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* The process of shell repair in specios of dnodonta is re-oxamined in tho Hght of curront views
. on the mantla/shell relationship in the Lamellibranchia. Kxperiments indicate thab the
; epithelin of the general outer mantle surfoce nnd mantle isthmus normally responsible for
 the production, respectively, of the inner layer of the valves and of o ligament can
.. Fegenarate maberial comparable with that produced by the outer fold of the mansle adge.
" The process, which is waually preceded by a phase in which smoehocybos are involved,
conglists inibiaily of the formation of appreciable quantitios of organic maberial {conchiolin),
- Muels of this conchiolin is histochemically comparable with that of the pericatracum and the
outer layers of the valves and lignment secretod during marginal incremont of the ghell by
‘the mner and outer surfaces, respoectively, of the outer mnntle fold. This type of conchiolin
fs probably rich in quinone-tannod protein. {selerotin). Repair of the velves is completed
by the caleification of this erganic matrix te form an outer caleareous {prismatic) layer,
followed by the desposition of inner (nacreous) layor material,

During the ropair procoss, the form of the goneral outer mantls opitheliam tends to vary
according to the type of material being secrsted.  Whils regenorabing periostracal and cuter
shall layer components the epithelial colls of the goneral outor mantle surfrce and mantlo
igthmus resemble both histologivally and histochemiszally those of the outer fold of the
mantle edge. Completion of valve repair by the deposition of nncre is aceompanted by the
cells roverting to the form characterisiic of the general mantlo surface during normal shell

- prowth. .

In dwodonin and related bivalves, therefore, the relatiouship which normally oxists
-between the different shell layers cad the secrabory epithelial zones of the mntie doss not
appear to be spocilic and unalterable, Thoe implications of those findings in relation fo
marginal growth of the mantle and shell are discussed.
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INTRODUCTION

Although much interesting work has been carried out on shell repair in

the Mollusea, observations in recent years have been largely confined to
gastropods, in particular the land pulmonates (Wagge, 1951 ; Wagge &
Mittler, 1933 5 Abolind-Irogis, 1663). Little work has Leen done on repair
of the shell in the Lamellibranchia since the classic studied on Margaritana

maygaridifere and various speeies of Anodonta by de Villepoix {1892), Rubbel
(1911 b} and Rassbach (1912). A re-appraisal of these ohservations is desirable
in the light of the new concept of the relationship of the mantle and shell

m the bivalve molluses elaborated by Owen, Trueman & Yonge (1953} and
Yonge (1953, 1057). '

MANTLE-SHELL BELATIONSHIP IN THE LAMELLIBRANCHIA
As in the shell of all bivalves, the valves and ligament in Anodonla both
consist of three layers, i.e. periostracum, ocuter and inner layers (Fig. 1)

Yonge (1062) considers that, as probably in all Unionacea, the ligament hag
no fusion layer.

undertving mantie {(Fig, 1({ah

valves andd Hown are formed. respeativels, by the inner and outer qurfe.%a
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areas o‘f the m&mle (O\“\ en, 'lrnenmn & Yonge, 1%‘3 Yonge, 1953 ; Oy

1958). Recent work on A"Jm(?m.m cygnea L. supports ﬂns concept on histologis
and histochemical grounds (Beedbam, 1954, 1958 a, b). In this hivalve,
epithelia of the inner and outer surfaces of the outer mantle fold which seerdg
respectively the periostraciom and cuber shell layers are alile m many f(&ﬂt!}%
PBoth regions are, however, distinguishable from the epithelia which- g
the inner layer of the valves and of the ligament in that their constit
cells are generally taller, contain denser granular cytoplasm, show gr
allkaline phosphatase activity and have o higher ribonucleoprotein con
Similarly, the different shell layers arve equally well defined by the chem
and staining reactions of their non-calcarcous (conehiolin) eomponents, Tt
reactions are smmmarized in Table 1, The conchiclin of the outer lay
both valves and ligament is snmlm‘ in that it is acidophilic and veacts str
to tests for phenolie groups, ineluding Millon’s reaction and Baker's (i
modification of Welin’s method for phenols. This indicates that its pn
content is hardened by quinone-tanning (Beedham, 1958 b).  The periost
reacts even more intensely to the argentaffin, xanthoproteic and other phe
Los(,s but is refractory to many stains, probably as a regult of further harde
of its protein constituent. On the other hand, the non-caleareous compouwbe

Each layer of the shell is secreted by a specific region of thé{
g . The periostracum and outer layers of the
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REPAIR COF THE SHULL IN SPECIRS OF ANODONTA

