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Abstract. Study of gill development in bivalve larvae
and postlarvae provides information on the evolution of
this organ and feeding mechanisms of early stages. Scan-
ning electron microscopy was used to document the
development of the filibranch homorhabdic gill in hatch-
ery-reared larval, postlarval, and juvenile Mytilus edulis.
Four key stages were identified during gill development:
(1) transfer of the particle collection function from velum
to gill at metamorphosis, with subsequent elongation of
the gill filaments to form a gill basket, with complete
frontal ciliation; (2) reflection of the inner demibranchs,
and transition to a V-shaped gill; (3) delayed devel-
opment of the outer demibranchs, occuring simulta-
neously along the gill axis, with transition to the adult
final W-shape; and (4) formation of the ventral particle
grooves and concomitant acquisition of dense abfrontal
ciliation. These key stages signal shifts in the mecha-
nisms of particle processing during the early devel-
opment of M. edulis. Gill development in the homorhab-
dic filibranch M. edulis was similar to that of the early
homorhabdic stages of the heterorhabdic filibranchs
studied to date (Pectinidae), but different from that of the
pseudolamellibranchs (Ostreidae), suggesting divergent
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evolution of this character. Similarly, the systems respon-
sible for gill cohesion and structural integrity are com-
mon to both the homorhabdic and heterorhabdic fili-
branchs, suggesting evolutionary proximity, but they
are patently different from those of the eulamellibranchs
and pseudolamellibranchs, suggesting evolutionary di-
vergence.

Introduction

In suspension-feeding bivalves, the gills are the dominant
site of interaction with the environment, mediated by the
creation of water currents in the pallial cavity (particle pro-
cessing, respiration, bioaccumulation, evacuation of prop-
agules and wastes). Previous studies on the two most complex
gill systems, the heterorhabdic filibranch (in Pectinidae, i.e.,
scallops) and pseudolamellibranch (in Ostreidae, i.e., oysters)
have shown that gills make their first appearance in the pedi-
veliger larval stage, and that their structural and functional
complexity increase until achieving the definitive form in the
juveniles (Waller, 1981; Kingzett, 1993; Beninger et al., 1994;
Chaparro et al., 2001; Veniot et al., 2003; Cannuel and Be-
ninger, 2006). The ontogeny of the bivalve gill has been
studied sporadically over the past 150 years, in diverse species
and developmental stages (Rice, 1908; Yonge, 1926; Quayle,
1952; Raven, 1958; Creek, 1960; Allen, 1961; Ansell, 1962;
D’Asaro, 1967; Caddy, 1969; Bayne, 1971). Despite some
remarkable work in the earlier studies, important aspects have
not been adequately or coherently covered, such as ciliation,
type of filament growth, and creation of junctions.
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To date, our investigations have demonstrated the exis-
tence of “critical stages” in bivalve gill ontogeny (stages at
which gill structure and function undergo changes—transi-
tions—which temporarily compromise efficient particle
processing) (see Table 1). It has been repeatedly suggested
that these critical stages may be associated with increased
mortalities, which may in turn be problematic for both
recruitment to natural populations and hatchery operations
(O Foighil et al., 1990; Kingzett, 1993; Baker and Mann,
1994; Beninger et al., 1994; Veniot et al., 2003; Beninger
and Cannuel, 2006; Cannuel and Beninger, 2006).

Studying the development of bivalve gills has led to new
insights about the evolution of these feeding and respiratory
structures and about the phylogenetic relationships among bi-
valve taxa (e.g., the Pectinidae and the Ostreidae—Beninger
and Cannuel, 2006; Cannuel and Beninger, 2006). For a com-
prehensive understanding of these relationships, we require
information about the most structurally simple gill type: the
homorhabdic filibranch found, for example, in the family
Mytilidae (Beninger and Dufour, 2000). This gill type is con-
sidered pleisiomorphic in the autobranchs, since both the het-
erorhabdic filibranchs and the pseudolamellibranchs show an
early homorhabdic filibranch state during gill ontogeny (King-
zett, 1993; Beninger et al., 1994; Beninger and Dufour, 2000;
Veniot et al., 2003; Cannuel and Beninger, 2006). Much early
work on gill development in Mytilus sp. was performed over a
century ago, with the equipment available at that time (Lacaze-
Duthiers, 1856; Wilson, 1887; Rice, 1908; Field, 1922). The
documentation in later work is extremely succinct, and extends
only to immediate post-settlement (Bayne, 1971). The present
work is the latest in a series of comparative studies of complete
gill development in a set of bivalves selected as repre-
sentative of particular adult gill morphologies, using the
resolution and three-dimensional capabilities of modern
scanning electron microscopy (SEM). Specifically, we
investigate the ontogeny of the feeding structures in the
homorhabdic filibranch Mytilidae, from the late larva to
the adult, with a view to comparing critical stages and
character development with those previously reported for
the pseudolamellibranchs and heterorhabdic filibranchs.

