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Chapter 39
Functional Analyses of MMP Genes 
in the Ligament of Pinctada fucata

Kazuki Kubota, Yasushi Tsuchihashi, Toshihiro Kogure, Kaoru Maeyama, 
Fumihiro Hattori, Shigeharu Kinoshita, Shohei Sakuda, 
Hiromichi Nagasawa, Etsuro Yoshimura, and Michio Suzuki

Abstract The bivalve hinge ligament is the hard tissue that functions to open and 
close shells. The ligament contains fibrous structures consisting of aragonite crys-
tals surrounded by a dense organic matrix. This organic matrix may contribute to the 
formation of fibrous aragonite crystals, but the mechanism underlying this forma-
tion remains unclear. Recently, we showed that tissue inhibitor of metalloproteinase 
(TIMP) and matrix metalloproteinase (MMP) is related to the formation of the liga-
ment in Pinctada fucata. BLAST search of genome database revealed that seven 
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MMP genes are encoded in the genome of P. fucata. To identify the specific MMP 
that may contribute to ligament formation, the expression level of each MMP was 
measured in the mantle isthmus, which secretes the ligament. The expression of 
MMP54089 increased after scratching of the ligament, while the expressions of 
other MMPs did not increase after doing the same operation. To identify the role of 
MMP54089 in forming the ligament structure, double-stranded (ds) RNA targeting 
MMP54089 was injected into the living P. fucata to suppress the function of 
MMP54089. Scanning electron microscopic images showed disordered growing 
surfaces of the ligament in individuals injected with MMP54089-specific 
dsRNA. These results suggest that PfTIMP and MMP54089 play important roles in 
the formation of the fibrous ligament structure.

Keywords Pinctada fucata · Ligament · Matrix metalloproteinase

39.1  Introduction

The components of the ligament are secreted by the mantle isthmus, which is the 
mantle tissue attached to the shell hinge. Bevelander and Nakahara (1969) reported 
that small fibrous aragonite crystals and organic frameworks are secreted from cells 
of the mantle isthmus and align to form long aragonite fibers. These fibers and the 
organic matrix are connected and transported to the shell to form the ligament 
microstructure. The crystals grow vertically toward the growing surface of the liga-
ment. In a cross section of the ligament, a pseudohexagonal aragonite crystal was 
observed (Kahler et al. 1976; Marsh and Sass 1980), which appears to be the euhe-
dral shape of the aragonite crystal. The diameter of the crystal is 50–100 nm, and the 
c axis is parallel to the long axis. In contrast, the a and b axes are oriented randomly. 
Aragonite crystals with the defect of {110} twinning were observed in the ligament 
(Kahler et al. 1976; Marsh and Sass 1980).

Suzuki et  al. (2015) reported that the aragonite crystals in the ligament of P. 
fucata contain ligament intracrystalline peptide (LICP). LICP regulates the growth 
of the aragonite crystal and maintains the orientation of the c axis to keep the arago-
nite crystals small. These small aragonite crystals can be aligned in the same direc-
tion and stacked to form aragonite fibers. The mechanism by which these small 
crystals are gathered and arranged in the organic matrix of the ligament is still 
unknown. To reveal the mechanisms underlying the formation of the complicated 
aragonite microstructures present in the ligament, structural and functional analyses 
of the organic matrix between the aragonite fibers are necessary. Recently, we 
reported that tissue inhibitor of metalloproteinase (TIMP) was identified from the 
insoluble fraction of the ligament in P. fucata (Kubota et  al. 2017). This report 
shows the function of matrix metalloproteinase (MMP) for the formation of the 
ligament.
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39.2  Materials and Methods

We used the BLAST search method to identify the MMP genes. We also prepared 
three types of pearl oyster samples to synthesize the cDNA for the templates of 
RT-PCR: sample 1 received no wound as a control, sample 2 received a wound on 
the shell by breaking the edge of the outer side of the shell with a nipper as the non- 
specific injured control, and sample 3 received a wound on the ligament from the 
outside to the inside with a cutter. After making a wound, each oyster was cultured 
in about 10 L seawater for 36 h. The PCR used the following cycling conditions: 35 
cycles of 30 s at 94 °C (3 min 30 s for the first cycle), 30 s at 55 °C, and 30 s at 
72 °C. The expression level of each MMP was checked by agarose gel electropho-
resis of the PCR products. The gel contained 0.004% ethidium bromide so that 
amplified DNA could be visualized. After the electrophoresis, the fluorescence of 
the gel was observed under the exposure of the light at the wavelength of 365 nm.

