Marine Biology (2001) 138: 295-309

© Springer-Verlag 2001

Suzanne C. Dufour - Peter G. Beninger

A functional interpretation of cilia and mucocyte distributions
on the abfrontal surface of bivalve gills

Received: 12 February 2000 / Accepted: 10 September 2000

Abstract The lack of fundamental data on the abfrontal
surface of bivalve gills has prompted a comparative
study of cilia and mucocytes on this surface, using
scanning electron microscopy and histology on eight
species of bivalves, representing seven families and the
four major gill types: Mytilus edulis, Modiolus modiolus,
Arca zebra, Placopecten magellanicus, Crassostrea virgi-
nica, Spisula solidissima, Mercenaria mercenaria, and
Mya arenaria. Abfrontal cilia and mucocytes were found
in all species studied, with types and densities differing
within and between gill types. The three species of
homorhabdic filibranchs presented different densities of
abfrontal cilia and mucocytes, from very dense in
M. edulis to sparse in A. zebra. The heterorhabdic gills
had intermediate cilia and mucocyte densities, with
highest concentrations of both abfrontal cilia and mu-
cocytes on the principal filaments. The eulamellibranchs
showed low ciliary densities together with high mucocyte
densities, especially in S. solidissima, where the abfrontal
mucocytes were glandular. These results indicate that:
(1) the abfrontal surface is a vestigial mucociliary
surface; (2) the abfrontal surface cannot participate in
water pumping in most species, due to low ciliary den-
sities; and (3) species with high densities of abfrontal
mucocytes could utilize abfrontal mucus to reduce drag,
especially in the highly fused gills, such as those of the
eulamellibranchs. The differing distributions of abfron-
tal cilia and mucocytes may reflect different selective
pressures acting on the gills within the various taxa.
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Introduction

The gills of suspension-feeding bivalves are complex and
structurally diverse organs that capture and process
particles in the water column. The elaborate mechanisms
through which bivalves of the four main gill types
(Fig. 1) capture, transport, and select particles have been
studied quite extensively in the past decade (Beninger
et al. 1992, 1993, 1997a, b; Ward et al. 1994, 1998;
Riisgard et al. 1996; Silverman et al. 1996, 1999). These
investigations all dealt with the frontal surface of the
gills, which is in direct contact with the particle-laden
water drawn into the pallial cavity.

Although the functional features of the frontal gill
epithelium are fairly well known, the abfrontal surface,
which faces the excurrent flow, has barely been de-
scribed. This surface is not directly involved in feeding
since particle capture occurs on the frontal epithelium.
However, mucocytes and cilia, the known effectors of
particle processing on the frontal surface of gills (Ben-
inger et al. 1992, 1997b; Ward et al. 1993, Beninger and
St-Jean 1997a), are also present on the abfrontal surface,
as discussed below.

The data regarding the presence of cilia on the
abfrontal surface of bivalve gills are contradictory. In
early descriptions of bivalve gills, the presence of
abfrontal cilia was noted on all gill types (Lankester 1886;
Janssens 1893; Ridewood 1903; Orton 1912; Kellogg
1915; Atkins 1936, 1938). However, several later studies
reported that there are no abfrontal cilia on the gills of
more evolved protobranchs, of filibranchs, of pseudo-
lamellibranchs, and/or of eulamellibranchs (Yonge 1947,
1959; Cox 1959; Morton 1979; Allen 1985; Jones et al.
1990; Newell and Langdon 1996). Notwithstanding this
confusion, the presence or absence of abfrontal cilia has
recently been used as a criterion to construct phylogenies
(Salvini-Plawen and Steiner 1996; Waller 1998).

Some hypotheses on the function of abfrontal cilia
were given in cases where they were found in great
abundance. Jones et al. (1990) proposed that, in addi-
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Fig. 1a-d Diagram of the principal gill types in suspension-feeding
bivalves. Transversally sectioned demibranchs are illustrated; the
dotted surfaces are those seen on transverse histological sections.
a Homorhabdic filibranch. Ordinary filaments (OF) connected by
interlamellar junctions (/LJ). b Heterorhabdic filibranch. Principal
filaments (PF) and ordinary filaments, joined by interlamellar
junctions and ciliated spurs (S). ¢ Homorhabdic eulamellibranch.
Ordinary filaments, joined by interfilamentar junctions (/FJ). O: ostia.
d Heterorhabdic pseudolamellibranch. Principal filaments and ordi-
nary filaments, joined by interlamellar junctions and interfilamentar
junctions. A4S Abfrontal surface, F'S frontal surface

tion to the lateral cilia, the abundant abfrontal cilia of
Mytilus edulis are involved in water pumping. Similarly,
Beninger et al. (1988) suggested that the abfrontal cilia
of Placopecten magellanicus may create currents on the
dorsal respiratory expansions of the gill, although
the actual contribution of this structure to respiration
has never been investigated (Beninger and Le Pennec
1991). In some cases where the abfrontal cilia were
less abundant, as in Arca tetragona and Glycymeris
glycymeris, Atkins (1936) assumed they were sensory in
function.

