungensis; (d)
- N-Acetylhexosaminidase activity of D. kwangtungensis, »: pNP-(GlcNAc), =: pNP-
(GleNAc),, o: pNP-(GIcNAc),. Bars represent the standard deviation (n = 3).
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was remarkably low in all organs. Similarly, in D. kwangtungensis, the highest
activity for the substrate pNP-(GIcNAc), (2 = 2, 3) was observed in the stomach
and minimal activity against pNP-(GIcNAc), was also detected in the liver. In A.
Japonicas, the activity of pNP-(GIcNAc), was higher than pNP-(GlcNAc), in
almost all organs, and the chitinase displayed a similar degradation pattern to
the chitinase encoded by the gene AFCase-2 [6]. In addition, chitinase activity
observed in the stomach of the D. kwangtungensis was similar to that at the de-
gradation site of the chitinase coded by the gene classified as an AFCase-1 [6].
Chitinase activity is present in the lymphomyeloid tissue of the Chimaera mon-
strosa, in the esophagus and lymphomyeloidepigonal organs of Etmopterus spi-
nax and Raja pulchra [13], and in the stomach, liver, and spleen of Mustelus
manazo [24]. These findings indicated that chitinase was found in most rays and
sharks, where it participates in physiological roles. Organ expression analysis
identified HjChi only in the stomach and chitinase activity in H. japonicas was
thought to be a result of the chitinase encoded by HjChi. Further, chitinase ac-
tivity in the spleen and gonads is thought to be a result of chitinase encoded by a
gene other than HjChi. In contrast, DkChi was expressed in all organs of D.
kwangtungensis, but chitinase activity was observed only in the stomach, and
based on the feeding status of the three samples used in the current study, the
possibility of adjustment for expression confined to the stomach exists. Con-
versely, Hex activity, which was measured using pNP-GIcNAc as the substrate,
was detected in all organs, similar to previous reports [11] [12], with high values
in the intestine, spleen, and gonads, and low values in the stomach, liver, kidney
of H. japonicas, whereas in D. kwangtungensis, higher activity was found in the
liver, kidney, spleen, and gonads and lower activity in the stomach and intestine
(Figure 5(b), Figure 5(d)).

3.4. Determination of Optimal pH

The effect of pH on chitinolytic activity was determind in the stomach of the A.
Japonicus and D. kwangtungensis using pNP-(GIcNAc), (n = 2, 3) as substrate
(Figure 6(a), Figure 6(c)). Optimal values of pH 5.5 and 5.0 for pNP-(GIcNAc),
and pNP-(GlcNAc),, respectively, were observed in H. japonicas, for the same
substrates in D. kwangtungensis, pH 4.0 and 3.5 were the optimal values, respec-
tively. For both substrates, the relative activity in the stomach of H. japonicas
and the D. kwangtungensis decreased to 50% or less of the maximal activity
from pH 6.0 - 6.5 to basic pH values. Further, in the investigation of the effect of
pH on Hex activity, pNP-GIcNAc was used as the substrate, and the optimal pH
for Hex activity was pH 4.0 in H. japonicas and D. kwangtungensis (Figure 6(b),
Figure 6(d)). The aforementioned results suggested that the optimal pH of sto-
mach chitinase of H. japonicas and D. kwangtungensis was similar to that re-
ported for the stomach of Actinopterygii [6], and that it may be involved in
feeding and digestion, based on the acidic environment because of the stomach

acid.
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Figure 6. Effect of pH on the chitinolytic enzyme activities in the stomach of H. japoni-
cus and D. kwangtungensis. (a) and (b) H. japonicus; (c) and (d) D. kwangtungensis, A:
PNP-(GIcNAc), »: pNP-(GIcNAc),, o: pNP-(GIcNAc),.