Fig, 1. The structure of the valves and ligament of the shell in Anodonta eygnea and thoir

relationship to the underlying mantlo. {a) The manile of a hypothatiesl primitive bivalvo sproad
outflat and viewed fromits outer surfaes showing the two thin pallial lobes of the maan o responsible
for the secretion of the valves commacted by the mantle Isthmus {m.i.} anderlying the ligament,.
{b) & {0} Sections through the valve aned Ligamaent in dnodonia in the respective planes iilustrated
in () to show the relationship between the layers of the shell and the seero"uox'y arsng of the mantle.
Not to scale

e.0.f,, epithelium on ouler surface of oubsr mantle fold ; e.o.m., epithelium of genoral outer
mantle surface ; eand., epitholium of mantle isthius iogl, growth Bines ; i, inner fold ; i,
fner lsyer of Hgament; lv., inner {nacreous) Iayer of valve; m.f, middle foid; m. -
mantle isthmus: o.f, outer fold of mantle odge ; o.., outer layer of Lgament; o, goneral
outer surface of mantle; o.v., outer {prismatic) layer of valve ; pal, pallial line ; pe.,
periostracum ; p.g., periostracal groove,
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of the inner fayers of the sheli appear to contain less highly-tanned protein
and stain moderately strongly with basie dyes, Sudan black B and Alcian blue

3
S =4 ys. - K
(Steedman, 1950) (Table 1), cygne
shel)
. - ) . . simil:
Panrt I—A seomary of the steining and histochomieal Teaciions of the nom-calearecus iR
components of tho sholl of dnodonta cygnen s
with
was
Valves Lignment by tl
Fowt, JPorio- Guter Inner Porio- Cutoer Trmer }igan 1
shramun layer lagor © stracum Inyer layer valve
R cuter
Mualiory's stain Colourless Red 13lue Colourless Red Blue of the
Masson's sbain Colouriess Rod Graen Colourless Red Green
Millon ANXNXX  XXXXx X ’ SNXNNHX XXXX X
Xanthoproteic KXXXX XXX X ANNXX AANXX X
Folin (Baker) NXXXX XXX e NEXXX RNXXNX X
Argontaflin HEXXX XX ftr NENXX XXX X
Arginine (Baker, XX XX NEX, X X XXX
1947)
Sudan Black 13 tr AXX XXX tr AX XX
Periedic actdf 5 Pt X 0 N X
Sehiff
(Hotehkiss, 1948)
Alecisn blue 0 i} XNAX 0 0 XX
{Steedman, 1950}
Fig. 2.
regions |
No. of X'z indicotes int ensity of renction ; ir, trace i U, no recognizable POSPONSO. {i) the a:
or (iii) 1}
f.a., and

These propertics, as does the mantle/shell concept in general, apply to
bivalves during normal growth conditions, They pose the interesting problem, °
however, of the specifieity of shell seeretion, ie. whether the relationship
which has been shown to exist between the various secretory zones of the |
mantle and the different layers of the shell is permanent and specifie, or
whether it can be altered experimentally. This has been investigated by
studying the process of repair of the valves and ligament in dnodonta, with
particular reference to (i) the nature of the non-calearcous material produced
in damaged regions of the shell and i) the appearance of the mantle epithelia
concerned with shell repair.

varied
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REPAIR OF THE SHELL IN SPECIE3 OF ANODONTA

MATERTAL AND MITHODS
The experiments were carried out on medinm-sized specimens of Anodonta
cygnea L. and A, anating L. The structure and properties of the mantle and
shell in these species are basically the same and they accomplish vepair in a
similar manner,
The experimental animals were divided into three groups each concerned

with a particular aspect of shell repair (Fig. 2). In the first group, a study

was made of repair of the valves within the pallial line, i.c. in the region bordered
by the line of attachment of the pallial muscles, the adductor museles and the
ligament. Small holes 2-3 mm in dimmeter were carefully drifled in the
vulves, usually one per valve in each specimen. This exposed the general
outer surface of the mantle which normally is concerned with the secrotion
of the inner calcarcous layer of the valves. The position of drilling was

fig. 2. The right hall of the shell in Anodonia cygren viewed from ibs inner surfres to show the
regions in which repair was investigated.  Porsions of sheli {shown in black) were removed from
i} the area of the valve inside the pallial Ling, (i} the margin of the valve outside the pallial line,
r (iil) the mid-rogion of tho lignment.  Areas of shell removal indieatod are nobt drawn to seale.
-8, anterior adductor muscle ; p.a., posterior adductor musele | othor lettering as in Fig, 1.

raried (Fig. 2), but there appeared to be no significant difference in the results
btained. The damaged region on one valve of each specimen was covered
with a small piece of cover-glass or eelluloid astached to the adjoining shell,
 procedure previously adopted by Rassbach (1912) and other investigators.
lowever, in order to ascerfain repair under more natural conditions the
damaged zone in the other valve was left unprotected.

" The second group of animals was used to investigate repair of the marginal
region of the valves outside the pallial line (Fig. 2). Pieccs of shell varying
n size were cut or drilled out of the margin, the damaged regions invariably




112 G. B, BEEDIIAM

_being left uncovered. In the third group, a study was made of repail of the
central part of the ligament (Fig. 2). Sinall picees 2-3 mm %unfr were cub

ouf of the hinge thus reve: \dmfr thc epithelium of the mantle isthmus whiel

in normal growth secretes only the inner figament layer. The damaged
regions in approximately hall of the specimens were covered with celluloid,
the remainder being left without protection.

The animals survived well and were maintained in their nataral habitat,
Specimens were removed from each group for examination overy 3—4 weeks
over a total period of almost 12 months, In addition, the immediate effects
of exposure of the mantle by damage to the overlying shell were ob.‘:exved
m animals maintained in the laboratory.