The presence of abfrontal mucocytes has also been
noted on bivalve gills; in some cases, the mucopolysac-
charide (MPS) secretion type, indicative of the viscosity
of mucus (Grenon and Walker 1980), was specified
(Owen and McCrae 1976; Eble and Scro 1996; Beninger
et al. 1997a). Secretions from the abundant abfrontal

mucocytes of Placopecten magellanicus might lubricate
the gills and protect their delicate structure from hy-
drodynamic forces during valve clapping, and especially
swimming (Le Pennec et al. 1988). Abundant abfrontal
mucocytes are also present on the eulamellibranch gill of
Spisula solidissima; in this species it was suggested that
abfrontal mucus lubricates the water channels and
canals, facilitating water flow through the gill (Beninger
et al. 1997a).

Because our entire knowledge of the abfrontal surface
of bivalve gills is limited to a few cursory observations, it
is important to establish more rigorously the presence
and types of abfrontal mucocytes and cilia on different
types of gills, to obtain a more complete picture of gill
organization and function. To this end, the present
study documents the types and distributions of cilia and
mucocytes on the abfrontal gill surfaces of eight species
of bivalves. The gills of three homorhabdic filibranchs,
Mytilus edulis, Modiolus modiolus, and Arca zebra, and
of one heterorhabdic filibranch, Placopecten magella-
nicus, were studied. The gills of one heterorhabdic
pseudolamellibranch, Crassostrea virginica, and of three
homorhabdic eulamellibranchs, Spisula solidissima,
Mercenaria mercenaria, and Mya arenaria were also
studied. These species were chosen because they repre-
sent the four major gill types, cover a broad taxonomic
range, and, for some, show taxonomic diversity within a
gill type.

The data obtained were used to evaluate previous
interpretations of the role of abfrontal cilia and muco-
cytes in bivalve gills. Specifically, three hypotheses were
investigated: (1) the abfrontal cilia as participants in
water pumping; (2) mucus secreted by abfrontal muco-
cytes as a potential gill lubricant; and (3) the abfrontal
cilia and mucocytes constituting a mucociliary surface.

Materials and methods

Specimen collection and fixation

Three specimens each of Mytilus edulis (shell length: 63.7—
65.4 mm), Crassostrea virginica (shell length: 80.0-90.2 mm) and
Mercenaria mercenaria (shell length: 62.5-63.4 mm) were obtained
with a rake from Shediac Bay, New Brunswick (46°1725”N,
64°3215”W), in September 1996. From the same bay, three spec-
imens of Mya arenaria (shell length: 27.0-40.0 mm) were collected
from the intertidal zone in November 1996, and two of Spisula
solidissima (shell lengths: 115.4 and 121.8 mm) were obtained by
SCUBA in October 1996. Two Modiolus modiolus (shell lengths:
954 and 131.2 mm) and four Placopecten magellanicus (shell
length: 99.5-114.7 mm) were collected by scallop drag in Passa-
maquoddy Bay, New Brunswick (45°7°10”N, 67°5'10”W) in June
1996 and September 1996. Three specimens of Arca zebra (shell
length: 54.2-58.4 mm) were obtained from pier pilings at
St-George’s Bay, Bermuda (32°20’15”N, 64°40’10”W) in July 1996.

Whole gills were removed from each specimen by cutting
along their dorsal axes. From each animal, one gill was fixed in
aqueous Bouin’s solution (Martoja and Martoja 1967) for his-
tochemical processing, and the other was placed in 2.5% glu-
taraldehyde in a hyperosmotic (2,997 mosmol) sodium cacodylate
buffer (Beninger et al. 1995a) for scanning electron microscopy
(SEM) processing.



Histology

After 48 h, the gills fixed in Bouin’s solution were rinsed in running
water for 24 h and the demibranchs were dissected into anterior,
median, and posterior portions. The latter were then subdivided
into dorsal, medial, and ventral portions, which were dehydrated in
an ascending ethanol gradient and embedded in paraffin. Next,
7 um transverse sections of the demibranchs were affixed to slides
with fresh egg albumin. Following deparaffination and rehydration,
the sections were stained using the alcian blue-periodic acid-Schiff
(AB-PAS) protocol described in Beninger et al. (1993), using
diastase controls to eliminate non-MPS polysaccharides. The AB-
PAS technique stains mucocytes in a range of colors from blue to
pink, depending on the proportions of acidic (AB+) and neutral
(PAS+) MPS they contain. Abfrontal mucocytes were classified
into three groups, the secretions of which are known to have dif-
ferent functions on frontal surfaces (Beninger and St-Jean 1997a):
acid (AMPS), blue; neutral (NMPS), pink; and mixed (MMPS),
various shades of purple. Distinctions within the MMPS group
were not made; terms such as ‘“‘acid-dominant” and ‘“‘neutral-
dominant,” although useful in dealing with a particular species
(Beninger et al. 1993), are not readily comparable across species.
Numerical values were assigned to different shades of mucocytes
using the Pantone Color Formula Guide (Moonachie, N.J.).