3.5. Phylogenetic Analysis of HjChi and DkChi

In order to determine the systematic position of the chitinases of Chondrich-
thyes, HjChi and DkChi, discovered in this study, and that of other fish chiti-
nases, we performed phylogenetic analysis based on the homology of the de-
duced amino acid sequence of family 18 chitinases of other organisms (Figure
7). The accession number and the names of all organisms included in the phylo-
genetic tree are shown in Figure 7. The results indicated that, similar to previous
reports [6] [12], the chitinases expressed in mammalian stomach were classified
as members of the AMCase [8] [25], chitinases produced by mammalian ma-
crophages were classified as members of the chitotriosidases [17] [18], stomach
chitinases of Actinopterygii were classified as members of the AFCase-1 and
AFCase-2 [6] [16], chitinases from the kidney of Actinopterygii were classified
as members of the FCase-3 [12]; however, HjChi and DkChi were not classified
as members of any of the aforementioned groups. In addition, L. chalumnae
(Sarcopterygii) [23], Protopterus aethiopicus (LC350289), and Lethenteron ja-
ponicum (Cyclostomata) (EU741679) did not belong to these groups. A new
group was created to classify Chondrichthyes in which HjChi and DkChi were
detected, including R. typus (XM_020535362), P. glauca (AB872008) [14],
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Serrati 3 1 No. Scientific name Information Accession No.
erratia marcescens - n Py
1 |Serratia marcescens Bacteria chitinase X03657
2 |Gallus gallus Grandular stomach AB071038
3 _|Latimeria chalumnae Stomach AB704869
4 |Lethenteron japonicum Liver EU741679
5 |Equus caballus Chitotriosidase EF694759
6 |Homo sapiens Stomach, Lung, AMCase AF290004
7 |Homo sapiens Macrophage, Chitotriosidase |U29615
8 |Mus musculus Stomach , AMCase EF094027
9 |Mus musculus Tongue , Chitotriosidase AY 458654
| 10 |Rattus norvegicus Stomach , AMCase AY486074
AMCase 11 |Rattus norvegicus Spleen , Chitotriosidase DQ286232
B o 12 |Sarcophilus harrisii AMCase XMO003769766
AFCase-1 /,—'2;' 1‘6\\ 68 13 |Epinephelus coioides Chil FJ169895
o ;512 10/. 4 14 |Epinephelus coioides Chi2 FJ169894
// SO0\ LA 15 |Hexagrammos otakii Stomach, HoChi-1 AB626093
K4 16 |Hexagrammos otakii Stomach, HoChi-2 AB626094
H 17 |Hexagrammos otakii Kidney, HoChi-3 LC218726
\ 22 18 |Paralichthys olivaceus Stomach , fChil AB121732
NS Chitotriosidase 19 |Paralichthys olivaseus Stomach , fChi2 AB121733
- ;‘ . 20 |Paralichthys olivaceus Pancreas , fChi3 AB121734
TN 21 |Sardinops melanostictus |Stomach, SmeChi-1 AB985610
\ 22 |Sardinops melanostictus |Stomach, SmeChi-2 AB985611
7 H 23 |Sardinops melanostictus  |Kidney, SmeChi-3 LC119087
H 24 |Sebastiscus marmoratus  |Stomach, SmChi-1 AB686658
/ 25 |Sebastiscus marmoratus _ |Stomach, SmChi-2 AB686659
9 /) 26 |Sebastiscus marmoratus |Kidney, SmChi-3 LC077733
/. 27 |Thunnus orientalis Whole body, Chi3 AB678426
L | 28 |Dasyatis akajei stomach, DaChi LC350288
29 |Dipturus kwangtungens |stomach, DkChi LC215399
____ 30 |Heterodontus japonicus |stomach, HjChi LC215400
31 |Mustelus manazo stomach, MmChi LC085613
. 32 |Prionace glauca stomach, PgChi AB872008
Chondrichthyes 33 |Rhincodon typus spleen XM_020535364
chitinase . 27 26 0.1 34 |Scyliorhinus torazame stomach, StChi LC018996
Sl N 17 .- /FCaSC—?) 35 |Triakis scyllium stomach, TsChi LC350287
““““ 36 |Protopterus aethiopicus _|esophagus, PaChi LC350289

Figure 7. Phylogenetic tree for chitinase amino acid sequences developed using the neighbor joining me-

thod in the ClustalW program. The right table lists the scientific name, information, and accession No. of

chitinase used in the phylogenetic tree analysis. The numbers in the phylogenetic tree and table correspond

to each other. A chitinase from bacteria was used as an outgroup. The scale bar indicates the substitution

rate per residue.

Dasyatis akajei (LC350288), Triakis scyllium (LC350287), M. manazo
(LC085613), and S. torazame. The chitinases of Chondrichthyes group were
identified to be similar to stomach chitinases and were more similar to the chi-
tinases produced mainly within the stomach, such as AMCase, AFCase-1, and
AFCase-2, more than the mammalian macrophage-produced chitotriosidase and
the Actinopterygii produced FCase-3, and was particularly similar to the AF-
Case-2. Further, as in this study, the chitinases of Chondrichthyes were placed in
the same group, whether of shark or ray origin; thus, we named the four chiti-
nases obtained from sharks and rays as Chondrichthyes chitinase. These results
indicated that fish possess chitinases with different functions and structures be-
cause of adaptation and that this was dependent on the feeding habitat and en-
vironment. Consequently, each chitinase group was formed based on a network
classification by phylogenetic analysis.

4. Conclusion

Novel chitinase genes were obtained from the stomach of H. japonicas, HiChi
(OREF: 1380 bp) and the stomach of D. kwangtungensis, DkChi (ORF: 1440 bp).
Although the amino acid sequence of the linker region was unique, the domain
structure predicted from the deduced amino acid sequence was a common
structure in vertebrate chitinases. Organ-specific analysis identified the expres-
sion of HjChioccurred mainly in the stomach of H. japonicas, which indicated a
primary role in the digestion of food, whereas DkChiwas expressed in all organs
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of D. kwangtungensis, which was suggestive of a variety of physiological roles.
Moreover, chitinase activity against pNP-(GlcNAc), was comparatively high in
the stomach, spleen, and gonads, whereas chitinase activity against pNP-
(GlcNAc), was substantially lower in all organs. In contrast, a very high value
was obtained for chitinase activity against pNP-(GIcNAc), (2 = 2, 3) in the sto-
mach of D. kwangtungensis. Hex activity was widely observed throughout the
body of both species of fish. In addition, the optimal pH of the stomach chitinase
of both H. japonicas and D. kwangtungensis was similar to that reported for the
stomach chitinase of Actinopterygii. Based on our phylogenetic analysis, HjChi
and DkChi do not belong to previously reported groups; thus, a new group,
Chondrichthyes chitinase, was established owing to the similarities with AM-
Case, AFCase-1, and AFCase-2, which are mainly expressed in the stomach, un-
like chitotriosidase and FCase-3. These results suggested the existence of class-
specific chitinase in the fish kingdom. Hence, it was possible to classify chitinase
groups, along with the application of phylogenetic analysis. Our studies are ex-
pected to lead to efficient chitin degradation and production of chitin oligosac-
charides of specific chain length by obtaining knowledge of chitinase of various
properties of fish kingdom. In addition, we are going to try expression of protein

in future.
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