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Chapter 3
Regeneration of excised mantle tissue by Pinctada maxima1

3.1

Introduction

Recent research with Pinctada fucata and P. margaritifera has shown that mantle tissue
appropriate for use in pearl implantation can be removed from anaesthetised pearl oysters
without mortality and that excised mantle tissue is readily regenerated within about 3 months
(Acosta-Salmon & Southgate, 2005; Acosta-Salmon et al., 2004). This innovation has
implications for the pearl implantation process. First of all, mantle donors do not necessarily
have to be sacrificed to provide donor mantle tissue and those producing good quality pearls
could later be used a parent-stock to improve the quality of pearl farm stock. Secondly, high
quality oysters could potentially be used as mantle tissue donors on more than one occasion
(Acosta-Salmon & Southgate, 2005; Acosta-Salmon et al., 2004).

Regeneration is a form of asexual reproduction, but the term also refers to tissue or organ
repair and reconstruction to the original form (Goss, 1969). The repair of lost body parts
involves at least two major steps: wound healing and regeneration (Carlson, 2007), where
wound healing takes part prior to morphogenesis. Wound healing is usually characterised by
a complete covering by epidermis (Carlson, 2007) before morphogenetic processes begin to
build up the structure and, finally, the new body part reaches the same form as the original
both anatomically and functionally (Alvarado, 2004). Although a feature of almost every
phylum in the animal kingdom, complete wound healing or organ regeneration varies among
1

The data in this Chapter are in press in Fish and Shellfish Immunology (2009), Regeneration of excised mantle tissue by the silverlip pearl oyster, Pinctada maxima (Jameson). Fish & Shellfish Immunology, 27, 164-174. See Appendix 2.
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taxa and is affected by factors such as wound size (DesVoigne, 1968), location of the wound
(Pauley, 1966), hormones assisting the healing process (Franchini & Ottaviani, 2000), genes,
age and cells complexity (Alvarado, 2000; Alvarado, 2006; Carlson, 2007; Goss, 1969).
Furthermore, the capability and time required for regeneration differs between taxa (Carlson,
2007; Goss, 1969), even between closely-related species (Bely, 2006; Brockes et al., 2001;
Tsonis, 2000).

The results of Chapter 2 showed that P. maxima are readily anaesthetised. This potentially
allows mantle excision from living oysters. Although some aspects of the repair and
regeneration of damaged mantle tissue has been reported for some species of pearl oyster
(Acosta-Salmon & Southgate, 2005; Acosta-Salmon & Southgate, 2006), no comparative
data are available for P. maxima. Given the predominance of the sector of the pearling
industry that relies on P. maxima (Southgate et al., 2008) and the potential benefits to it from
retaining living donor oysters and the possible reuse of donors, this study describes the
regeneration process of mantle tissue from P. maxima.

3.2

Material and methods

Excision of mantle tissue from live adult pearl oysters requires anaesthesia of the oysters
(Acosta-Salmon & Southgate, 2005; Acosta-Salmon & Southgate, 2006). Propylene
phenoxetol at a concentration of 2.5 mL L-1 is an appropriate anaesthetic for Pinctada
maxima (Chapter 2).

The Pinctada maxima used in this study were cultivated using a suspended culture system in
Pioneer Bay at James Cook University’s Orpheus Island Research Station, north Queensland,
Australia (18°36’30’’S, 146°29’15’’E). The study was comprised of two parts: a three-month
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study determining survival of oysters with excised mantle tissue and their capacity for mantle
regeneration, and a more detailed study of the process of mantle regeneration.

3.2.1 Experiment 1 – Survival following mantle excision
A total of 56 oysters with mean (± SD) dorso-ventral measurement (DVM) and anteroposterior measurement (APM) of 125.5 ± 8.9 and 129.6 ± 9.1 mm, respectively, were used in
this experiment. Thirty-nine of them were deployed for excision while the rest were used as
controls. Following anaesthesia the oysters used for excision were divided into three groups
from which tissue was excised from either the right mantle lobe, left mantle lobe or both
mantle lobes. Oysters in the control group were anaesthetised but were not used for mantle
excision. Excision was made at the distal part of the ventral region of the mantle (Fig. 3.1).
The piece of mantle removed was approximately 30 mm long and 10 mm wide. Following
mantle excision, oysters were returned to culture conditions in Pioneer Bay for three months.
During this period, oysters were maintained in panel (pocket) nets (Gervis & Sims, 1992) and
fouling was gently brushed from the nets at approximate monthly intervals following
standard pearl oyster husbandry practices (Southgate, 2008). At the end of this three-month
period, oyster survival was recorded and two oysters were selected arbitrarily from each
group to be sacrificed for histological examination of healed mantle.