Mucocyte counts

Stained transverse sections were used for mucocyte counts rather
than typical in toto preparations of separated gill lamellae (Ben-
inger et al. 1993; Beninger and Dufour 1996), because interlamellar
fusion in eulamellibranch gills allowed for only small segments of
abfrontal epithelia to be exposed. For each species, counting zones
(N = 50-90) consisting of 10 consecutive ordinary filaments (OF),
as well as 10 additional counting zones in heterorhabdic gills,
consisting of one principal filament (PF), were chosen at random
from all histological sections. Mucocytes in each zone were
counted, and means per zone were calculated for each secretion
type (Na, Npm, and N, for AMPS, MMPS, and NMPS, respectively)
and for all mucocytes combined (3~ N). In species with more than
one mucocyte secretion type, numerical ratios between types were
determined from the calculated N,, N, and N,.

Due to interspecific and intraspecific differences in mucocyte
size, numerical means and ratios give only limited information on
the potential quantity or viscosity of mucus secreted on a surface.
To report comparable results, regardless of mucocyte size varia-
tions, volume-corrected values were calculated for both the ratios
between mucocyte types in a species and the total mean number of
mucocytes in a counting zone (3. Ny).

For the different mucocyte types in each species, the approxi-
mate mean volume (V) was calculated from the mean (N = 35)
maximal mucocyte diameter (D), as in Eq. 1 (epithelial mucocytes
are approximately spherical).

V = [4n(D/2)’)/3 (1)

The D for each type of mucocyte were obtained from in toto
preparations of gill portions (procedure and staining times as in
Beninger et al. 1993). Because this technique stains entire muco-
cytes instead of thin or semi-thin sections, the diameter at the
widest part of a mucocyte could be measured, ensuring accuracy
and consistency of size measurements. Of the three eulamelli-
branchs, it was only possible to obtain in toto preparations from
Mercenaria mercenaria, because interlamellar fusion precluded the
dissection of the gills of Mya arenaria and Spisula solidissima.
Volume-corrected mucocyte ratios were obtained by multiplying
values from the numerical ratios with corresponding 7. For each
species, volume-corrected total means (D N,) were calculated
by first obtaining mean total diameters (3 D, Eq. 2), then mean

total volumes (3.7, Eq. 3). Ratios of Y7 between species were
determined, and the values in this ratio (Ry~y) were multiplied by

the S_ N for the corresponding species, yielding Ny (Eq. 4).
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where N, N, and N,are mean

maximal numbers and D,, D, and D,
mean maximal diameters for
AMPS, MMPS and NMPS,
respectively.

Y7= {M(Zb/zﬂ /3 (3)
> Nv=> N-Ry 4)
Scanning electron microscopy

After at least 48 h in the fixative, the gill samples were rinsed in sodium
cacodylate buffer and demibranchs were divided into anterior, median,
and posterior segments. The abfrontal surfaces of filibranch and
pseudolamellibranch gill segments were exposed by cutting interlamel-
lar junctions with microsurgical instruments and separating the lamel-
lae; extensive interlamellar fusion precluded a similar dissection for
eulamellibranch gills. All samples were dehydrated in an ascending
ethanol gradient to spectroscopy-grade ethanol and critical-point dried
with “bone-dry” liquid CO,. At this point, dried pieces of eulamelli-
branch gill lamellae were removed with forceps, exposing the abfrontal
surface. The prepared samples were mounted on stubs, sputter-coated
with gold-palladium alloy, and observed with a JEOL JSM 5200
scanning electron microscope. The densities of cilia on abfrontal sur-
faces were characterized qualitatively from micrographs, and their
lengths were approximated using the calibration bar and pieces of string
to correct for curve. The cilia were grouped into two major types: simple
cilia (including “long” and “short” simple cilia) and composite cilia. The
latter are grouped cilia of the same length, originating from a single cell,
that, unlike compound cilia, present no organic fusion (Beninger et al.
1999).

Results
Homorhabdic filibranchs

The three species studied had different quantities and
types of abfrontal mucocytes (Tables 1, 2). Mytilus
edulis had the highest number of abfrontal mucocytes.
These were predominantly found on the posterior side of
the filaments (Fig. 2a) and appeared to be more abun-
dant than the frontal mucocytes. Three types of muco-
cytes were found in this species, containing NMPS,
AMPS, or MMPS. Modiolus modiolus, in contrast, had
fewer abfrontal mucocytes. In this species, mucocytes
were situated in a latero-abfrontal position (Fig. 2b).
Arca zebra had the fewest abfrontal mucocytes, which
contained entirely AMPS (Fig. 2c).

