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HENR! PETIT, WALTER L. DAVIS and RUTH JONES

1ORPHOLOGICAL STUDIES ON THE
-t RIOSTRACUM OF THE FRESH-WATER
CUSSEL AMBLEMA (UNIONDAE): LIGHT

=t4§CROSCOPYf

TRANSMISSION ELECTRON
AND SCANNING ELECTRON

ABSTRACT, The structure of the periostracum in the fresh-water mussel Amblenae
has been described using light microscopy, transmission clectron microscopy, and
scanming electron microscopy- The structure and evolutive course of the periostracum
was studied along its entire length, from the periostracal groove unl it forms the tough
outer covering of the shell. At least five stracturally and fenciionally distinet regions
were idenified. In addition, the periostracum jtse.f was seen to be a multiayered
structure consisting of three major layers which are themselves subdivided into minor
lavers. From these morphological observations, a repulatory role for the varioas
periostracal fayers in mineral trapping. nucieation, and the subsequent formation of the

prismatic and nacreous fuvers of the shell can be postulated.

Introduction

periostracum. has  been considered
~iously as simply the outer waterproof
cring of the sheli. Thus, it represents the
wr layer of most maolluscan shells. Its
~ure and chemical composition were
-+ deseribed by Haas (1933) and later con-
~uid and elaborated on by numerous other
~iigators (Beedham, 1958; Beedham and
. 1065; Wada, 1966; Wilbur and
siss, 1968 Meenakshi er al, 1969;
wwor and Kannedy, 19693,
“iost studies agree that the periostracum is
serated by the epithelial cells of the inner
e ol the ocuter mantle fold (Korringa,
|, Brown, 1952; Yonge [957; Beedham,
<. Hilman, 1961). The ultrastructural
rahotogy of the cutls and the cellular
sanseins involved in this process have
described (Bevelander and Nakahara,

ATt of Microscopic Anatomy, Baylor
vof Dentstry Dallas. Texas,

sved LS Mav 1979,

1967, 1970; Wada, 1968; Saleuddin, 1974,
1975).

From the above literature survey, as weil
as a gross morphological evaluation of the
periostracum, its structure appeared to be
that of a simple uniform entity. However,
from our observations reported here, this
mantle product demonstrates a compiex
multilayered organization and is dramatically
different, both merphologically and function-
ally, along its entire course, Some previous
investigators have advocated that  the
periostracum, its mner part, seives as &
nucleation site for the precipitation and
growth of caleium carbonate crystals (Taylor
and Kennedy, 1969; Nakabara and Beve-
lander, 1971). We generally agree with these
authors, but believe that the nmechanism,
that is the total functional role of the peria-
stracum in sheli formation, has remaned
virtually incomplete and poorly understood.
To better understand the physiology of the
periostracum, one must comprehend  its
structure, along its entire course, from its
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peint of origin in the periostracal groove  werce subsequently placed in their 4
until it becomes the outer covering of the  priate fixative,
mineralized sheil. Using various MICroscopic Following post-osmication in either
techniques, we report here the functional phate or cacodylate buifered ipH 745
morphology of the periostracum in the fresh-  osmium tetroxide, some tissues were ;
water mussel Amblema, pared for scanning electron microge
acetone dehydration and subsequent crit
point-CO: drying {Anderson, 19511 oy
Materials and Methods tissues were aleohol dehydrased, flai
bedded (to insure proper orientation} ip i
Specimens of Amblema plicara perplicaia viscosity medium {Spurr, 1969} and eventy.
Conrad, & fresh-water Uniondae, were ally sectionsd for light MiCroscopic ;
obtained from a local lake. Animals were (ransmission clectron microscopic o
maintained in the laboratory in environ- tion. For tight microscopy, P24
mertally regulated stock aguaria. sections were stained with Paragon {Mariy
For sacrifice, animals were placed overnight  er of. 1967y, Thin sections for transmigges
in a 4°C refrigerator. This produced & stight  electron microscopy, showing gold-siis
opening of the valves (Petit er al, 1978).  interference colors, were mounted on i
With a diamond saw (Cab Mate, Graves Co.,,  coated copper  grids  and subsequen
Def Ray Beach, Fia.), irrigated with fixative, double stained with uranyl acetate and ja
¢ither phosphate buffered formalin {Carson  citrate (Reynoids, 1963). .
efal, 1973) or 2-59 ghutarsldehyde buffered To demonstrate inorganic HOns, primay
with (-1 M cacodylate {pH 7'4), small regions caleium, sections of mantle edge were ma)
of the shell with its attached periostracum  ally dissected and placed immediately
and mantle edge were remaoved in  their osmium-pyroantimonate {Carson o
relative in vivo relationships, These sections 1978; Davis er al., 1979). Following a 24