dsRNAs of MMP genes were prepared for the RNAi experiments. 30 μg of each 
dsRNA was dissolved with 50 μL PBS buffer and injected to adductor muscle of 
Pinctada fucata. We used four young oysters (7 cm in shell size) in this experiment, 
because it was necessary to observe the growth surface of the ligament. Four days 
after injection, the growth surface of the ligament was observed by scanning elec-
tron microscope (SEM). We observed the ligament growth edges of three individu-
als using SEM independently. These observations showed similar results. Table 39.1 
shows the list of primers used in these experiments.

Table 39.1 Primer sequences for MMPs

21914-5 AAAGAAAACTACAGACAAAG
21914-3 GTTTTACGGCGAGGTATTAT
07860-5 AGCTACACAAAGGTATGCCT
07860-3 ATAGCATCGAATTTCATGTT
60936-5 TGGTGATGCTGACATTATGA
60936-3 TCCTCCTGGAGTTTCCAGTA
32404-5 AAGTGGTCAGATGTGACGCC
32404-3 ATCTGTCATTAAGTTTGACG
23659-5 CGTAGCGGCCCACGAGTTTG
23659-3 TTGGGGTACCCAGGTGGGGG
54089-5 AAGCTTGTCTTTCGCACCTC
54089-3 TAAAGAGTTTGTATTCCTCT
14973-5 AAAACAAGTAGAAAATGCAA
14973-5 TTAAGTAATCTCCATCGAAT
54089-5(ds) GGGTAATACGACTCACTATAGGGAGCAGTTTAACTTAGGACCA
54089-3(ds) GGGTAATACGACTCACTATAGGGTTAGGATCATATCCAGCGTA
14973-5(ds) GGGTAATACGACTCACTATAGGGTCACCATTTCCAGATGTCAT
14973-3(ds) GGGTAATACGACTCACTATAGGGTCAAAGAATATCAAAAGAGG
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39.3  Results

39.3.1  MMP Genes in P. fucata

Blast search showed seven MMP genes in the P. fucata genomic database (Takeuchi 
et al. 2012): pfu_aug1.0_21.1_21914 (21914), pfu_aug1.0_1282.1_07860 (07860), 
pfu_aug1.0_11733.1_60936 (60936), pfu_aug1.0_14122.1_32404 (32404), pfu_
aug1.0_4795.1_23659 (23659), pfu_aug1.0_14629.1_54089 (54089), and pfu_
aug1.0_322.1_14973 (14973) (Fig.  39.1). Among these MMPs, some conserved 
domains were identified. All MMPs in the database have the MMP superfamily 
domain that contains the activity site of MMP.  MMP21924, MMP07862, 
MMP32404, MMP54089, and MMP14973 have a putative peptidoglycan-binding 
domain. No putative peptidoglycan-binding domain is found in human MMPs. 
MMP21914, MMP07860, MMP23659, and MMP14973 have hemopexin-like 
repeat domain, which is also found in most of human MMPs. Only MMP14973 has 
a signal peptide in the N-terminal sequence.

MMP21914

MMP07860

MMP60936

MMP32404

MMP23659

MMP54089

MMP14973

(539 aa)

(802 aa)

(382 aa)

(294 aa)

(329 aa)

(453 aa)

(680 aa)
100aa

Fig. 39.1 The domain structures of MMPs from P. fucata. MMP21914 consists of a putative 
peptidoglycan-binding domain, an MMP superfamily domain, and hemopexin-like repeats. 
MMP07860 consists of a putative peptidoglycan-binding domain, an MMP superfamily domain, 
and hemopexin-like repeats. MMP60936 consists of only an MMP superfamily domain. 
MMP32404 contains of a putative peptidoglycan-binding domain and an MMP superfamily 
domain. MMP23659 consists of an MMP superfamily domain and hemopexin-like repeats. 
MMP54089 consists of a putative peptidoglycan-binding domain and an MMP superfamily 
domain. MMP14973 consists of a putative peptidoglycan-binding domain, an MMP superfamily 
domain, and hemopexin-like repeats. Black boxes show the putative peptidoglycan-binding 
domain. Dotted boxes show the hemopexin-like repeats. Slashed boxes show the MMP superfam-
ily domain. Gray box shows the signal peptide
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39.3.2  MMP Gene Expressions in Response to Wounds