Materials and Methods

Larval production and rearing in larval, postlarval, and
juvenile stages

Parental mussels Mytilus edulis (Linnaeus, 1758) were
collected from a long-line culture site at Charron in the
Marennes-Oléron basin (Charente-Maritime, France; 46°17'N,
01°06'W), from the Gascogne Gulf patch (Bierne et al., 2003),
and spawned by thermal induction (placing the individuals in
seawater at different temperatures) at IFREMER La Trem-
blade. Oocytes and sperm were rinsed and sieved at 60 wm.
Fertilizations were obtained in 1-1 beakers in 1-um-filtered
seawater (FSW). The developing embryos were transferred to

50-1 larval rearing tanks filled with aerated FSW within 1 h of
successful fertilization. Resulting larvae, at an approximate
density of 2 per milliliter at day 3 (D-larvae stage), were fed
daily with a mixed diet (1:1) of Isochrysis galbana (Tahitian
clone T-Iso) and Chaetoceros gracilis, at a cell concentration
of 25,000 ml~* day* until settlement. Tanks were emptied
and cleaned every 2-3 days. Once the eyed larval stage had
been reached, coconut fiber ropes and plastic nets were im-
mersed in the rearing tanks, allowing the settlement of the
pediveliger larvae on these substrates. Feeding ration was
increased to a cell concentration of 50,000 ml~* day * of 1:1:1
I. galbana, C. gracilis, and Tetraselmis suecica in the postlar-
val stage. The substrates with attached 2—-3-month-old speci-
mens were transferred from the rearing tanks to a flow-through
downwelling system with a continuous food supply.

Specimens were sampled throughout larval, postlarval, and
juvenile culture. Larvae were collected on sieves of appropriate
mesh size, and settled postlarvae and juveniles were sampled
from the ropes or nets, and narcotized immediately in ascend-
ing concentrations of MgCl, (Veniot et al., 2003; Beninger and
Cannuel, 2006; Cannuel and Beninger, 2006).

Measurement of shell size

Maximal shell lengths (SL) of pediveliger larvae and smaller
individuals (=2.2 mm) were measured using a microscope and
digital camera with Lucia 4.80 image analysis software (Nikon).
Maximal SL of larger specimens (=2.2 mm) were recorded
directly on scanning electron microscopy (SEM) stubs, using a
dissecting microscope and ocular micrometer. Adults were
measured with calipers to the nearest millimeter.

Specimen processing for scanning electron microscopy
(SEM)

MgCl,-relaxed individuals were fixed in slightly hyperos-
motic 2.5% glutaraldehyde in 0.2 mol I~ buffered sodium
cacodylate (Beninger et al., 1995a). Samples were subse-
quently dehydrated in an ascending ethanol gradient and im-
mersed in 100% hexamethyldisilazane (HMDS) overnight.
Excess HMDS was then evaporated and samples were
mounted on SEM stubs, sputter-coated with gold, and ob-
served with a JEOL 6400 scanning electron microscope (Be-
ninger and Cannuel, 2006; Cannuel and Beninger, 2006).

Terminology

Since the size at “adulthood” is highly variable in Mytilus
edulis (Seed and Suchanek, 1992), it was necessary to
delimit early life stages by using characters based on gill-
development, which themselves corresponded to specific
shell size ranges. The following terminology was adopted:
“postlarvae” are individuals from settlement to 1.5 mm in
shell length (SL) (size at which the ventral particle grooves
begin to develop). "Juveniles” are individuals from 1.5 mm
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Table 1

Summary of gill developmental sequence in Mytilus edulis and comparison with previous studies on bivalve gill development