Fig. 1. Light micrograph demonstrating the extrusion of the periestracal
(pellicie) from the periostracal groove, The ribbon 5 closely adhered 1o the
cuboidal epithelial ceils of the periostracal groove (arrowheadsy. Ghataraldsl
fixation, Paragon stain. » 400,

o AR S

Fig. 2. Transmission eiectron micrograph {TEM) of periostracum formation. N i
that the microvilli appear to be adhered ro the forming periostracum, This may result
in direct glycocalyx (arrows} deposition (proteinaccous deposition) onto the pelfické
surface. Glutaraldehyde fixation, 20,000,

Fig. 3. TEM of periostracum formation. Note thit the periostracumy shows pe
contact with the epithelial cells. Also note the proteinaceous glveocalys materizl on
either side (inner, i: outer o) of the pellicle. Thus, both epithelial cell fayers lining the
periostracal groove may secrete material which is adsorbed to the surface of the forming
pelicle. This materia? is pyroantimonate positive, especiaily alony the columnar el
(Co). Osmium-pyroantimenate fixation. Cu, cuboidal celis. x 11,300,

Fig. 4. Scanning electron micrograph (SEM) of the periostracum within the peria-
stracal groove. Amorphous mineral granufes (arrowheads are seen on the inner syrface
of the pellice. These are apparently trapped and conveved toward the sheli edge by the
forming periostracum. Glutaraldehyde fixation. » 1000,

Fig. 5, Light micrograph demonstrating the extensive foliation of the inner faver of
the periostracum (arrows). Glutaraldehyde fixation. C, periostracal cul de soc. % 168

Fig, 6. TEM of the periostracal foliations shown in Fig. 5. Note the accumaulation of
pyroantimonate positive materia! (arrowheads) in this pouch-like structure, Osniue
pyroantimosate fixation. C, periostracal cul de sae, x 12,800,
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fixation period, tissues were washed several
times in delonized water, dehydrated in
cthanol and embedded in Spurr medism as
above. Thin scctions were prepared as indi-
cated previously.

Dried tissues were ccated with gold-
palladium and examined in an AMR 1000
scanning  electron microscope  {Advanced
Metals Research Corp., Burlington, Mass,)
operated at 20 kV. Thin sections were viewed
in a Philips 300 transmission electron micro-
scope (Philips Electronic Instruments, Inc,,
Mt Vernon, N.Y.) operated at 46-100 kV,

Results

Periostracum inside the periostracal yroove

The formation and course of the perio-
stracum within its groove is demonstrated in
Fig. 1. The pellicle is formed on the epithelial
cells lining the inne: surface ol the outer
ridge of the periostracal groove, Fig. 2 is g
transmission  electron micrograph of the
proteinaceous deposition on fo the peilicle
surface. In some instances. microvitii of
epithelial cells are directly adhered 1o the
forming pellicle (Fig, 2). In other instances
(Fig. 3), the pellicle is without ditect contact

Fig. 7. TEM of fibrillir extensions of the inner petl

PETIT, DAVIS AND 1oy

by the adjocent epithelisd cells. in Fig 14
appoars as i @ homogeneous m&gﬁ;&g
apparently secreted by cells lining the s,
stracal groove, s coaing both surfaces 84
formung periostracum. Some PYFORN Do,
positive gramudes (caloium ™) are seen withi
this fukd layver, and on the Surface o
cpithelial yoicrovilli. These are ggp@ﬁﬁg
prevafent on the inner surface of the Cvolving
periosiracum,

Fig 415 a scannng electron MICTOgEant of -
the inner surface of the perostracum withiy "
the  periostracal  groove. I demonsteges
amorphous mineral granules (deposits) whigh
are probably  adhered io and Conveyad
toward the shell edge by the farming perig.
stracurn,

The petiostracal veflection forming the enf dy
sac (foliaiion and iaereous deposition)

In this portion of the per BSEACUT, g
exiensive foliation of the inner periostracs
laver oeeurs (Fig. S This forms highty
folded curtaing which penetrate deeply inte
the cul de ser fluid (Fig. 5. Soch fold
probably  serve to tap and precipitate
mineral lops as demonstrated by pyroan
maonate clectron microscopy (Fig. 6). Afler s

fracthin. After the fayers of e

periostracum re-vnite, proteinacecus cxtensions {arrowsy of the inner periostraoss
appear to initiate and regulate the subseguent mineralization pheromenon. Glutaraide

hyde fixation. x 14,000,

Fig, 8, TEM of the initial formation and mineralization of the nacresus laver. The
crystallized nacreous laminae appear to be hordeced by the protemacenys St
{arrows) initially described in Fig. 7. Glutardldehvde Guntion, « 100,