SEM observations revealed that the abfrontal surfaces of
the gills of the three homorhabdic filibranchs were struc-
turally similar. Ciliary junctions between filaments, as well as
sectioned interlamellar junctions, were visible (Figs. 3, 4).
Abfrontal cilia were found in different types and densities in
the three species studied (Table 3). Mytilus edulis had the
highest density of simple abfrontal cilia, which were evenly
distributed throughout the gill, on the posterior side of the
filaments only (Fig. 4a—c). Some longer composite cilia were
either interspersed between simple cilia or present on the
anterior side (Fig. 4b, ¢). Modiolus modiolus also had both
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Table 1 Types and Pantone

correspondence of mucocytes Species Frontal Abfrontal
on the frontal and abfrontal . .
surfaces of the bivalve gills Secretion Pantone Secretion Pantone
studied type value type value
Mytilus edulis Acid® 2995c° Acid 2995¢
Acid dominant® 267c, 266¢, 2685¢ Mixed 273c¢
Neutral dominant® 227c¢, 233c, 234c¢ Neutral 239c¢
Modiolus modiolus Mixed? 265cP Mixed 265c¢
Neutral® 239cP Neutral 239¢
Arca zebra Acid? 801c° Acid 801c
Mixed? 2727¢° - -
Placopecten magellanicus Acid® 2995¢ Acid 639¢
Mixed® 275¢ Mixed 2727¢c
Crassostrea virginica Acid? 639¢° Acid 639c¢
Neutral® 239c*¢ - -
Spisula solidissima Acid®' 312¢P Acid 312¢
Mpya arenaria Acid®f 801cP Acid 801c
Mercenaria mercenaria Acid®’ 313¢? Acid 313c

#Present study

®Pantone values were obtained from the slides used to observe abfrontal mucocytes

¢ Beninger et al. (1993)
9 Beninger and Dufour (1996)

°Pantone values of mucocytes stained with AB-PAS (present study) rather than AB-PAS-
fast green (Beninger and Dufour 1996)

"Beninger et al. (1997a)

Table 2 Total mean number of

abfrontal mucocytes per Species >N (range) >N Numerical ve
counting zone and ratios ratio ratio
bet t f tes f
cach species studied. 4 AMPS.  Mytilus edulis 24.1 (13-24) 241 13N:10A:2M 9A:3N:2M
secreting mucocytes Modiolus modiolus 10.0 (0-32) 10.3 3N:2M 1IN:2M
M MMPS-secreting mucocytes, ;;‘ca zeb:a i 4.0 (0-10) 4.6 - -
N NMPS-secreting mucocytes; acopecten mageiianicus
S N: volume-corrected total 5.9 (1-13) 6.9 3A52M 2A31M
mean per counting zone, n.d. PF 9.3 (4-19) 10.9 1A: 1M 4A:3M
not available, OF ordinary Crassostrea virginica
filaments, PF principal I(’)I]; gg Eifé;‘) %% - -
file ts, V'C vol - ted -0 U - - -
aments volmescorrecte Spisula solidissima Glandular Glandular — _
Mya arenaria 4.8 (0-10) n.a. — —
Mercenaria mercenaria 4.5 (0-17) 18.2 - -

simple and composite cilia, but in this species, their densities
and positions were more variable (Fig. 4d—f): there appeared
to be a higher density of simple abfrontal cilia in the dorsal
regions of the gills observed. In areas with a higher ciliary
density, the cilia were usually in a latero-abfrontal position
(Fig. 4d), whereas in areas with a lower density, the cilia
tended to be directly abfrontal (Fig. 4f). The position of the
abfrontal composite cilia in this species was variable. The
gills of Arca zebra had simple abfrontal cilia which were
found in sparse tufts on all gill regions observed (Fig. 4g, h).
Some shorter cilia were also present on the abfrontal surface

(Fig. 4g).

Heterorhabdic filibranch and pseudolamellibranch

The two species in this group had different types of
abfrontal mucocytes, which in both cases were more
numerous on the larger principal filaments than on the
smaller ordinary filaments (Tables 1, 2).

The gills of the heterorhabdic filibranch Placopecten
magellanicus had both AMPS- and MMPS-secreting
mucocytes on their abfrontal and frontal surfaces (Ta-
ble 1; Fig. 2d). The mucocytes were represented on all
abfrontal epithelial surfaces of the principal filaments,
from the lateral faces to the afferent vessel, as well as on
the dorsal respiratory expansions.

The heterorhabdic pseudolamellibranch gill of
Crassostrea virginica contained only AMPS-secreting
mucocytes on its abfrontal surface; the frontal surface
had in addition NMPS-secreting mucocytes (Table 1;
Fig. 2e).