3.2.2 Experiment 2 – Mantle healing and regeneration following excision
The study was continued with more detailed observation of wound healing and mantle
regeneration in P. maxima. Only the left mantle lobes were studied because the results of
Experiment 1 showed that there were no differences in the healing and regeneration of mantle
related to whether the left, right or both mantle lobes were excised. Thirty six oysters with
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mean (± SD) DVM and APM of 151.6 ±13.4 and 143.7 ±11.7 mm, respectively were used for
excision following anaesthesia using 2.5 mL L-1 propylene phenoxetol. Once oysters were
relaxed, the distal part of the ventral region of the left mantle lobe was excised (Fig. 3.1).

Fig. 3.1. Pinctada maxima with one shell valve removed showing approximate area (dotted
line) of excised mantle tissue. Inset: the excised mantle.

The mean (± SD) length of mantle tissue removed was 29.7 ± 2.3 mm. After mantle excision
all oysters were immediately placed into a tank with flowing seawater together with another
17 oysters that were anaesthetised without mantle excision (controls). Two of the treated
oysters were sampled at 1, 3, 6, 12, 24, 36, 48, 72 and 120 h (5 days) after mantle excision.
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Remaining oysters were then transferred to field culture conditions in Pioneer Bay for
subsequent sampling of a further two oysters at 12, 24, 45, 72 and 90 d after mantle excision.
A sample size of two oysters was influenced by the high commercial value and limited
availability of P. maxima. Oysters sampled up to five days after mantle excision were
anaesthetised and sacrificed. Oysters sampled after this time (i.e. after transfer to the field)
were again anaesthetised and a further piece of mantle, that included the initial excision
wound, was removed and preserved in 10% formaldehyde for histological analysis; they were
then held under field culture conditions and their survival was monitored for a further three
months.

3.2.3 Histological analysis of mantle tissue
Excised mantle tissue from oysters in Experiment 1 and Experiment 2 was subject to
histological analysis using Mayer’s Haematoxylin and Young’s Eosin-Erythrosin, MSB
(Martius Scarlet Blue) trichrome and Alcian Blue-PAS stains (Culling et al., 1985) following
sectioning to 5 µm. The morphological structure of regenerated mantle tissue was compared
with non-regenerated mantle tissue excised from an uninjured part of the mantle adjacent to
the wound site. This comparison also involved reference to descriptions of ‘normal’ mantle
morphology for P. maxima (Dix, 1973; Humphrey & Norton, 2005) and other pearl oysters
(Garcia-Gasca et al., 1994).
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3.3

Results

3.3.1 Experiment 1 – Survival following mantle excision
Only one oyster death was recorded within the three months following mantle excision.
Healing and regeneration of mantle tissue in oysters subject to excision from the left, right or
both mantle lobes was evident, with regenerated mantle appearing similar to normal mantle
(Fig. 3.2). All external and internal components of normal mantle were present in regenerated
mantle tissue.

Histological examinations showed that the inner fold of regenerated mantle tissue grew
bigger than the other folds, and consisted of a large amount of muscle fibres (Fig. 3.2 A-D).
In the area between the outer and middle folds, known as the periostracal grove, a conchiolin
layer was secreted from the base of the regenerated mantle (Fig. 3.2 A-B). Epithelial cells had
completely covered all folds and pigmentation was particularly evident around the inner fold
and the inner surface of middle fold. (Fig. 3.2 B,D). Along the cells and sub-epithelial cells
areas there were irregular distributions of both eosinophilic and basophilic cells (Fig. 3.3).