After preliminary observations followed Dby fixation in Bouin’s fluid,
neutral formalin, or ofher routine fixatives, the regions of repaired shell and
the underlying mimtk, were for practical reasons processed separately, The
latter were Llomed in a standard manner and embedded in paraffin wax but
the former required in many ecases to be decaleified and then embedded in
ester wax (Steedman, 1947) or, in the specimens of ligament repair, celloidin,’
Mallory’s and Masson’s triple staing were preferred for voutine examination
of sections becanse of the ease with which they differentiate between thes
VArions non-ca’lmremzq components of the shell (Table 1), The vther specifie
tests recorded in Table 1 were used to identify the types of conchiolin pr oduced
during repair.

REPALR OW TR VALVES INSIDE THE PALLIAL LINE

The exposed gener al outer surface of the mantle, which appears smoeoth
and relatively transparent immediately after removal of the over lying shell,”
gradually becomes opaque and irregular in appearance. This is due to the
aggregation of large nuwmbers of amoehoeytes in the sub-epithelial tissues
{(PL 1{1}}, & phenomenon which is known Lo oceur widely in molluses subjected .
to experimental shell damage {Takatsulki, 1934 ; Wagge, 1051, 1955 ; Dunachis,
1963}, The exposed e mhdmm may begin to break down in |)la(’ s and groups
of amocbocytes extrude on to the outer mantle surface. Although these effects
tend to be minimized at the marging of the damaged zone where the mantie is
closely apposed to the eut edges of the shell, the exposed epithelivm may i’
some cases almost cease to exist as an organized layer and is largely replaced
by closely-packed amoehocytes (Pl 1 (1)), It seems likely that these
characteristic rcaetions of the expo\ml mantle are a dirvect result of contach
with a changed envircnment,

The amoehaecytes found at the exposed region are of ditferent types. Some,
are small, active, irregularly-shaped eclls, 8$-i12p across, with deeply
staining basiphilic granular eytoplasm, whereas others ave larger, mor
sphgrmai cells, 20 4 in diameter, with weakly-staining vacuolated eytoplasm
The latter tend to aggregate in large Hocoulent masses at the exposed surface
Since intermediate forms exist between both these varvicties no attempt i
made to differentiate eritically between them. The term amoeboeyte is used
here in & non-specific manner. 1t is known that many different kinds of
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amoebocytes (leucocytes) are found in lamellibranchs (de Bruyne, 1896 ;
Kollman, 1908) but it seems likely as pointed out by Yonge (1926) that some
of these are functional variants of the same type.

The massing of amoebocytes at the affected surface of the mantie in
tnodonta is probably of protective value. Not only do the amoebocytes
form a barrier between the environment and the exposed mantic tissues but
they also remove waste matter from the unprotected swface. As shown by
de Villepoix (1892), they arc able to ingest forcign particles falling on the

mantle surface and as a result keep it free from detritus.

Repair of the damaged regions by the secretion of new shell material

takes place relatively slowly. This is known to be the ease also in shell

regeneration in other aquatic molluses (Heaysman, 1959 ; W agge & Mittler,
1953). 1t would seem likely that the effect of damage is not so inmmediately
eritical in freshwater and marinic species as in Helix aspersa and other
terrestrial molluscs where the dangers of desiceation arve such that rapid repair
of exposed areas of the mantle is vital. 1In general it wag found also in

Anodonia that artificial protection of experimentally induced damage to the

shell does not necessarily hasten the process of repair. Indeed. in many cases,
the secretion of new shell material appears to be actively stimuiated by the
exposed mantle coming into direct contact with the environmens.

Repair commences under the protection of the shell at the margin of the

damaged region and then spreads gradually across the exposed mantle (Fig. 3).
The regenerated material ultimately becomes attached to the inner surface of
the intact shell. The material formed initially consists of thin, unealeified,
loosely connected faminae with basiphilic staining p voperties. These membranes
are probably secreted by the amoebocytes which can be seen closely associated
with them in sections of the regenerating region (P 1 (2)). The amoebocytes
principally involved are the small, active varicty which have cytoplasinic
sontents with similar basiphilic staining properties. It is interesting to note
that these amoebocytes show strong alkaline phosphatase activity, a property
also exhibited by certain of the amoebocytes concerned with shell repair in
Heliz (Wagge, 1951), )
I it has been affected by exposure, the outer mantle epithelium now
reforms under the protection of the newly secreted membranes. This process
appears to be accomplished by the spreacd of epithelial cells, possibly by
amoehoid movement, from, the margins of the intact epithelium acjacent to
the exposed avea. It is known that in the moliuses opithelial cells from the
outer mantle swface are capable of independent movement whilst shell
r‘opair%is taking place (Wagge, 1955) _