Abfrontal surface characteristics are illustrated in
Fig. 5 (Placopecten magellanicus) and Fig. 6 (Crassos-
trea virginica). Cilia were present on the abfrontal sur-
faces of ordinary and principal filaments in both species.
In P. magellanicus, simple abfrontal cilia in the region of
the principal filaments ventral to the respiratory ex-
pansions were found mainly on the afferent vessel
(Fig. 7a). These simple cilia were in high densities in
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Fig. 2a—i Transverse sections of bivalve gills, stained with AB-PAS. a
Mytilus edulis. Ordinary filaments, with AMPS-secreting mucocytes
(AM ) and NMPS-secreting mucocytes (NM ) on the abfrontal surface
(AS). MMPS-secreting mucocytes (MM ) are visible under the lateral
cilia (LC). FS Frontal surface, RM residual mucus. b Modiolus
modiolus. Ordinary filaments, with NMPS-secreting mucocytes on the
abfrontal surface. ¢ Arca zebra. Ordinary filaments, with AMPS-
secreting mucocytes on the abfrontal surface. d Placopecten magella-
nicus. Ordinary filaments (OF) and principal filament (PF), with
AMPS- and MMPS-secreting mucocytes on the abfrontal surface.
Crassostrea virginica. Ordinary filaments and principal filaments, with
AMPS-secreting mucocytes on the abfrontal surface. f Spisula
solidissima. Abfrontal surface, on a section at the ostial level.
AMPS-secreting mucocytes and residual mucus in the water canals
(WC) are visible. g Spisula solidissima. AMPS-secreting mucocytes on
the abfrontal surface, at an inter-ostial tissue level. h Mya arenaria.
Ordinary filaments, with AMPS-secreting mucocytes on the abfrontal
surface. Residual mucus can be seen in the water canals. i Mercenaria
mercenaria. Ordinary filaments, with AMPS-secreting mucocytes on
the abfrontal surface

anterior regions of the gill (Fig. 7b), whereas in posterior
regions they were in tufts (Fig. 7a). On the dorsal re-
spiratory expansions, simple cilia densely covered the
afferent vessel, and sparse patches of longer simple cilia
were found on the interconnecting vessels (Fig. 7c, d).

Fig. 3 Drawing of the abfrontal surface of a homorhabdic filibranch
gill, as seen with the SEM. The upper drawing illustrates the separation
of demibranchs to expose the abfrontal surface. The dotted surface
represents the plane of a transverse section. AS Abfrontal surface, FC
frontal cilia, FS frontal surface, IFJ interfilamentar junction, ILJ
interlamellar junction, LC lateral cilia, LFC latero-frontal cirri

On ordinary filaments, irregular patches of simple cilia
were observed (Fig. 7e). There was no apparent pattern
in their density throughout the gill. In C. virginica, the
high degree of abfrontal fusion between principal fila-
ments permits only partial observation of the ordinary
filaments with the SEM (Fig. 7f). On visible portions,
simple cilia were occasionally seen, as well as rows of
short cilia in a latero-abfrontal position (Fig. 7g). The
principal filaments showed higher densities of simple
abfrontal cilia (Table 3; Fig. 7h), especially in the dor-
sal-most regions.

Homorhabdic eulamellibranchs

This group had only AMPS-secreting abfrontal muco-
cytes (Table 1; Fig. 2f-i) and exhibited the most extreme
heterogeneity in abfrontal mucocyte density of the gill
types studied (Table 2). The abfrontal mucocytes of
Spisula solidissima were very abundant (Fig. 2f, g); be-
cause of the glandular aspect of the mucocytes in this
species, counts could not be made. Mya arenaria and
Mercenaria mercenaria had fewer abfrontal mucocytes
(Table 2). A volume-corrected mean could not be cal-
culated for M. arenaria because the extent of interla-
mellar fusion was too great in this species for in toto
preparations to be made, even for small gill portions.

The three homorhabdic eulamellibranchs studied had
a similar abfrontal appearance (Fig. 8), with low densi-
ties of abfrontal cilia (Table 3). Tufts of simple cilia were
found in relatively similar patterns throughout the gills
of Spisula solidissima and M. arenaria (Fig. 9a—f); the
abfrontal cilia of M. arenaria were slightly longer than
those of S. solidissima. After extensive observation of
abfrontal surfaces of the gills of three individuals of
Mercenaria mercenaria, only one tuft of simple cilia was
found (Fig. 9g, h).

Discussion

Abfrontal cilia were found, in varying amounts and in
different types, on all gills studied. This is consistent with
the results of Janssens (1893), Orton (1912), Gray
(1931), and Jones et al. (1990) for Mytilus edulis, Ben-
inger et al. (1988) and Le Pennec et al. (1988) for
Placopecten magellanicus, and Nelson (1960) for Cras-
sortrea virginica. In M. edulis, the grouped abfrontal
cilia were previously reported as being compound cilia
(Gray 1931; Sleigh and Holwill 1969; Baba and Hi-
ramoto 1970; Baba 1972; Jones et al. 1990). Although
they resemble composite cilia through the SEM (Ben-
inger et al. 1999), transmission electron microscopy will
be needed to ascertain whether or not these cilia present
organic fusion (compound cilia) or adhesion (composite
cilia).