Three-month after mantle excision, approximately one in four oysters had developed an
unusual stricture in the proximal area of the regenerated inner fold of the mantle (Fig. 3.4).
Pigmentation in the marginal zone was clear but the pallial zone seemed to be more
transparent than in normal mantle. New nacre secreted on the inner surface of the shell
adjacent to the wound area was thin and appeared different to nacre at other point in the shell.
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Fig. 3.2. Histological view of regenerated mantle tissue, three months after excision (A-D) and
normal mantle tissue (E, F) of Pinctada maxima. A. regenerated left mantle following
excision from both mantle lobes; B. regenerated right mantle following excision from
both mantle lobes; C. regenerated mantle following excision of left mantle lobe; D.
regenerated mantle following excision of right mantle lobe; E. normal left mantle; and
F. normal right mantle (if: inner fold, mf: middle fold, of: outer fold, cs: conchiolin
secretion, mus: muscle, and pec: pigmented epithelium cells. A, E stained with
Haematoxilin eosin– erythrosin technique, and B, C, D, F with MSB trichrome
technique. Bar scale 200 µm).
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Fig. 3.3. Photomicrograph of the distal part of the outer fold and part of middle fold of
regenerated mantle three months after mantle excision showing haemolymph vessels
(hv), connective tissue (ct) and both basophilic (bc) and eosinophilic cells (ec)
distributed along the epithelium and at the subepithelial region of the folds. Columnar
epithelial cells (cec) are the main cell type of the epithelium. Stained with MSB
trichrome. Bar scale 20 µm.
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Fig. 3.4. Stricture on the inner fold of the regenerated mantle tissue of Pinctada maxima; three
months after excision. Bar scale 200 µm.
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3.3.2 Experiment 2 – Mantle healing and regeneration following excision
Regular observation allowed wound healing and regeneration to be described in a sequential
manner. Initially, this process was characterised by an invagination of both edges of the
wound within 48 hours of excision (Fig. 3.5). The latero-ventral edges of the wound flexed
dorsally and attached to the dorsal edge of the wound thus reducing the size of the exposed
area of the wound (Fig. 3.5B). This process was not obvious in the first day after excision
(Fig. 3.5A). The flexed mantle edges retained their form until 5 days after excision (Fig.
3.5C). Newly regenerated mantle extended from the dorsal edge of the wound and material
was deposited onto the shell 12 days after excision (Fig. 3.6A). As the mantle regenerated
and grew in size, this deposition continued (Fig. 3.6B), and a thin layer of nacre has been
developed by 45 days after excision when the distal part of the new mantle had reached the
same position ventrally as the normal, non-injured, mantle (Fig. 3.6C).

Histological analysis showed that the first reaction of the mantle one hour after excision was
movement of muscle to minimise the area of the wound on both sides of the epithelium (Fig.
3.7A). This was more evident within three hours (Fig. 3.7B), where the contraction of
subepithelial muscle brought about constriction of the wound site transversally. Six hours
after mantle excision the constriction loosened and haemocyte assemblages were evident at
the wound site (Fig. 3.7C), while the epithelial cells around the wound flattened and became
smaller. Six hours later, haemocytes had completely plugged the wound site (Fig. 3.7D).
Squamous-like epithelial cells covered the wound area within 24 hours of excision, and
extended from both the outer and inner epithelia; however, there was still an opening in the
middle of the wound (Fig. 3.8). Connective tissue, with the appearance of muscle fibres, and
their differentiation, characterized the 36 hour post-excision sample (Fig. 3.9A, B). Although
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the gap became smaller, the wound site between 36 and 72 hours after mantle excision was
composed of haemocytes and the epithelium had covered the entire wound site (Fig. 3.9C).

Fig. 3.5. Early wound healing following mantle excision in Pinctada maxima: A. 3 hour, B. 2
days, and C. 5 days after excision. Note the invagination of both latero-ventral edges
of the wound area (arrows) in B and C.
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Fig. 3.6. Development of regenerated mantle (rm) and shell material deposition (*) on A. 12
days, B. 24 days and C. 45 days after excision of mantle in Pinctada maxima. Notice
the border between nacreous secretion and the periostracum (b) is reduced from A to
B due to material deposition (*), and finally in (C) the establishment of a new area of
material deposition with a new border (b1); the area is characterised by darker
background due to a thin cover of the deposition. Normally developed mantle (nm) is
on the left and right of the picture.
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Fig. 3.7. Transverse view of the mantle wound site of Pinctada maxima, A: 1 hour, B: 3
hours, C: 6 hours, and D: 12 hours after excision. Scale bars 100 µm. Notice the
contraction of muscle (mus) that squeeze the connective tissue (ct) in B and
accumulation of haemocytes (h) at the wound site (ws) and finally the haemocytes
seal the wound after 12 hours (D).