Family Mytilidae Pectinidae Ostreidae (brooding and non-brooding species)
Mytilus Pecten Patinopecten Placopecten Crassostrea
Species edulis? maximus® yessoensis® magellanicus® Ostrea chilensis® gigas'
Gill type } filibranch |} pseudolamellibranch ——
Primary condition | homorhabdic |
Final condition homorhabdic | heterorhabdic |
Gill development
Type I papillary I
Initial process } elongation-reflection |} cavitation-extension —— |
First gill bud(s) < 0.39 mm 0.24 mm 0.26-0.28 mm < 0.35 mm 0.32 mm < 0.29 mm
} gill basket | | no gill basket (V-shaped gill) ——
Settlement at 0.4 mm 0.26 mm 0.27 mm < 0.35 mm 0.4-0.5 mm 0.3-0.4 mm
With n gfb ~ 6 ~ 4 ~4 <6 ~ 8 ~ 10
With ciliation abundant ? sparse ? absent intermediate
Inner demibranch
reflection < 1.0 mm 0.9-1.0 mm 0.6/7-0.8 mm 0.95-1.1 mm |————— no reflection —
Outer demibranch
development* | all along the IDs | appar. sequential all along the IDs
1.43 mm 1.1 mm 1.0-1.2 mm 1.32 mm (10 dps) 2.7 mm
Ventral grooves 1.5-16 mm | absent | ? 2.9-10 mm
Particle transport
Primary condition | ventralward |
Final condition ventralward | ventralward and dorsalward (selection) |
Ciliation
Frontal ciliation
complete 0.39 mm > 4 mm > 2 mm > 7.5 mm (4 dps) 2.7 mm
Abfrontal ciliation
Initial } absent |
Establishment 3.7-16 mm 5.5-15 mm (30 dps) 0.42-10/24 mm
Final dense (OF) ? ? greatly reduced (OF) |
- ? ? dense (PF) ? dense (PF)
Heterorhabdy (PF
differentiation)
Onset - 4 mm > 2.2 mm 3.3-5.0 mm (> 30 dps) 7.5 mm
Final - ? mm 7 mm 24 mm
IF Junction types
} ciliary only |} tissue only — |

Abbreviations: appar., apparently; dps, days post-settlement; gfb, gill filaments and buds; ID, inner demibranch; IF, interfilamentar; OF, ordinary
filament; PF, principal filament; * size at which outer demibranch begins development; and mode of filament addition; -, non applicable; ? data not available.
2 Present study; ® Beninger et al., 1994; © Kingzett, 1993; ¢ Veniot et al., 2003; ¢ Chaparro et al., 2001; " Cannuel and Beninger, 2006

to 1.6 cm SL (size at which ventral particle groove devel-
opment is completed; only the number and length of gill
filaments continues to change thereafter). Adults are indi-
viduals > 1.6 cm SL.

Results

The results of the present study are summarized and
compared with those of other gill types (Table 1), and
detailed below.

Late pediveliger larvae: 0.39-mm SL

Gill development and growth. Pediveliger larvae at
0.39-mm mean maximum SL presented two rows of about

4-5 gill filaments and 1-2 buds on either side of the densely
ciliated foot, developing anteriorly from a budding zone and
ventrally from the visceral mass (Fig. 1A, B). Gill filaments
were unreflected (Fig. 1B, C), and were the precursors of the
descending lamellae of the future right and left inner demi-
branchs (IDs) (Fig. 2A). Gill filament buds, about 25 um
long, differentiated in the posteriormost parts of the gill (the
right and left budding zones) (Fig.1E), and elongated into
gill filaments (=90 um long for the anteriormost filament)
in a posterior-to-anterior sequence (Fig. 1B).

Gill ciliation and ciliated tracts. The gill filament frontal
surface was densely ciliated, with three distinct ciliary
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A- 0.39 mm

Figure1l. Mytilus edulis: late pediveliger larvae (0.39 mm). (A) Left lateral view of a 0.39-mm late pediveliger larva
(light microscopy). Arrows, ventral extremities of the unreflected gill filaments; dotted line, gill boundary. (B) Ventral view
of a 0.39-mm pediveliger larva (SEM). Boxes D, E, and F: regions shown in detail in the corresponding micrographs. (C)
Abfrontal view of a gill filament, showing unciliated surface. (D) Frontal view of a gill filament. (E) Detail of the right
budding zone. (F) Detail of the ventral extremities of two opposing gill filaments (mid-gill). Note interlocking ciliated
junctions. ANT, anterior; as, abfrontal surface; bz, budding zones; f, foot; fc, frontal cilia; gb, gill basket formed by the left
and right gills; gfb, gill filament bud; igcj, inter-gill ciliary junction; Ic, lateral cilia; Ifc, latero-frontal cirri; Ig, left gill; Iv, left
valve; m, mantle; POST, posterior; rg, right gill; rv, right valve; v, velum (retracted); vcj, ventral (terminal) ciliary junction;
vm, visceral mass.