Fig. 9. TEM of the periosiracurs demonstrati
layer of the periostracum. Note the presence of
within the vacuoles (arrow). Cemiitin-pyroantinoni

Fig. 10, SEM through the middie perios
crystalline subunits (arrowheads). These in

cuole Soraiion 1V IR the middi
santimonate veaction produsy
fixution, = 4000
al laver demonsiraty

atly form in the vacuoles d

Fig. & and subsequentiy give rise to the prismutic faver of the shell. Glutaraldebyd

fixation. x 1160,

Fig. 11. Light micrograph of the cleaving periostracum. The inner asprer (arrow)

cleaves to cover the outer nacre, while the oufer portion Givrowhead

Vers the Gubes

mast portion of the shell. Profcinaceous fibrils (smail arrowhends) extend beiween i
cleaving layers. Glutaraldehvde fixation. » 100.

Fig. 12, SEM of vacuole formation {(atrows) in the periostracuy. These eventusity

fuse and produce the separation of the periostracum layers <
Glutaraldehyde fixation. x 5000.

serhed in Figo 1h
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while, the multiple layers of the periostracum
again meet and fuse while, simultaneously,
the mineral is organized on the inner surface
of the periestracum. This mineral organi-
zation is apparently governed by paraliel
fibrils (laminae) of proteinaceous extensions
originating frorn the inner periostracal laver
(Fig. 7). Such organic material may serve as a
primary tempiate for the initial minera
seeding and subsequent subuniv formasion,
packing, and stacking (Fig. 8} characteristic
of the nacreous layer.

At the same time, structural changes are
occurring in the cther layers of the perio-
stracurn, The middle periostracal layer be-
comes highly vacuolated (Fig, 9, These new
compartments serve to collect the mineral
and subsequently organize it into spherical
crystalline balls (Fig. 10}, which are the
¢lementary subunits of the prismatic layer
(see below),

Prismatic differentiation of the periostracum

Here, the freedom of the periostracum is
Iimited by ifs attachment to the already
formed edge. At this point, the lavers of the
periostracam cteave 1o cover the outermost
part of the shell and the outermost layer of
the nacre (Fig. 11). This separation begins as
ovold vacuoles (Fig. 12) which eventually
fuse and stretch to become columns of organic
matrix  extending between the diverging

PETIYT, DAVIS AND IO

periostracal favers (Figs. 11, 133 The M

is first arranged in spherical subunits wit
these vacuoles. These are subsequently py
within the columns to form the prisms, @
elementary needles persist; these are dn
toward the forming side of the prigm,
columns divide and form the interpris
bags. Inside the huge chambers formeg
vacuolar fusion, mineral is driven and e
ized into spherical subunits. The honeycs
like pattern of the prismatic matrices 1
seen in transverse section) is shown ot
periostracum before the new caleifics
(recrganization) front is formed (Fi RV
Fig, |15 demonsirates the subunit packi
within the chambers. Further details or
Tormation of the prismatic layer will:
described in a later publication,

Attached perivstracum
Fig. 16 shows the crude edge on which ¢
periostracumm is aftached, Note that
partitions between the prisms are noti
columns we have previously described g
13} On a partally decalcified prep
{(Fig. 17), the matrices appgar
condensation of the original protem
matrices (columns) and are morphologically
the result of the secondary crystallization
into the prismatic units. i
The outer layer of the periostracyin
difficult 10 moerphologically differentia

Fig. 13. SEM of the early stages of cleavage of the periostracun. Vacucies, walled b
organic matrices (arrows), are clearly evident. Glutaraldehyde fixation, x 2000,

Fig. 14, SEM demonstrating the honeycomb-like arrangement of the periosiractn
prior to calcification of the prismatic layer. Osmium fxation. » 500

Fig. 15. SEM demonstrating subunit loading or packing of the matricial chambers

the future prismatic layer. Osmium Axation. » 2000,

Fig. 16. SEM of the shel} edge. The periostracum and the matrices of the prigemath
layer (arrows) are seen. There are no complete prisms in this micrograph, The base of
open end of the matricial prismatic bags is obliterated by nacreous deposition (K-
Glutaraldehyde fixation, x 250.