A complete outer mantle epithelium is vesponsible for all subsequent
repair, the various stages of which are illustrated in Tig. 3. Initially the
epithelium may secrete small amounts of an uncalcified material basically
similar in composition fo that already produced by the amoeboeytes
{P1. 1(2)). All this conchiolin exhibits basiphilie staining properties, reacts
faintly to tests for phenols and in general shows histochemical reactions
similar to those given by the non-calcareous matrix of the inner {nacreous)
Iayer of the valves (Table 1). These properties, coupled with its natural
CPZS8E.—115 ‘ 8
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le yellowish colour, suggest that it consists mainty of pmiom only slightly

hardered by gquinone-tanning. The epithelial cells which seercto this materiak
resemble those of the ad}.mmt general outer mantle surface, bub they are

lightly talier and contain more deeply-staining eytoplasm (i’l 1.
~Although the seeretion of this type of conchiolin may form a rmiy consistens

feature in the early stages of repair, it is always followed 1 by the production

f non-caleareous material with quite different properties (D1 1 (3-5)). The

atter constitutes firm, membranous conchiolin which in scetion colours red

vith Mallory’s apd Masson’s stains, |t reacts mocl(*}.LLeh strongly with

s histochemical tests for phenolic substances eoncernced in tanning and shows

imilar properties to the organic matrix of the outer calearcous (prismatic)
ayer of the valves {l'able 1), The innermost laminae of the material gradually

Jlose their reactivity to stains and appear clear and slightly amber-colonred

n seetion (PLE(3)). These laminae respond much more vigorously to tests’
or phenolic substanices, a change consistent with further extensive hardening
{ their protein content by quinone-tanning, The properties of this conchiolin
are almost indistinguishable from those of the periostracam (Table 1)
ormally produced only at the mantle edge.

Periostracal and outer Jayer types of conehiolin, which in A. cygnea differ
neomposition from each other in degree rather than in kind (Beedham, 1058 ),
now form the most prominent components of the still unecalcified material
being used. for repair, Thoy are particularly prominent in those specimens in

. which the damaged regions of shell were not artificially protected. However,

although non- mlc areous material is an important and effective component of
the initial repair process, it is usually further %Lmno{houu} l»y caloification,
a8 at the mantle margin, to form a true prismatic Lwo (lwg 3.and L 1 {4)).
Caleified layers in the molluse shell ave typically fonmed in this way, i.e. by
the elaboration of an organic membrane on which caleimin earbonate erystals
are deposited (Bevelander & Benzer, 1948 ; Bev elander, 1952). The prisms
appear initially as rudiments on the inner surface of the perivstracal type of
eonchiolin (P11 {4)) and their subsequent enlargement accompanied by
further secretion of outer layer conchiolin produces a shalilow buL prominent
rismatic layer (Fig. 3).

The secrefion during repair of periostracat and outer layer components by
fegions of the mantie uum}]y concerned solely with the formation of nacre is
aecompanied. by significant changes in the outer mantle epithelium. The
gpithelial cells regenerating these components resemble cloqoiy those on the
inner and outer surfaces of the outer fold of the mantle edge. They are tall
and columnar with basally-situated nuclei (Fig. 3) and gr ‘mulal deeply-staining
h&alphzhc cytoplasm (Pl 1{8)). Tn these propertics, which are all character-
stio of the normal epithelial eells of the outer mantle fold in A. cyred
{Becdham, 1958 a), they are clearly distinguishable from the adjoining celis
of the genelal outer mantle surface which secrete the inner ]‘wei of the valves

fig. 34, PL1(6)). Tsujii (1960) has also noted changes in appearance of
the epithelial cells of the pallial mantle during shell repair in dnodonta species.

Repair is completed, as in normal shell growth, by the deposition of inner

reous) layer material (Fig. 8). Tt consists of thin alternating layers of

. o
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‘erystalline caleium carbonate and non-calcarcous material, the latter reacting
to histochemical tests in the manner shown in Table 1. This conchiolin:
appears similar in composition to that produced in the earliost stages of repair
although ditffering from it in that it becomes associated almost immediately
with mineral deposits, Nacre production in the repaired shell completes the
necessary strengthening of the damaged zone aithough it may be many months
before & compictely rigid structure is produced. The sceretion of nacre i
accompanied by the underlying epithelial cells reverting to the form
characteristic of the remainder of the generai outer surface of the mantie
The epithelium carrying out repair is now indistinguishable from that of
adjoining aveas. , i

There is, thevefore, a clear cycle of events in Anodonia during repair of
the valves inside the pallial line in which a restricted portion of the general’
outer mantle epithelivm can secrete In sucosssion the non-caleareous as well

the perio
can be s
well as b
~oells of ¢l
and secre

as the caleified components of all the layers of the valves. Moreover, this : § . The v
cyclical process may be repeated several times in the one region resulting in (PL 1 (8)
the complex, multiple type of repair structure illustrated in TFig. 3. The' g towar}is f
pronounced layered effect is not uneommonly found in specimens regenerating © - deposited
shell without protective cover and is probably caused by further natural by the e}
damage to the exposed portion of the repaired shell before it is completo and g Strncture
fully strengthened. The mantle epithelium would be subjected more than '
once to exposure to the surrounding water and would therefore tend fo repeat
partly or wholly the sccretory eycle originally initiated by removal of the .
overlying shell. A similar offect s shown in 1. 1 (5).  In this specimen, Regior
which also illustrates the actual bulk of non-calcareous material which may be of the liv
produced during repair, regeneration has been accomplished by the alternate exposed 1
production of several layers of the outer and inner layer types of conchiolin groups ol
by the same area of the outer mantle epitheliurm. v Although
i s ot 1
torn away