The presence of abfrontal mucocytes has already
been noted on the gills of some of the species here ex-
amined: Modiolus modiolus (Atkins 1938), Placopecten
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Fig. 4a—h Scanning electron micrographs of the abfrontal surface of
homorhabdic filibranch gills studied. a Mytilus edulis. Simple cilia
(SC) on the abfrontal surface of ordinary filaments. IFJ Interfila-
mentar junction, /LJ sectioned interlamellar junction. b Mytilus edulis.
Simple cilia and composite cilia (CC) on the abfrontal surface. M
Mucus. ¢ Mytilus edulis. Simple cilia and composite cilia on the
abfrontal surface. d Modiolus modiolus. Ciliated abfrontal surface of a
few ordinary filaments. e Modiolus modiolus. Composite cilia on the
abfrontal surface. f Modiolus modiolus. Abfrontal surface of ordinary
filaments (OF) in the posterior region of the gill. g Arca zebra.
Abfrontal surface of a few ordinary filaments. SSC Short simple cilia.
h A. zebra. Abfrontal surface

magellanicus (Le Pennec et al. 1988), Crassostrea virgi-
nica (Eble and Scro 1996), Mya arenaria (Beninger et al.
1997a) and Spisula solidissima (Beninger et al. 1997a). In
one case, a different mucocyte secretion type was re-
ported: Eble and Scro (1996), also using AB-PAS, found
NMPS-secreting mucocytes on the abfrontal surface of
C. virginica, whereas in the present study, only AMPS-
secreting mucocytes were found.

As stated earlier, the hypotheses concerning the
functional aspects of the abfrontal surface here explored
are (1) the abfrontal cilia create currents improving

Table 3 Types, approximate

lengths (um), and relative Species Filament type Cilia type Length (um) Relative density
density of abfrontal cilia on the ] ] B
bivalve gills studied. OF Mytilus edulis OF Simple ) 5 ++ +
Ordinary filaments, PF i ) Composite 40 -
principal filaments. Density Modiolus modiolus OF Simple ' 7 ++
scale: —: absent; +: scattered Composite 60 ++
tufts; + +: 25-50% abfrontal ~ Arca zebra OF Simple 7-10 N
surface covered; + + +: more ) Short simple 2 *
than 50% abfrontal surface Placopecten magellanicus OF Simple 5 +
covered Short simple 2 +
PF Simple 5-15 ++ +
Long simple 15-20 + +
Crassostrea virginica OF Short simple 1-3 +
PF Simple 5 +
Spisula solidissima OF Simple 5-8 +
Mya arenaria OF Simple 8-10 +
Mercenaria mercenaria OF - - -

Fig. 5 Drawing of the
abfrontal surface of a heteror-
habdic filibranch gill, as seen
with the SEM. The upper
drawing illustrates the separa-
tion of demibranchs to expose
the abfrontal surface; interla-
mellar junctions are only found
in the ventral-most regions.
The dotted surface represents
the plane of a transverse
section. Dorsal respiratory
expansions (A} afferent vessel,
IV interconnecting vessels) are
illustrated on the dorsal
portion (D) of the principal
filament (PF). AS Abfrontal
surface, FC frontal cilia, FS
frontal surface, LC lateral cilia,
LFC latero-frontal cilia, LW
lateral wall, OF ordinary fila-
ment, S ciliated spur, V' ventral




Fig. 6 Drawing of the
abfrontal surface of a heteror-
habdic pseudolamellibranch
gill, as seen with the SEM. The
upper drawing illustrates the
separation of demibranchs to
expose the abfrontal surface.
The dotted surface represents
the plane of a transverse
section. Ordinary filaments
(OF) are visible between the
tissular expansions of the
principal filaments (PF). AS
Abfrontal surface, FC frontal
cilia, F'S frontal surface, LC
lateral cilia, LFC latero-frontal
cilia

water flow through the gills; (2) mucus secreted by ab-
frontal mucocytes lubricates the abfrontal surface; and
(3) the abfrontal cilia and mucocytes together form a
mucociliary surface previously or currently adapted for
particle transport.

Hypothesis 1 — abfrontal cilia help pump water
through gills

This hypothesis can be evaluated by comparing the
abfrontal cilia of the gills studied with cilia known to
be involved in water pumping, that is, lateral cilia.
Only the simple abfrontal cilia will be used in this
comparison because the composite abfrontal cilia of
Mytilus edulis and Modiolus modiolus are too sparse to
function in water pumping. The short simple cilia
(1-3 um) are also unlikely to propel water; although
sensory functions have previously been ascribed to
short cilia (Atkins 1936; Galtsoff 1964; Dwivedy 1973;
Owen and McCrae 1976), no reliable electrophysio-
logical studies exist to support this, and their function
is yet unknown.