types: lateral cilia (=12-14 um), simple frontal cilia  latero-frontal compound cirrus was composed of two rows
(=~4.2-6.2 pm) in tracts about 7.5-9 um wide, and com-  of 15 to 19 component simple cilia. The ventral extremities
pound latero-frontal cirri (=10.5-14 um) (Fig. 1D). Each  of gill filaments were also abundantly ciliated with simple
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Figure 2. Mytilus edulis: diagram of gill ontogeny. Dotted line, antero-posterior axis of symmetry. (A)
0.39-mm late pediveliger larvae. (B) 1.0-mm postlarvae. (C) 1.53-1.55-mm postlarvae. (D) 2.16-mm postlarvae.
(E) 3.7-4.25-mm postlarvae. Note process of elongation-reflection in A-D; appearance of outer demibranch in
C-E. al, ascending lamella; dl, descending lamella; fdb, fused dorsal bend; ga, gill arch; gfb, gill filament bud;
id, inner demibranch; od, outer demibranch; vg, ventral groove.

cilia 5-7 wm in length. In contrast with the other parts of the
gill filament, the abfrontal surface was unciliated at this
stage (Fig. 1C). The most-recently differentiated gill buds
were unciliated, except on their anterior side where short
lateral cilia were observed (Fig. 1E).

Ciliary and tissue junctions. In about half of the specimens,
posterior to the foot, inter-gill ciliary junctions composed of
interlocking cilia joined each pair of opposite gill filaments
(Fig. 1B, F), whereas ventral ciliary junctions joining the
adjacent filaments of each ID were present in all specimens
(Fig. 1E, F). Both joined and non-joined filaments of the
right and left gills were curved inward, with the correspond-
ing ventral extremities in close contact, thus forming a gill
basket (Figs. 1B; 2A). The gill basket temporarily divided
the pallial cavity into suprabranchial and infrabranchial
chambers.

Other observations. The retracted velum was still visible at
this stage (Fig. 1B).

Postlarvae: 1-mm SL

Gill development and growth. About 15-16 gill filaments
and buds were observed on each ID in 1-mm-SL postlarvae
(Fig. 3A, B). These gill filaments were reflected, forming
the descending and ascending lamellae of the IDs of the left
and right gills (Figs. 3A, B, C; 2B), via an elongation-

reflection process. Newly differentiated gill filaments in
1-mm postlarvae were reflected from the start, and the
distal-most extremities of adjacent filaments were fused
(fused dorsal bends; Fig. 3C). Gill development at this stage
was thus substantially different from that in the 0.39-mm
stage described above.

Gill ciliation and ciliated tracts. The frontal surfaces of both
the descending and ascending gill filaments were densely
ciliated with the three previously described ciliary types:
frontal cilia (=6.0-8.8 um), lateral cilia (=~11.7-17.5 um),
and latero-frontal cirri (~13.1-17.5 um). Latero-frontal
cirri were composed of 16-20 opposing pairs of cilia. The
abfrontal surfaces were still unciliated at this stage.

Ciliary and tissue junctions. The dorsal extremities of ex-
isting ascending gill filaments were fused and densely cili-
ated (fused dorsal bends; Fig. 3C, D) with about 2.5-5.5 um
short simple cilia.

Other observations. The velum had totally regressed at this
stage, and labial palp primordia began to differentiate
around the mouth (Fig. 3A, B).

Postlarvae: 1.43- to 1.55-mm SL

Gill development and growth. The formation of the outer
demibranchs (ODs) began during this period and constitues



178 R. CANNUEL ET AL.

Figure3. Mytilus edulis: postlarvae (1 mm). (A) Right lateral view of a 1-mm postlarva (light microscopy).
Arrows, dorsal boundary of the ascending lamella (reflected gill filaments). (B) Lateral view of a 1-mm postlarva
(right valve, mantle, and gill removed; SEM). Thin curved arrow, antero-posterior sequence of gill development.
(C) Detail of the left budding zone in a 1-mm postlarva (SEM). Box D, region shown in detail in the
corresponding micrograph. (D) Detail of the fused ascending extremity in the dorsal part of the ascending
lamella. aam, anterior adductor muscle; al, ascending lamella; ANT, anterior; as, abfrontal surface; D, dorsal; dI,
descending lamella; f, foot; fdb, fused dorsal bend; fs, frontal surface; gf, gill filament; gfb, gill filament bud;
gx, gill axis; Ibz, left budding zone; lg, left gill; Ipp, labial palp primordia; m, mantle; pam, posterior adductor
muscle; POST, posterior; rg, right gill; V, ventral; vm, visceral mass.

another major change in gill development. From 1.43-mm
SL onward, the ODs began to develop simultaneously along
the IDs at the gill-mantle junction, first as rows of gill
filament buds, except in the most anterior part of the pre-
existing IDs where no OD filament buds were observed (as
shown in a 1.53-mm specimen in Fig. 4A; Fig. 2C). Fila-
ment number in both IDs increased compared to the previ-
ous developmental stage: about 22 gill filaments in
1.53-mm postlarvae (Fig. 4A). The number of gill filaments
in the ODs (=16 in 1.53-mm specimens) of postlarvae
1.38-mm SL (not shown) was thus somewhat lower than
those of the IDs (difference of ~8 gill filaments). In contrast
to the situation prior to the 1.43-mm shell size, each new gill
filament bud gave rise to both ID and OD simultaneously
(Fig. 4B). After a slight elongation, the recently developed
OD gill filaments reflected almost immediately in 1.55-mm
specimens (Figs. 4C, D; 2C), with tissue fusion at the

distal-most extremities as in the IDs. The cleft between the
parallel lines of buds and filaments also marked the location
of the future gill arch (Figs. 4A, C; 2C, E).