REPAIR OF THE VALVES GUTSIDE THBH PALLIAT LINE a8 in certa
eells of th
{(Beedham.
remaing cl
experiment
Repair
margin of
the amoeh:
“but the m

Repair of damage to the valve margin takes a relatively predictable course -
since it is carried out by those regions of the mantle edge which are concerned
with normai sheli growth. The mantle margin withdraws as far as podsible
behind the damaged region thus minimizing the eficets of exposure on the
mantle tissues. In general, these effects are conditioned by the extent of the.
damage inflicted. Where comparatively small pieces of shell are removed, the
mantie is only slightly affected. If the damage extends back almost as far
as the pallial line (Fig. 2), the outer mantle epithelium shows signs of |
degeneration. In all cases, amoehocytes ave active and present in large numbers
ab the exposed surface.

Actual repair commences under the shelter of the intact valve adjacent
to the damaged zone (PL 1(8)). Thin, non-calcareous laminae similar in
compogition to the organic matrix of the nacre are produced initially in the
proximal parts of the affected area. They are probably secreted by the
amoeboeyvtes active ab the exposed surface. The remainder of repair, however,
is carried out by the outer mantle epithelium. The epithelial cells of the
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nuter mantle fold secrete initially non-calearecus material consisting principally

- of outer layer conchiolin, This maberial may be irvegularly _tmmzaged 2t first
- but ultimately a firm, complete layer is produced (i, £(7)). As in repair
“inside the pallial line, the inncrmost laminae of this material subsequently

ose their affinity for acid dyes, show increased reactivity to the argentaflin

“ and other tests for phenolic subgtances and become comparable in appearance
cand properties with normal periostracum. It jg likely that this precess
“tesembles periostracum  formation dering marginal inerement of the shell
- although usually the whole sequence would take place within the confines of
. the periestracal groove (Fig. 1 (b)). The fact that periostracal conchiolin

ean be secreted by the outer surface of the outer fold of the mantle edge as
well as by its inner suwiface tends to support the view that all the epithelial
oells of the outer mantle fold in A. cygnea have basically the same au ueture
and secretmy properties (Beodhmm 1958 a, b}.
" The regenerated membrane i now calcified to form a prismatic layer
(Pl 1(8)) and the outer mantle fold extends the repair process gradually
towards the original hor der of the shell.  As this extension oceurs, nacre ig
deposited on thc inner surface of the proximal region of the regenerated shell
by the epithelium of the general outer surface of the mantle and the whole
structure becomes firmly attached to the undamaged shell.

REPATR OF THE LIGAMRNT

-Regions of the mantle isthmus exposed by the removal of small portions
of the ligament undergo similar modifications to those cxhibited by the
exposed palliai mantle. The epithelinm may degenerate in parts and large
groups of amoebocytes aggregate at the exposed surface (P1. 2({3 & 4)).
Although these effects may be caused at least partly by direct exposure,
it is not unlikely that the epitheliom is phyqloa,lly damaged and parts of it
torn away when the overlying ligament is removed. There is in Anodonia,
83 in certain other bivalves, a close natural continuity hetween the epithelial
cells of the mantle isthmus and the matrix of the inner layer of the ligament
{Beedham, 1958 a). The epithelium adjacent to the damaged region, however,
remains closely apposed to the ligament and is relatively una’ffcctud by the
expemnents.

" Repair commences by the secretion of thin, non-calcarcous laminae at fhe
margin of the aperture (PL 2 (1)}, These are probably secreted initially by
the amoebocytes which can be seen closely associated with them (P12 (1}),
but the material is thickened and extended (Pl. 2 (2}) by the underlying
epithelium which reforms beneath it (PL. 2 (4)). The rather delicate laminae
produced initially exhibit staining and histochemical properties similar to
those shown by the organic matrix of the inner layer of the normal héa.mvnt
{Table 1), Much of the conchiolin used in thiekening, however, iz quite
different, I3 is firmer n consistency and reacts to stains and histochemical
tests in a manner comyparable to the cuter ligament layer {(Table 1).

The outer layer type of conchiclin effectively completes the coverage of
the- damaged zone and may ultimately form the buliz of the material used in
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ligament repair (1. 2 (5 & 6)). Asin repair ol the valves, this type of material
with its high contont of qrinone-tanned protein appe
apidly and extensively in damaged arcas which
These firm, laminated membranes project into the aperture to form an are’
(PL 2(6 & 6)) which follows the natural contowrs of the underlying mantle
isthimus (L 2 (8)). The regenerated strueture often extends a considerable :
distance under the ligament anterior and posterior to the damaged region
and is firmiy attached laterally to the remnants of the intact ligament or to
the adjoining ligament ridge (P12 {6 & 6)).  As this altachment becomes
established, the repaived structure is increasingly subjected to the same lateral .
tensile stresses as those imposed on the outer layer of the intact ligament by

fhe closing movement of the valves, This I8 marked by the constituent

laminae of the repair membrane exhibiting hirefringence to polarized light,

The bivefvingence ocours paraile! to the outer surface of
ligament, as scen in transverse section,

ars to be seoreted more
are not artificially protected

the regerierated
il it may wltimately become ns
mtense as in the outer layer of the normal lignment, Tt is interesting to
observe that in certain specimens there ave signg of what may be incipient
prism formation on the fnner swface of the marging of the regenerated
membranes. However, unlike repair of the valves, no complete caleification
of the outer layer conchiolin ever takes Place. '