Water-pumping cilia in metazoans are typically
10-20 pm in length (Sleigh 1982): the water-pumping
lateral cilia on the gills of Mytilus edulis measure 15 um
(Aiello and Sleigh 1972; Silvester 1988). Efficient
pumping of water occurs when cilia are in high densities,
such as in the bands of lateral cilia on the gill filaments
of M. edulis (Silvester 1988).

The simple abfrontal cilia in the species studied are
not typical of water-pumping cilia: they are shorter
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(most are 5-15 pm) and occur mostly in densities too
low to be effective in water flow. More importantly, the
abfrontal cilia are always associated with mucocytes.
This precludes a predominant role in water pumping
because cilia cannot primarily propel water if they are at
least partly covered with a layer of mucus; lateral cilia,
for instance, are never found in association with un-
derlying mucocytes. However, it was suggested that the
dense abfrontal cilia of Mpytilus edulis (which are
accompanied by numerous abfrontal mucocytes) assist
in water pumping (Jones et al. 1990; Jones and Richards
1993). This hypothesis has not yet been tested by in vivo
observation of abfrontal cilia or by noninvasive flow-
measuring techniques; thus the role of abfrontal cilia in
M. edulis is still unclear. The abfrontal cilia of the other
species studied, being much less abundant than those of
M. edulis, are probably not involved in water pumping.

Hypothesis 2 — mucus is used as a lubricant

Mucus in molluscs serves many purposes, one of which
is lubrication (Prezant 1985; Simkiss 1988; Davies and
Hawkins 1998). In the context of bivalve gills, the
secretion of mucus on the abfrontal surface might be
adaptive if it reduces friction between water and the
epithelium, in a manner similar to the drag reduction
produced by fish epithelial mucus (Hoyt 1975; Daniel
1981). Abfrontal surface lubrication could be of partic-
ular importance in eulamellibranchs because water
pumped through their gills is directed into abfrontal
chambers of reduced volume, where frictional drag be-
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Fig. 7a-h Scanning electron micrographs of the abfrontal surface of
the heterorhabdic filibranch and pseudolamellibranch gills studied.
a Placopecten magellanicus. Abfrontal surfaces of a principal filament
(PF) and a few ordinary filaments (OF), situated ventrally to the
dorsal respiratory expansions. Ciliary tufts are visible on the afferent
vessel (A4V). S Ciliated spur. b P. magellanicus. Principal filament,
situated ventrally to the dorsal respiratory expansions. Simple cilia are
present on the afferent vessel and on the lateral wall (LW).
¢ P. magellanicus. Dorsal respiratory expansion, with simple cilia on
the afferent vessel and the interconnecting vessels (/7). M Mucus.
d P. magellanicus. Tufts of simple long cilia (SLC) on an
interconnecting vessel. e P. magellanicus. Simple cilia (SC) and short
simple cilia (SSC) on ordinary filaments. LC Lateral cilia. f Crassos-
trea virginica. View of the abfrontal surface, with principal filaments
connected by interfilamentar junctions (/FJ), and a few ordinary
filaments in the background. g C. virginica. Short simple cilia on
ordinary filaments. h C. virginica. Abfrontal surface of a principal
filament, with simple cilia and mucus

Fig. 8 Drawing of the
abfrontal surface of a
homorhabdic eulamellibranch
gill, as seen with the SEM. The
upper drawing illustrates the
separation of demibranchs to
expose the abfrontal surface.
The dotted surface represents
the plane of a transverse
section. Ostia (0), surrounded
by inter-ostial tissue (I0T), are
visible on the abfrontal surface
(AS). FC Frontal cilia, FS
frontal surface, LC lateral cilia,
LFC latero-frontal cilia

tween water and the epithelium is probably important
(Beninger et al. 1997a).

In the species studied, abfrontal mucocyte density
was greatest in the eulamellibranch Spisula solidissima.
The two other eulamellibranchs, although they had few
abfrontal mucocytes, can still secrete a substantial
amount of mucus because the diameter of those muco-
cytes was large (Fig. 2h, i; Table 2). The presence of
residual mucus shows that AMPS are secreted on the
abfrontal surface of the gills of these eulamellibranchs.
Acidic mucus is highly viscous and is a good lubricant
because it is not easily hydrated or removed from the
epithelium (Hunt 1970; Faillard and Schauer 1972).

It is therefore possible that mucus on the abfrontal
surface of eulamellibranch gills is important in lubrica-
tion. However, it is questionable that abfrontal mucus is
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needed for the same reason in other gill types having
much larger abfrontal water chambers (and therefore
less frictional drag). The filibranch Mytilus edulis is an
example of a bivalve having such a gill type, but also
having a high density of abfrontal mucocytes. Another
explanation for the presence of abundant mucocytes is
needed for such bivalves.