Gill ciliation and ciliated tracts. Frontal cilia were about
6.6-9.2 um long, latero-frontal cilia were about 12.5-19.3
um long, and lateral cilia were about 9.5-15 um long (not
shown) in the ID filaments. At this stage, two ventral
particle grooves began to develop, first as shallow grooves
at the ventral extremities of the IDs in 1.53-mm postlarvae
(Fig. 4C).

Postlarvae: 2.16- to 2.74-mm SL

Gill development and growth. In 2.16- to 2.74-mm-SL post-
larvae, new gill filaments were added to both the IDs and
ODs as described above for the 1.43-1.55-mm-SL postlar-
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vae (Fig.4E). The IDs and ODs of 2.74-mm specimens
presented about 38—39 and 30 gill filaments, respectively.
The rapid elongation-reflection process described above for
the 1.43-1.55 mm postlarvae was evident at this stage (Figs.
4E; 2D).

Gill ciliation and ciliated tracts. Gill-filament ciliation com-
prised the previously described cilia and cirri: frontal cilia
(=7-10 pm), latero-frontal cirri (=15-20 um), and lateral
cilia (=10-14.5 um). Latero-frontal cirri, composed of
19-22 opposing pairs of cilia, were regularly spaced at 2-3
wm on either side of the frontal ciliated tract. The abfrontal
surface remained unciliated at this stage. One shallow ven-
tral groove was observed on each demibranch, except on the
8-10 most recently differentiated gill filaments and buds
(Fig. 4E).

Ciliary and tissue junctions. Non-terminal interfilamentar
ciliary junctions were first observed, both on the IDs and
ODs, in a 2.34-mm specimen (Fig. 4F, G, in a 2.74-mm
specimen), connecting two adjacent gill filaments.

Postlarvae: 3.7- to 4.25-mm SL

Gill development and growth. The number and length of gill
filaments increased in 3.7-mm-SL postlarvae, with about
60-63 and about 51-53 filaments in the IDs and ODs,
respectively (Figs. 5A; 2E).

Gill ciliation and ciliated tracts. The fused dorsal bends of
the IDs and ODs were densely ciliated, with about 3-5-um
short simple cilia on the surface corresponding to the area of
contact between the fused dorsal bends and the mantle (as in
living, non-dissected specimens), and about 12-pm-long
simple cilia (Fig. 5A) on their ventral face. Gill filament
ciliation was invariably composed of frontal cilia (=7-9
um long) on an about 8.5-12.2 um wide frontal tract,
latero-frontal cirri (=17 wm) and lateral cilia (~=11-17 um)
(not shown). Each latero-frontal cirrus was formed from 22
to 24 opposing pairs of simple cilia, and the inter-cirral
distance was about 2 um. At this stage, scattered clumps of
short simple cilia (=3.5-5.4 um long) were observed in a
band about 2.5-3 um wide on the abfrontal surface of each
gill filament (Fig. 5B). On the ventral extremities of the IDs
and ODs, the ventral grooves were deeper in the 4.25-mm
specimen (Fig. 5C), compared with the 2.16-mm specimen
previously described.

Ciliary and tissue junctions. The number of non-terminal
ciliary junctions increased concomitantly with gill filament
elongation, delimiting ostia about 155-190 wm long (not
shown).

Postlarvae: 9.75-mm SL

Gill development and growth. The number of gill filaments
increased in 9.75-mm postlarvae (>130 for the IDs; Fig.
5D).

Gill ciliation and ciliated tracts. Gill filament ciliation con-
sisted of about 7.5-8.6-um frontal cilia, about 16.5-20-um
latero-frontal cirri, about 12.8-16.7-um lateral cilia, and
about 2.8-5.2-um abfrontal cilia (Fig. 5E), the latter now
being almost continuously distributed along the abfrontal
surface. At this stage, the abfrontal ciliary band was about
2.6-5 um wide (Fig. 5E), whereas the frontal ciliary tract
was about 11.5-15.4 um wide (Fig. 5-F). Ventral grooves,
both in the IDs and ODs, were deeper and more enclosed
than those in the 4.25-mm stage (Fig. 5F).