Fig. 17. 8EM of the prismatic matrices with contained mineralized material (arrowsh
Slightly decalcified by gentle treatment with HCL Note that the walls of the prisms are |
not the initial columns described in Fig. 13, x 800,

Fig. 18, SEM of the inner aspect of the periostracum as it covers the shell, Nate the
presence of pores. Prismatic matrices are also seen (arrow’. Glutaraldehyde Bratton.
% 2000,
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from the matriciai prism bags, but can he
easily peeled (reflected) from the top of the
prismatic matricial bags. In this case, it
appears as porous 4 structure on its inner
surface (Fig, 18). Pores were also seen on the
outer surface as wel],

Discussion

Fig. 19 is a diagrammatic representation of
the morphology, the various regions of, and
the evolutive course of the periostracum in
the fresh-water mussel Amblema. At least
five distinct regions of this structure are
clearly demarcated. These are: (1) the form-
ing pellicle inside the periostracat groove:
(2} the foliated part, characterized Dby
extensive infoldings of the maer layer of the

Amblema, The circled members (1-3
stracum: (1) in the periostracaf gro
becomes extensively foliaied; )

formation of the nacre (N); (4) following ¢

becomes attached to the shell as ifs outert

Fig. 19, Schematic ihstrating the course and varfous
5} indicate the five described regions of the
e {2) where ihe inner fay ;
after the lavers rejoin, the Petiostrag
and its inner layer produces profeinacenns lami
the bifurcation of the ;e
formation (V) and the resultant production of colums of or
function in the formation of the prismatic layer (P}

f s
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pericstracur: (3) laminar extension,

cafive of macreous ditlerentiation: 14) vacug
formation indicative of prisnatic

djﬁtrem
atiors; (51 and when the PEriostragmy b
comies the tough oyter covering of the Minerg,
ized shell. The structure of fhe PR IOS s
Is markediv different in eacht of the ahe,
arcas, however, fhe transition betweery s;«;
Tespective  zones appeared 10 be St
rather than abrupt,

Provious ultrastreciural observations
other investigators have examined only iy
imittal steps in the formation of the pers
stracum in either the periostracal groave g
gland  {Bevelander  and Nakaharg, G
970, Sateuddin, 1974, 1973}, To owr knag.
ledge, no fine structural investigations
reported both the stracture
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and evoliive
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m: (3} laminar extensior
creous differentiation; (
ndicative of prismatic
and when the periostracum 1.,
wyh outer covering of the Miner:.
he structure of the poriostrac -
¢ different in each of the abo.,
=ver, the transition between
zones appeared to be gy
abrupt. )
ultrastructural observations -
igators have examined only
in the formation of the Pere,
zither the periostracal 2rovie o
elander and Nakahara, [o.-
Adin, 1974, 1975). To our Lot
& structural investigations |y
th the structure and evolu,.

SRRNTITIN
4} VHCU
dfferen:.,

s of the periostracum in
bed regions of the perio-
tayer of the periosiracum
periostracum is reflected
$) which funcuon in the
ke peroyracum. vacuoele

AR mairk areawheads’
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stracal cul de sac.

oRPHOLOGY OF THE PERIOSTRACUM IN AMBLEMA i

rse of the periostracum along its entire
ind attached lengths, from the perio-
i groove to the ocuter shell surface.
wy ohserved and confirmed the siructure of
neriostracur to be multilayered, con-
Lome of at least three major layers which
sclves are further subdivided into sub-
. lavers, The multilayered nature of the
wriostracum has been reported previously
Leedbam, 1965; Bevelander and Nakahara,
Yy, From our study described here, it
irs that the periostracal layers develop
";cuuh the accretion of  proteinaceous
'-;;?Cl:iéli on to the intial pellicle. This occurs
- e periostracal groove where apparently
~ subsequent behavior and structure
srphodifferentiation) of the periostracumis
ored. For example, the outer layer is
Jened and forms the incremental growth
the middle or wvacueolated Ilayer
ceives the caleiom load for the formation of
- arismatic layer; and the inner layer beging
“old, trapping the mineral components of
+ {uture nacre and eventually aligning these
catals on to laminar extensions. This
Cuition occurs just as the periostracum
auts from its groove, Thus, specific chemical
smd mechanical (attached vy, free; vacuo-

e

flated vs. foliated) differences apparently
regulate the form and function of the perio-
stracunt. In addition, the process of ion
frapping and binding, and further protein
accretion onto its primary structure, serve to
alter its macromolecular configuration and
hence its activity and function, which are
closely intricated.

Asaresult of our morphologic observations,
the periostracim appears to play a major
regulatory roie in both nacreous and pris-
matic elazboration, formation, and orienta-
tion {crystalline) at the growing edge of the
molluscan shell and, therefore, cannot be
considered any more as being limited only to
the outer tanned waterproof covering of the
shell which is inactive and often eroded as
was consistently seen on the beak surfaces of
Amblema. Details regarding the role of the
periostracum in the formation of the pris-
matic and nacrecus shell Jayers will be
described in a forthcoming communication
(Petit, Jones and Davis, in preparation).
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