The production of outer layer material ig directly associated, as in valve
repair, with a change in appes

arance of the underlying mantle epithelium
(L 2(7 & 8)). The cells are tallor and contain more deeply-staining, granujar
eytoplasm than the adjacent cells of the mantle isthimug concerned with the
formation of the inner layer of the ligament. They appear cssentially similar
in structure and properties to the epithelial cells of the outer mantle fold
which normally seerete the outer ligament layer only. The shavp Hos of -
demareation which oxists betwoen the epithelinm  secroting the repaired
stracture and that adjacent to it (Pl 2 (7)) is as well-defined as that whiol
oceurs between the epithelia of the outer mantie fold and mantle isthmus
during normal ligament growth (Fig. 1 {e)).

Althongh in eertain specimens there is so
inner smrface of t

se seeretion of laminae on the
e repair membranes with properties vesembling the conchiolin
of the normal inner ligament layer, no complete caleified inner layer. wos
regenerated during the course of the present experiments, It is possible that
the relatively slight damage inflicted on the ligament has had no appreciable
effeet on the elastic functional broperties of the intact inner ligament layer -
and there is, therefore, no immediate urgency for ibs replacement onee a firm
protective membrane has been regencrated. .

DISCUSSION

“Although amoebooytes probahly play a limited socretory role in
stages of shell repair in Anodonta, the greater
accomplished by the outer mantle epithelinm.
that amoehocytes take part in the re
Mytilus edulis by suppl

he eatly
part of the repair proeess is;
Dunachic (1963) has shown
pair of damage to the periostracum in the'
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. they are not themselves divectly coneerned in regencration, i land snails,

amoeboceytes would appear to be more extensively involved in the necessarily

very rapid repair of damaged arcas of the sheli (Wagge, 1951 ; Wagge &

-Mittler, 1953). One important {unction of the amocboeytes which ageregate

=

~duzing repair in Anodonta is that of protection of the sxposed mantle surface.

This role Is particularly valuable in view of the comparatively long period

which may cinpse before repair is completed.,

The vesults of the present study, which show that the epithelinm of the
general outer surface of the mantie in Anodonta can secrete, as well as naore,

- material which closely resembles that of the periostracum and outer {prismatic)

layer, agrees with observations by Ruobbel (1911 1), Rassbach  (1912),
van Deinse (1912), de Waele (10303, Tsujit (1060) and others on. shell
regeneration in related freshwater bivalves. The regenerated Iayers can be
identified however not only on their morphologieal appearance, as shown by

. previcus investigators, but also by the characteristic histochemicnl and

staining properties of their non-calenrenus {eonchiolin) components, These

- properties ave ag clearly differentiated in the structures produaced during

repair as in the normal shell (Beedham, 1058 b).  Non-caleareons material

-constitutes the bulk of the new shell secreted in the carly stages of ropair

with the yellowish-brown pericstracal and outoer layer types of conchiolin
forming the major components, The observations on ligament regeneration
feel o o

‘show similar results.  The epithelium of the mantle isthmus, normally
~-eoncerned with the production of the inner layer of the ligament only, seeretes

during repair large quantities of conshiolin much of it comparable with that
of the outer layer. This material resembles its counterpart in the normal
ligament not only chemically but also in its birefringent properties,

‘the support and protection imparted to the regencrated shell by the
periostracal and outer layer types of conchiolin it probably due largely to

< their high content of quinone-tanned protein (sclerotin).  Ouly later, in the

case of repaiv of the valves, is the material further strengthencd by caleification.
Seleroproteing concerned with struetural support are widespread in the

Anvertebrates, particularly in the cuticles of insects and other arthropods

{Tryor, 1940 ; Dennell, 1947 Wigglesworth, 1048 ; Dennell & Malek, 1955)

and in the shell and byssus of many bivalves (Trueman, 1050 ; Brown, 1950,
1952 5 Beedham, 1958 b). The extensive production during repair in Anodonta

of conchiolin with a high sclerotin content appesrs to be actively stimuiated
by direct contact with the environment. 1t is in general found to be better
developed in those specimens which are allowed 1o regenerate shell naturally
and without artificial protection. The bhrownish patehes of a similar type of
conchiolin quite frequently geen in normat adult specimens of Anodonta on

. the inner surface of the nacre near the umbones and in some cases underneath

the anterior end of the ligament may result from the same kind of external
stimulus.  Water could infiltrate through cracks in the anterior portion of the
hinge of older specimens or permeate directly through the valves in the region
of the umbones where the protective periostracum tends to be worn away.
Similar conditions may operate during the initial stages of pearl formation
in Anodonta and related bivalves. Rubbel (1911 a, 1912) records the presence