To further investigate the expression level of each MMP in the mantle isthmus, the 
wound repair process was investigated, and MMP expression levels during this pro-
cess were compared (Fig. 39.2). We assumed that expression of the MMP related to 
formation of the ligament would increase during the wound repair response of the 
ligament. Living pearl oysters were cultured in an aquarium for 1 week at 20 °C 
after the shell had been damaged by a knife. We used three treatment conditions: a 
control without any wounds, a wound on the shell margin, and a wound on the liga-
ment. Significant changes in the expression levels of MMPs 32404, 23659, and 
54089 were detected under these three conditions. Although the expression of 
MMP32404 decreased when the oyster was wounded on its shell margin, the expres-
sion levels in the control was higher than that in the ligament wound treatments, 
indicating that MMP32404 did not play a role in regeneration of the ligament. The 
expression level of MMP23659 increased after both shell margin and ligament 
wounds, indicating that MMP23659 has a non-specific wound-repair function in the 
shell. The expression level of MMP54089 increased only in the ligament wound 
treatment, indicating that MMP54089 plays a role specifically in regeneration of the 
ligament.

39.3.3  RNAi Experiment

To investigate the function of MMP54089 in the ligament, an RNAi experiment was 
performed. dsRNA targeting MMP54089 was injected into four living pearl oysters, 
which were then cultured in an aquarium for 4 days at 20 °C. The hinge ligament is 
attached to the nacreous layer of the shell (Fig. 39.3a, b). The growing edge of the 
ligament was observed by SEM 4 days after injection. In the control treatment of 
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1 2 3Fig. 39.2 RT-PCR 
analysis of MMP 
expression after wound 
treatment. (1) Unwounded 
control, (2) shell wounded 
with a nipper, (3) ligament 
wounded with a cutter
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(EGFP)-specific dsRNA injection, the tips of aragonite crystals were observed as 
white dots along the surface of the growing edge (Fig. 39.3c). Similar microstruc-
tures were observed after injections with MMP14973 dsRNA (Fig. 39.3d). In con-
trast, disordered microstructure was observed after MMP54089-specific dsRNA 
injection (Fig. 39.3e). The disordered organic matrix exhibited a wavy surface, and 
the aragonite crystals were not aligned, suggesting that MMP54089 plays a key role 
in the regulated formation of the fibrous microstructure of the ligament.

39.4  Discussion

Two hypotheses regarding the functions of PfTIMP and MMP54089 in the ligament 
were formulated. First, MMP54089 may degrade extracellular organic fibers to 
soften them and increase the space between them. The loosened extracellular 
organic fibers tend to adjust to the same orientation. A previous report showed that 
physical stress increased the activity of human MMP2 as well as its expression and 
also increased the toughness of a blood vessel analog in a cell-seeded collagen gel 
(Seliktar et al. 2003). A similar phenomenon may occur in the ligament of P. fucata. 
MMP54089 of P. fucata degrades extracellular organic fibers in the ligament and 

Fig. 39.3 (a) The shell of P. fucata. The white rectangle showed the region observed in (b). (b) 
SEM observations of the ligament and nacreous layer. (c) SEM observations of the surface in the 
ligament’s growing edge in the sample of EGFP-dsRNA injection. (d) The surface in the liga-
ment’s growing edge in the sample of MMP14973-dsRNA injection. (e) The surface in the liga-
ment’s growing edge in the sample of MMP54089-dsRNA injection
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arranges them to regulate the direction of their growth. In the second hypothesis, 
MMP54089 digests proteins to prepare the peptides that contribute to calcium car-
bonate crystallization. A previous work suggested that amelogenin in the enamel of 
human teeth is digested by human MMP20, and the peptide fragments of amelo-
genin promote the crystallization of calcium phosphorus in the teeth (Vuk et  al. 
2011). MMP54089 may digest some matrix proteins such as LICP to prepare the 
released peptides for calcium carbonate crystallization (Suzuki et al. 2015). Further 
investigation is required to reveal the relationships among PfTIMP, MMP54089, 
extracellular organic fibers, and calcium carbonate crystallization.
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