63

Fig. 3.8. Photomicrographs of sections of the mantle tissue of Pinctada maxima; 24 hours
after excision. A. Formation of the wounded area of the mantle tissue (Scale bar 200
µm) B. Detailed view of the inset at A (Scale bar 20µm).
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Fig. 3.9. Sections of the mantle tissue of Pinctada maxima at 36 hours (A, B) and 72 hours
after excision (C). B is the enlargement of the inset in A, showing dedifferentiating
muscle fibres (dmf) among hemocytes (h). A, C Scale bars 200 µm, B Scale bar 20
µm. The dashed line in C indicates the initial wound site.
At three to five days after excision, the healing distal edge of the mantle developed an
invagination and the epithelial cells elongated distally to form columnar cells (Fig. 3.10A).
Between five and twelve days after mantle excision, the distal part of the mantle had divided
into three small lobes (Fig. 3.10B) which had apparently developed into the outer, middle and
inner mantle folds two weeks later (Fig. 3.10C). Conchiolin secretion between the outer and
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middle fold illustrated regeneration and functioning of the periostracal groove (Fig. 3.10C).
However, both the middle and inner folds were smaller than the outer fold, and muscle fibres
in the former were not as obvious as in the outer fold. Moreover, cuboidal and squamous
forms of epithelial cells were common in these small folds while columnar cells composed
the epithelial part of the outer fold (Fig. 3.10C). At this stage, the pallial nerve was clear, in
the subepithelial region of the periostracal groove.

At 45 days after excision, the regenerated mantle tissue had developed pigmentation,
especially in the marginal zone (Fig. 3.11). The outer fold was still much bigger than the
other folds. Both basophilic and eosinophilic mucous cells were spread along the epithelium
of the outer fold but they were common in the subepithelial region (Fig. 3.11). Several
goblet-shaped basophilic mucous cells were evident around the basal region of the inner
surface of the inner fold or at all the epithelial surfaces of the outer fold (Fig. 3.11B).
However, in the middle and inner folds, eosinophilic mucous cells (goblet and granular
forms) were more common (Fig. 3.11C). Muscle fibres and small haemolymph vessels were
developed in all folds, but the remaining distal regions of the folds were composed of
collagen only. The distal regions of each fold were covered with cuboidal epithelium while
the proximal areas of all folds were columnar (Fig. 3.11A, B, C). At 72 days after mantle
excision, the folds were either equal in length or the inner fold became bigger and longer than
the other folds (Fig. 3.12). Muscle fibres became denser radially and longitudinally and
several threads of nerves appeared around the pallial nerve.
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Fig. 3.10. Histological sections showing formation of regenerated mantle folds in Pinctada
maxima at A: four days, B: twelve days and C: twenty-four days after mantle
excision. Scale bars 200 µm. a: artery, cec: columnar epithelium cells, cuc: cuboidal
epithelium cells, cs: conchiolin secretion, if: inner fold, mf: middle fold, of: outer
fold, pg: periostracal groove, pn: pallial nerve, and sec: squamous epithelium cells.
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Fig. 3.11. Sections of regenerated mantle tissue of Pinctada maxima 45 days after excision,
A: overall structure of mantle development with two insets, characterised by: outer
fold (of), middle fold (mf), inner fold (if), conchiolin secretion (cs), pallial nerve
(pn) and artery (a); B: enlargement of the inset covering part of outer fold area in
A, and C: enlargement of the inset covering part of middle and inner folds area in
A. Note the distribution of muscle (mus), haemolymph vessels (hv), basophilic (bc)
and eosinophilic (ec) cells as well as columnar epithelium cells (cec) and cuboidal
epithelium cells (cuc). Scale bar 200 µm.
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Fig. 3.12. Development of the mantle folds of Pinctada maxima; 72 days after excision, cs:
conchiolin secretion, if: inner fold, mf: middle fold, of: outer fold, pa: pallial artery,
pg: periostracal groove, pn: pallial nerve. Scale bar 200 µm.
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Fig. 3.13. Structure of the mantle folds of Pinctada maxima; 90 days after excision, cs:
conchiolin secretion, if: inner fold, mf: middle fold, of: outer fold, pa: pallial artery,
pn: pallial nerve. Scale bar 200 µm.
Ninety days (three months) after excision, the mantle had completely regenerated (Fig. 3.13).
The inner fold was bigger than other folds and the epithelial cells in marginal zones were
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developed commonly in columnar or low-columnar types as in normal mantle tissue.
Visually, pigments of regenerated mantle in the marginal zone showed the same colour tones
as the adjacent mantle but the pallial zone was not as strongly pigmented as its adjoining
normal mantle. However, histological observations showed no difference in epithelial
structure or in other internal mantle accessories when regenerated mantle was compared with
‘normal’ or non-regenerated mantle. One hundred percent survival of oysters was recorded
from this second observation.