" where secretion of the periostracum commences.
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of brownish periostracal-like conchiolin in the

“nuclens ” of many natural
‘pearls found in freshwater hivalves and the initial stimulus for the formation

of this material has been attributed to trritation of the mantle tissues by grains.
of sand or other foreign bodies from the extern

al environment, (for summary . With

see Tsujii, 1960). h support, |

The ability of the general mantle surface and mantie Isthmus to secreia o be caj

during vepair in Anodonta types of material found normaily only in the perato
periostracim and outer ghell layers indicates that they '

i carry out when .
necessary the secretory funetions of the cuter fold of the mantle edge. Moreover,

ir doing so, theiv epithelial colis usu ally become histologically and histochemically
camparable with those lining the inner and outer surfaces of the outer mantle
fold. . Tt should be stressed that during repair as in normat shell growth, the
mantle tissues within the pallial line are relatively static in velation £o the sheil.
This differs from regeneration at the mantie margin where, unless the damage is
extensive, the process is usually initiated by the outer fold of the mantle edge
which withdraws behind the dam aged area, Subsequently, repair of the edge
of the valves takes place hasieally in the same Way as marginal inerement of -
the shell. The process, nevertheless, is conditioned by the extent to which the
mantle edge can be withdrawn. This is limited in Anodonta by the position of -
the pallial line (Iig. 2), although in some bivalves, e.g. Pinna carnea (Yongs, :
1953), the possible extent of withdrawal may be very much greater, H
proximal to the pallial line in Anodonta no such m
relative to the shell ig possible by reason of t
pallial muscles. This is enhanced in the region of the mantle isthrous by the :
almost physical continuity which exists between the epithelial cells there and
the inner surface of the inner ligament layer, a feature found in several bivalyes

antle,
repair of
and oute
‘not knov
inner she
controlle
degree of

owever,
ovement of the mantle surface
1e msertion of the adductor and

{(Trueman, 1949 - Beedham, 1958 a). Tt follows that in any one region of the .I am ;
general outer mantle surface or mantle #thmus in dnodonta the same area of nrversil)

epithelial cells must basically be responsible for ajl stages of repair, :

Regeneration experiments indicate, thevefore, that there is no ahsolute
difference in secretory properties between the various epithelial zones of the
mantle in Adnodonta and their relationship with the different layers of the
shell is apparently not specific and unalterable. These vesulis have some
bearing on theé relationship which is maintained between the mantle and shell
during marginal growth. Growth of the mantle could be attributed either to
a general increase in numbers of the epithelial cells by division over the whols
outer mantle surface, or to an active proliferation of cells af the mantle
edge, possibly at the proximal end of the inner surface of the outer fold -

i indebf
all stages
kindly ren

In the former case, the
epithelial cells of the different areas of the mantle would continue to secrete

the same shell material during marginal increment of the mantle and sholl,
Le. they would tend to retain thoeir secretory identity. However, if the latter
condition prevails, the celis formed in the meristematic zone at the mantle
edge would pass round the outer mantle fold and along the outer mantle
surface and in doing so would secrete In suceession the periostracum, outer
and inner shell layers. Dunachie (1963) considers that the nature of the
growth of the periostracum in M whilus edulis is consistent with the second
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-hypothesis, although he points out that there is at present no conclusive
vidence for the existence of a specific region of cell generation at the mantle
“tiargin, i :

i With the same reservations, the present study may lend some further

upport to this view. The epithelial colls of the mantle in Anodonta ADPOAT
be capable of the type of eyelical change in seeretory activity which must
“operate at the mantle edge should this be the active growing point of the
‘mantle.  Such a cycle commences, as appears also to be the case during
_tepair of the. shell and pearl formation, with the production of periostraca)
-and outer layer material by cells of the characteristic onter fold type. Tt is
‘not known how the cycle, which would culminate in the deposition of the
(mner shell lnyers accompanied by a change in form of the secretory cells, is
controlled 'althongh it scems possible that external factors, for instance,
(degree of permeability of the shell, may be involved,
i The charaeteristic form of shell répair in Anodonta and related freshwater
hivalves is not necessarily found universall y in the Mollusca. Indeed, although
‘Boutan (1923} records that Haliotis can regenerate the whole of itg shell, in
‘many gastropods periostracum is not regenerated when pieces of shell are
‘removed from regions other than the extreme margin (Levetzow, 1032 :
“Andrews, 1934, 1935 Wagge, 1051 ; Abolins-Krogis, 1963). Andrews (1935)
considers that there is extreme specialisation of the mantle edge in gastropods
‘and this accompanies a compensating inability of other regions of the outer
mantle epithelivm to secrete all the layers of the shell.
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KEY T0 LETTERING
am. aroehoeytos
o, apithelinm ol the mantle isihmos
Cowof. epitheliom of outer surface of outer mantloe fold
.0, epithelivm of Lhe gonoral ouler surfacs of the manile
e exposerd region of mantls
ier layer of Bgament
Cinner (nacronns) lnyor of valve
Hgamont ridgo
outer (prismatie} layer of valve
prism rudimonts
re-forining eptihelium
regenerated inner layer type conchiolin
regeneratod inner (naercous) lnyer
regencrated laminae
regenerated outer layer type eonchiolin
r.o.f. regonerating epithelium resembling that of the outer nwntle fold
FETRE regenarated outor {prismatic} layer
r. po. regenerated periostracal-like conchiolin