Ciliary and tissue junctions. The filaments presented about
eight transverse rows of non-terminal interfilamentar ciliary
junctions, delimiting ostia 160 to 250 wm long. A second
junctional type was first observed at this stage: interlamellar
tissue junctions joining the descending and ascending la-
mellae of a demibranch, located in the ventral half of the
demibranch (Fig. 5D).

Juveniles—1.55- to 1.60-cm-SL, and adults—1.80-cm SL

Gill development and growth. Throughout this range of
specimens, the right and left budding zones resembled those
seen in an adult in 1.75-cm specimens, with a single bud
giving rise first to a transition zone and then to both ID and
OD (Fig. 6D).

Gill ciliation and ciliated tracts. In 1.55-cm juveniles, gill
filament ciliation remained unchanged, comprising about
6.3-10.5-um frontal cilia, about 13.8—-22-um latero-frontal
cirri, and about 11-14.7-um lateral cilia (not shown). Ab-
frontal cilia, about 4.1-5.7 um long, appeared to be denser
than in the previous stage (Fig. 6A). The frontal ciliary tract
was about 10.6-14.5 um wide, and the abfrontal ciliated
band was about 4.5 um wide. From this stage (1.55 cm)
forward, ventral grooves were totally enclosed: i.e., vis-
ible from the exterior only as the appression of the inner
and outer filament extremities. They were observed in a
fractured gill extremity of a 1.62-cm specimen (not
shown; groove dimensions: 12-13 um wide, 21-22 um
deep), indicating the completion of ventral groove devel-
opment. In a 1.80-cm juvenile, the right and left gill
arches (between the right and left ID and OD of each gill)
presented both simple and apparently grouped cilia about
8-13 um in length (Fig. 6C).

Ciliary and tissue junctions. Ostia about 140-320 um long
were delimited by the interfilamentar ciliary junctions.
Smaller ostia of variable sizes (about 85-100, 40-70, and
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4.5-26 um) were also occasionally observed near the ven-
tral grooves, near the gill axis, and in the mid-gill area,
respectively (Fig. 6B, in a 1.62-cm specimen).

Adult specimens: 5.3-cm SL

Gill development and growth. Adult mussels presented the
homorhabdic filibranch gill characteristic of the Mytilidae.

Gill ciliation and ciliated tracts. Gill filaments presented the
ciliary types previously described in younger specimens:
about 7.3-9.4-um frontal cilia, about 13-18.3-um latero-
frontal cirri, about 11.9-15.6-um lateral cilia (Fig. 6E), and
about 4.5-5.3-um abfrontal cilia. Between 1.55- and 5.3-cm
SL, frontal and abfrontal ciliary tracts were enlarged, and
were about 20 um and about 6.3-10 um wide in adults,
respectively (Fig. 6E, F). Abfrontal ciliation was more ex-
tensive near interlamellar tissue junctions and interfilamen-
tar ciliary junctions (Fig. 6G, inset). As in the previously
described developmental stage, ventral particle grooves
were deep and fully enclosed (Fig. 6H). Simple and appar-
ently grouped cilia (8 to 14.5 uwm) were observed on gill
arches, as in the 1.55-1.75-cm juveniles (not shown).

Gill filaments were also elongated along the frontal-
abfrontal axis (=125 wm) and a wide sub-lateral surface
separated the frontal, latero-frontal, and lateral ciliations
from the abfrontal ciliation. This sublateral surface was
unciliated except for few very sparse cilia (Fig. 6F).

Ciliary and tissue junctions. Abfrontal, diagonally arranged
interlamellar tissue junctions were located in the ventral half
of the gill lamellae (Fig.6G). Ostia delimited by two inter-
filamentar ciliary junctions were about 180-260 wm long
(Fig. 6G).

Discussion

The present study documents the complete gill develop-
ment of Mytilus edulis, which comprises four major devel-
opmental stages: (1) transition from velum to gill basket at
metamorphosis, (2) reflection of the inner demibranchs
(IDs) and transition from a gill basket to a \VV-shaped gill, (3)
formation of the outer demibranchs (ODs) and transition

from a V- to a W-shaped gill, and (4) formation of the
ventral grooves and concomitant acquisition of dense ab-
frontal ciliation. We also report on the formation of gill
junctions, as well as the acquisition of frontal ciliation,
leading to the final adult functioning gill. These findings are
summarized in Table 1, where they are compared with
previous observations of other gill types and species.