3.4

Discussion

High survival following first and second mantle excisions in Pinctada maxima indicates that
this species has the ability to survive from haemorrhage resulting from significant wounding
of the mantle. Closure of the wound immediately after excision may also prevent infection.
This ability was also assumed in P. margaritifera and P. fucata following similar trauma
(Acosta-Salmon & Southgate, 2005; Acosta-Salmon & Southgate, 2006). Another important
factor influencing the health status of an oyster following mantle excision is the capacity to
deposit shell material in the area adjacent to the wound site. This restricts the establishment
of fouling organisms which could prevent shell closure and increase susceptibility to
predation.

This study showed morphological similarity between regenerated left lobe and right lobe
mantle tissue in P. maxima, and between these and normal mantle tissue. Regeneration
appeared complete within three months of mantle excision as indicated by tissue structure
(e.g. distribution of muscle fibres, haemolymph, secretory cells and the formation of three
mantle folds that were similar in size to those of normal mantle tissue adjacent to the
regenerated mantle area) and demonstrated secretory activities (e.g. production of nacre and
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periostracum). Similar mantle regeneration was observed in the two different age groups used
in this study; both regenerated apparently fully-functional mantle within three months of
excision.

Although complete regeneration was achieved within three months of mantle excision, the
cause of some anatomical deformities of the regenerated inner fold is unknown. Similar
abnormalities were not reported during mantle regenerated by other species of pearl oysters
(P. margaritifera and P. fucata) (Acosta-Salmon & Southgate, 2005; Acosta-Salmon &
Southgate, 2006). However, similar abnormal tissue development was reported during the
regeneration of boring organs of several muricid gastropods (Carriker & Zandt, 1972).
Carlson (2007) categorised this type of incomplete restoration as ‘hypomorphic regeneration’
possibly caused by nutritional or other types of deficiency (Carlson, 2007).

This study confirms that there are four stages in the complete covering of a wound by the
epithelium through the process of epithelization: muscular contraction to reduce the wound
area, haemocytes infiltration, inflammation (Bubel, 1984) and cellular dedifferentiation
(Alvarado, 2000; Bekkum, 2004; Carlson, 2007). Epithelization, which characterizes many
epimorphic systems (Carlson, 2007), is probably an important step prior to restoration of the
original form of the mantle. Epithelium isolates and protects the lesion from further infection
and this barrier provides protection against osmotic imbalance for aquatic animals (Carlson,
2007). This process was completed within 72 hours by P. maxima, but was completed within
48 hours by the related Akoya pearl oyster P. fucata (Acosta-Salmon & Southgate, 2006),
and between 52 and 96 hours was required for epithelization of wounds to the siphons of
Scrobicularia plana (Hodgson, 1982). Epithelization in the gastropod mollusc Haliotis
cracherodii was reported within 4 days for mantle tissue and within 48 hours for the foot
(Armstrong, 1971).
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Fig. 3.14. A parallel section of mantle three days after excision showing a wound site covered
with haemocytes (h) and an early development of connective tissue (ct). Scale bar
100 µm.
During the epithelization process other cellular reconstruction takes place internally.
However, it is unclear whether the new cells developed at the wound site or whether they
migrated from the surrounding tissues. This study recorded the development of connective
tissue among haemocytes (Fig. 3.14) and the apparent dedifferentiation of muscle fibres. As
muscle fibres might also increase the chance of the development of blastemal cells through
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the conversion of dedifferentiated cells (Carlson, 2007), it is possible that part of this
development was conducted by cells around the wound. The healing process at the epithelial
level may result from migration or duplication of epithelial cells from both sides of the
mantle wound. The mantle of pearl oysters has proliferative capacity although this varies
between the different zones of the mantle (Fang et al., 2008). This proliferative capacity is the
basis for cultured pearl production (Taylor & Strack, 2008) which requires a piece of mantle
tissue to be grafted with an inert nucleus into the gonad of a recipient oyster. Subsequent
proliferation of the mantle tissue graft envelopes the nucleus to form the ‘pearl-sac’ and
secretion of nacre from pearl-sac onto the nucleus eventually forms a cultured pearl (Awaji &
Suzuki, 1995; Fang et al., 2008; Haws, 1998; Taylor & Strack, 2008). The area of mantle
removed from P. maxima in this study is the same as that preferred for donor mantle tissue
used in cultured pearl production. On this basis, it is likely that the cell proliferation observed
in this study, in response to mantle wounding, was stimulated primarily by cells adjacent to
the wound.