It was suggested that the abfrontal mucus of Placo-
pecten magellanicus facilitates the dorso-ventral and
anterio-posterior contractions of the gill during valve
clapping, and notably during the escape swimming re-
sponse, protecting filaments from hydrodynamic and
mechanical forces (Le Pennec et al. 1988). This inter-
pretation is plausible, since in P. magellanicus the ab-
frontal mucocytes were abundant on the principal
filaments, which are the only ones in contact with the

mantle (Fig. 2d; Table 2). About two-thirds of the ab-
frontal length of the descending filaments faces the
mantle; abfrontal lubrication is probably advantageous
in these regions.

Hypothesis 3 — the abfrontal surface
is a mucociliary surface

Mucociliary surfaces, characterized by a dense covering
of simple cilia with an overlying layer of mucus, are
common in metazoans (Sleigh 1982, 1989; Meyer and
Silberberg 1978; Beninger et al. 1997b; Blake et al.
1998). In bivalves, such surfaces exhibit a diversity of
function. On the gills of the more primitive proto-
branchs such as Nucula sp. (Drew 1901), mucociliary
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Fig. 9a-h Scanning electron micrographs of the abfrontal surface of
homorhabdic eulamellibranch gills. a Spisula solidissima. View of the
ostia (O) and inter-ostial tissue (IOT). b S. solidissima. Simple cilia
(SC) and mucus (M) on the abfrontal surface. ¢ S. solidissima. Tufts of
simple cilia on inter-ostial tissue. d Mya arenaria. View of the ostia
and inter-ostial tissue. € Mya arenaria. Tufts of simple cilia on the
inter-ostial tissue. f Mya arenaria. Tufts of simple cilia on the inter-
ostial epithelium. g Mercenaria mercenaria. Inter-ostial tissue and
ostia. h M. mercenaria. Tuft of simple cilia on the inter-ostial tissue

transport is used to clean these solely respiratory organs
of deposited particulate matter (Atkins 1936, Yonge
1947). This cleaning function has evolved into a feeding
function on the gills of more evolved protobranchs such
as Yoldia ensifera and Solemya velum (Kellogg 1915;
Stasek 1965; Krueger et al. 1992), and of suspension-
feeding bivalves.

Given that the abfrontal surface of bivalve gills is
isolated from suspended particles, it would seem unlikely
that mucociliary transport occurs on this surface.
However, the presence of both cilia that are character-
istic of mucus-transporting simple cilia (shorter than
water-pumping cilia, Sleigh 1982) and mucocytes on this
surface, even in low densities, suggests at least an orig-
inal functional interdependence.

The capacity for mucociliary transport on the
abfrontal surface of Mytilus edulis gills has been dem-
onstrated by Jones et al. (1990): after depositing
graphite particles on the abfrontal surface of dissected
gills, they observed mucus-particle masses being trans-
ported ventro-dorsally on individual filaments.
Although such mucociliary transport has not been
observed in the other species studied, it would be
possible in species where ciliary densities are high.

The differences in abfrontal cilia and mucocyte den-
sities observed between species, together with the facul-
tative particle transport observed on Mytilus edulis
abfrontal surfaces and the near-absence of particles in
the supra-branchial chamber, lead us to believe that the
abfrontal surface is a vestigial mucociliary surface.
Beninger et al. (1995b) and Beninger and St-Jean
(1997b) have previously documented the presence of
vestigial mucociliary surfaces lining blind tubes in
Mytilus edulis labial palps: this mucociliary epithelium is
histologically functional, but endoscopic observations
confirm that there is no particle transport in this area.
This interpretation requires that mucociliary transport
on the abfrontal surface of bivalve gills served a purpose
in ancestral forms, and that this purpose was subse-
quently lost as the gills evolved. After this mucociliary
surface became vestigial, abfrontal cilia and mucocytes
in some species decreased in number (and possibly in
diversity), leading to the present condition.

The present understanding of bivalve gill evolution
offers an explanation to the presence of vestigial cilia
and mucocytes on the abfrontal surface. Contempo-
rary suspension-feeding gills are thought to have
evolved from a protobranch-like deposit-feeding
ancestor whose simple, unfolded gill filaments elon-
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gated, then reflected vertically, with the dorsal tips of
the ascending filaments eventually attaching to the
mantle or visceral mass (Yonge 1947). This caused the
separation of the mantle cavity into an infrabranchial
and suprabranchial chamber, and the isolation of the
abfrontal surface from particles in the incurrent flow
of water. Therefore, the abfrontal surface of the con-
temporary gills studied derives from the abfrontal
surface of primitive protobranch-like gills that used
mucociliary transport to prevent gill fouling by
suspended matter.

We thus conclude that the different distributions of
cilia and mucocytes observed on the abfrontal surfaces
of bivalve gills result from selective forces different in
nature or degree, acting on this vestigial mucociliary
epithelium. Future studies could usefully investigate
functional correlates of the abfrontal surface, using di-
rect observational techniques such as endoscopy, as well
as high-resolution in vitro techniques such as confocal
laser scanning microscopy. It would also be of interest to
study the ontogeny of gill mucocytes and cilia in dif-
ferent species, to determine whether selective loss occurs
at early stages.
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