Gill development and growth

After the pediveliger gill basket stage, gill filament elon-
gation was rapidly followed by reflection, and subsequent
formation of the ascending lamellae, corresponding to the
V-shape stage of each gill, as previously described for M.
edulis and in the heterorhabdic filibranch Pectinidae (Rice,
1908; Bayne, 1971; Kingzett, 1993; Beninger et al., 1994;
Veniot et al., 2003). This process of elongation-reflection
contrasts with the “cavitation-extension” process of gill
development described for the pseudolamellibranchs Cras-
sostrea gigas (Cannuel and Beninger, 2006) and Ostrea
chilensis (deduced from the work of Chaparro et al., 2001)
where perforation in the rudimentary gill filament and sub-
sequent ventralward elongation of this developing filament
were observed (see Cannuel and Beninger, 2006 for details).
Gill filaments in the homorhabdic filibranch Mytilidae and
heterorhabdic filibranch Pectinidae thus elongate via a pro-
cess radically different from that seen in the filaments of the
pseudolamellibranch Ostreidae (Table 1). The process of
filament elongation has not yet been clearly described in the
fourth and dominant gill type, the eulamellibranch, which,
like the peudolamellibranch, is characterized, in the adult,
by tissular fusion of the dorsal bends with the mantle, lateral
to the base of the descending lamella. As a potential taxo-
nomic and phylogenetic character, this is obviously an im-
portant subject for future investigation.

Delayed development of the ODs, documented here for
M. edulis, appears to be the rule in bivalves (Lacaze-Duth-
iers, 1856; Jackson, 1890; Quayle, 1952; Raven, 1958;
D’Asaro, 1967; Caddy, 1969; Kingzett, 1993; Baker and
Mann, 1994; Beninger et al., 1994; Korniushin, 1996, 1997;
Chaparro et al., 2001; Neumann and Kappes, 2003; Veniot
et al., 2003; Cannuel and Beninger, 2006; Table 1). Fur-

Figure4. Mytilus edulis: postlarvae (1.53 to 2.74 mm). (A) Ventral view of a 1.53-mm postlarva (shell and
mantle removed). Asterisk (*), future gill arches. (B) Detail of the left budding zone in a 1.53-mm postlarva.
Asterisk (*), future left gill arch. (C) Ventral view of a 1.55-mm postlarva (shell and mantle removed). Box D,
region shown in detail in the corresponding micrograph. (D) Detail of the left outer demibranch (OD) in a
1.55-mm postlarva. Note near-immediate reflection of outer demibranch filaments after elongation from bud. (E)
Ventral view of a 2.16-mm postlarva. (F) Abfrontal view of an inner demibranch (ID) (descending lamella) in
a 2.74-mm postlarva (ascending lamella removed). (G) Detail of an interfilamentar ciliary junction in a 2.74-mm
postlarva (abfrontal view). ANT, anterior; as, abfrontal surface; bz, budding zones; f, foot; gx, gill axis; gf, gill
filament; gfb, gill filament bud; ifcj, interfilamentar ciliary junction; Ibz, left budding zone; lid, left ID; lod, left
OD; Ip, labial palps; m, mantle; o, ostium; POST, posterior; rid, right ID; rod, right OD; ssc, short simple cilia;

tf, tissue fusion; vg, ventral groove.
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Figure5. Mytilus edulis: postlarvae (3.7 to 9.75 mm). (A) Left lateral view of a 3.7-mm postlarva (shell and
mantle removed); inset, detail of the fused extremities of the ascending lamellae in the dorsal part of the OD.
(B) Detail of the abfrontal surface of a gill filament in a 3.7-mm postlarva. (C) Latero-ventral view of a ventral
groove in a 4.25-mm postlarva. Note formation of ventral particle groove. (D) Abfrontal view of the descending
lamella (reflected/ascending lamella removed) of the left gill ID in a 9.75-mm postlarva; inset, detail of an
interlamellar junction. (E) Abfrontal view of two gill filaments in a 9.75-mm postlarva. (F) Latero-ventral view
of the ventral extremities of the right gill in a 9.75-mm postlarva. Ventral particle groove no longer visible,
having been occluded by the overgrown edges of the ventral filament extremities. ac, abfrontal cilia; as, abfrontal
surface; bz, budding zones; D, dorsal; f, foot; fdb, fused dorsal bend; fs, frontal surface; gf, gill filament; ilj,
interlamellar junction (sectioned during specimen dissection); Ic, lateral cilia; lid, left ID; lod, left OD; Ip, labial
palps; Isc, long simple cilia; m, mantle; o, ostium; rid, right inner demibranch; rod, right outer demibranch; ssc,
short simple cilia; V, ventral; vg, ventral groove.
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thermore, in contrast to the sequential filament development
from the budding zone, seen in the IDs, filament develop-
ment of the ODs proceeded from buds appearing simulta-
neously along the gill axis, alongside the ID filaments. This
appears to be the general rule in the gill types studied to
date, with the exception of the brooding pseudolamelli-
branch O. chilensis (Table 1); further investigation of this
aspect would be welcome.