Once the epithelium completely covers the wound, morphogenesis occurs and restores the
original shape of the mantle (Carlson, 2007). In this study, restoration was observed when the
three mantle folds formed; the outer fold emerged first, presumably because of the need for
shell deposition adjacent to the would site. The functions of the outer fold include
periostracum production (Hillman, 1961; Pan & Watabe, 1989), regulation for
biomineralization (Chen et al., 2004) and even ingestion of particulate matters (Bevelander &
Nakahara, 1966). Secretion of nacre onto the shell adjacent to the wound site indicates full
acquisition of nacre secreting abilities by regenerated mantle in P. maxima. This study
confirms that secreting ability emerges during mantle restoration (morphogenesis) as
mineralisation was evident on the 12th day after mantle excision. Initially this secretion seems
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to be conducted by new mantle tissue protruding from the proximal part of the wound in a
position dorsal to the non-injured mantle edge. Similarly, Acosta-Salmon and Southgate
(2005) recorded nacre secretion from regenerating mantle tissue in P. fucata and P.
margaritifera 15 days after mantle excision. Forty-five days after mantle excision,
regenerated mantle in P. maxima had extended ventrally to a position similar to that of noninjured mantle. By this stage nacre deposition by regenerated mantle had reached the same
position ventrally as that of non-injured mantle. It is reasonable to assume that after this point
is reached regenerated mantle would continue to thicken the nacre layers of the shell.

Further morphogenetic development resulted in complete regeneration of the three folds of
the mantle of P. maxima. Complete regeneration requires all cellular functions to be in place;
this process takes much longer than wound healing (Carlson, 2007). In this study, wound
healing was completed with epithelization within three to four days of mantle excision while
regeneration, characterised by morphogenesis, required approximately three months. The
results of this study and that of Acosta-Salmon and Southgate (2005) indicate that three
months is required for mantle regeneration for at least three species of pearl oysters used for
cultured pearl production; Pinctada maxima, P. margaritifera and P. fucata.

This study makes a significant contribution to our knowledge of tissue regeneration in pearl
oysters. In commercial pearl farms it is usual practice to obtain mantle tissue used for cultured
pearl production from sacrificed donor oysters. Our results show that the mantle tissue required
for this purpose can be removed from P. maxima without mortality. Furthermore, excised
mantle tissue can be completely regenerated with all internal structures within three months of
excision, and this may provide the basis for high quality oysters to be used as mantle donors on
more than one occasion. These results provide the basis for significant potential benefits to the
cultured pearl industry. Prior studies have recognised however, that the rate of wound healing
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in pearl oysters is likely to be influenced by their physiological state (Acosta-Salmon &
Southgate, 2005; Acosta-Salmon & Southgate, 2006), and by seasonal patterns of nutrient
storage and utilisation that have been described for marine bivalves including pearl oysters
(Saucedo et al., 2002). These processes are likely to provide energy sources and nutrients
required for mantle healing in pearl oysters, and the rate of the healing process may be
influence by seasonal fluctuations in nutrient availability (Acosta-Salmon & Southgate, 2005;
Acosta-Salmon & Southgate, 2006).

The results of this Chapter confirm that, like P. margaritifera and P. fucata, P. maxima can
regenerate excised mantle tissue with apparently normal morphological and functional
characteristics. There is then potential for regenerated mantle to be used as saibo for cultured
pearl production. However, this potential relies on the ability of regenerated mantle to
function identically to normal mantle with regard to nacre secretion and proliferation to form
a pearl-sac. These aspects are investigated in Chapter 4 and Chapter 5, respectively.
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