EXPLANATION OF THE PLATES
PLATE 1

Sections illustrating ropair of the valves in dnodonta. 1-6 . ropair inside the palifal Hne, 7 & 8 .
Srepair outside the pallial line, In all photomicrographs the euter surface of the shell is arientated
towards the tap of page.

' Portion of the pallial mantlo exposed to bho envirenmant for 8 days showing amaoeboceytos
{am.) massed in the exposed region (o.r.) whereas tho adjacent epitholium of tha gonoeral outer
mantle surface {e.om.) is relatively unaffected.

2. Specimen vepairing for 3} weoks (uncoverad) showing formation of non-ealearcous laminag
r.h) secrefed initially by amoeboeytes (au) and thickened by tho epithelium of the general
mantle surface (e, o. m.},

4. Specimen repairing for 7} weoks (mncovored) showing regonerndion of perinstracal-like
conchiolin (r. pe.) on the fnner surface of conehiolin of the outor Inyer type {rok. The initially-
formed laminae (r.) are visiblo on the cuter surface of Bhe regoneratod structure,

4. Portion of the repaived structure produced in the region of an uneovermd aperbure aftor
4 months in which prism rudiments (p.) appear on the uner surfoce of o thiek membrane of
poriosiracal (r. pe.) and outer layer type (r.o.) conchiolin.

5. Part of & thick, non-cslearecus membrane produeod In,a spechmen aftor 8} months
regeneration (uncovered) showing the allernate ;nodmhcm of several layors of outer layer (r.0.}
and inner layer (..} type eomehiolin.

6. Region of mantle underlying n spocimen regonerating for 7} weeks showing the marked
difforence in apy pearance botween epithelinl cells rosembling those of the outer fold st the
mantle edge (r.0.f.) secreting outer layer iypo eonchiolin and the adjeining oplthehum of the
geneml outer mantie surface (e.0.m.).

7. A portion of the repair structurs completed by the mantle margin of a specimen after three
momhrs showing periostracal-like conchiolin (r, pe.) being seereted on the inner surfies of material
rsembling the non-calearcous matrix of the outer {prismatic] Jayer {ro.) by the epithelium on
the cuter surface of the outer mantle fold {e.0.0.}.
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8. Bpecimon regonerating for ten months showing repeir of a damagod valvo margin {at the
right-hand side of the photo-micrograph) by the seerction of new ouler {prismaiic) layer material
(r.ov.) follewed by inner {nacreous} layer (riv.). The ropaired structure is firmly sitached to
tho inteet valve {o.v,, Lv.).

PLATE 2
Hections illustrating repair of the lignment in Anodonte, In nll the specinmens the dovsal surface
of the lignmont is uppormost, B

L. Fransvorse sechion of spocimen regencrnbing for threo weeks (covered sporbure) showing
formation of thin, meompleto laminne of inner layer typo conchiolin (r.1.} with which largh
nwnhers of amooboeytes (am.) aro associsted.  Latorally is situnted a remnant of the inner Iayeg
{i.1.) of the intact Hgninent. ‘ ) Y

2. Tranaverso secbion of T-wosk-old specimon {coverad) showing nparture ahmost protectad by
the initially-formed lnininne {r.1.} which are, however, being thickenoed inferally by the firmer,’
outer layer typo conchiolin (r.o.), o

3. Transvorso section of mantlo isthrmus undorlying specimen illustratod in (1), The spithelinm
of the dorsal surface of the isthmas hos hoan lergely roplaced by amoebocytes (am.) although
ia heing reformed laterally (r.0.). :

4. Transverso section of mantle isthmus underlving repaly structure illusbrated in {2
Amosbocytes (am.) are still present hut much of the apithelinm has been re-forrmod (r.e.}.

5. Transverse sochion of spocimen aftor soven months repalr (uncovered) showing the forma
tion of & complote proteclive membrans of outer layer type conchiolin (r,0.) atiached laterally
to the ligament ridge (L.},

8. Transverse section of a thick repairad structure vonsisting mainly of outer layer conchioli
{r.0.} produced after ton months repair in the region of an uncovered apertura. '

7. Longitudinal section of mantle isthmus underlying speeimen illustrated in {6) showing the
sharp demarcation line betwean the apithalial cells condunting repair which reserbbie those of the,
outer mantle fold (r.0.f.} and the adjacent cells of the mantle isthmus which secrebe the inner
layer of the normal ligamont (e.m.i.),

8. Transverse section of mantlo isthmus underlying ropair structure illustrated in {6) showing
opithelinm: resembling that of the oubter manile fold {r.c.f.} which is concerned with the regeneration
of cuter lnyeor type conchiokin.