After the onset of gill differentiation, ID reflection, and
OD formation and reflection, subsequent growth of the gill
with increasing body size in juveniles and adults implies
both constant activity of the budding zones and gill tissue
proliferation in the gill filaments (Leibson and Movchan,
1975; Neumann and Kappes, 2003). The budding zones
attain their final functioning state after OD development,
with one gill filament bud giving rise to both ID and OD.

Gill ciliation and ciliated tracts

Gill filaments were characterized by dense ciliation from
the onset of gill development in M. edulis: frontal and lateral
cilia, as well as latero-frontal cirri, were observed from the
onset of gill filament differentiation. This has also been
reported in another homorhabdic filibranch, Codakia orbic-
ularis (Gros et al., 1998, mis-reported as a eulamelli-
branch). In contrast, the latero-frontal cilia of pseudolamel-
libranchs were first observed in 2.70-mm Crassostrea gigas
juveniles (Cannuel and Beninger, 2006), and at 4 days
post-settlement in O. chilensis (unknown shell length;
Chaparro et al., 2001) (Table 1). Similarly, among hetero-
rhabdic filibranchs, 2-mm Patinopecten yessoensis, 4-mm
Pecten maximus, and 7.5-mm Placopecten magellanicus
specimens lack the single row of latero-frontal cilia typi-
cally found in pectinid adults (Atkins, 1938; Kingzett, 1993;
Beninger et al., 1994; Veniot et al., 2003). The precocious
appearance of the latero-frontal cirri in homorhabdic fili-
branchs, together with the probable particle capture ineffi-
ciency of the gill basket (Beninger et al., 1994; Veniot et al.,
2003), suggests that they are “pre-positioned” for function-
ality in later stages of gill development.

Functional and ecological implications

The successive developmental changes in gill structure
documented here suggest consecutive modes of particle
capture, transport, or both, and variations in associated
efficiencies throughout gill development. In pediveliger lar-
vae and young postlarvae, the gill basket presumably func-
tions as described for Pectinidae of the same developmental
stage (Kingzett, 1993; Beninger et al., 1994; Veniot et al.,
2003). Although doubtless important in establishing the
dominant currents in the pallial cavity, the gill basket struc-
ture has been proposed to be inefficient in particle capture in
P. maximus (Beninger et al., 1994) and P. magellanicus
postlarvae (Veniot et al., 2003). This hypothesis is sup-

ported by the sporadic and uncoordinated cilia movements
on the gill filaments of pediveligers of M. edulis (Bayne,
1971). Such inefficiency in particle capture and processing
suggests reliance on alternative trophic mechanisms, such
as utilization of dissolved organic matter (Fankboner and
De Burgh, 1978; Rice et al., 1980; Manahan, 1983, 1990;
Wotton, 1988; Marshall and Lee, 1991; Hawkins and
Bayne, 1992), and pedal feeding (O Foighil et al., 1990;
Reid, 1991; Reid et al., 1992; Kingzett, 1993; Beninger et
al., 1994; Veniot et al., 2003). Indeed, elaboration of a
complex system for particle capture and processing at this
stage would probably be superfluous for the small larvae.

Gill currents and subsequent feeding ability were ob-
served within 2 days of metamorphosis in M. edulis (Bayne,
1971; Lutz and Kennish, 1992), corresponding to the early
appearance of frontal, latero-frontal, and lateral filament
ciliation reported in the present study. The gill development
stage of settling M. edulis and C. gigas appears to be more
advanced than in previously studied larval and postlarval
bivalves (Table 1; Hodgson and Burke, 1988).

Further reflection of the IDs resulted in left and right
V-shaped gills, capable of oralward particle transport, both
on the ventral and dorsal ciliated tracts, as observed by
Stasek (1962). Concomitant disorganization of the gill bas-
ket and development of the ODs greatly increased the area
of both the particle processing and respiratory surfaces;
simultaneously, gill filaments also grew in the frontal-ab-
frontal direction, further increasing respiratory surface.
These rapid morphological changes are probably responsi-
ble for the changes in rates of filtration and respiration
observed in 1- to 4-mm M. edulis postlarvae, and attributed
to non-isometric growth of the gills (Riisgard et al., 1980).
Progressive acquisition of ventral particle grooves (Table 1)
provides routes of semi-enclosed anteriorward mucus-par-
ticle transport, preventing resuspension of captured particles
in the pallial cavity (Foster-Smith, 1975; Newell et al.,
1989).

Gill filament frontal ciliation in M. edulis was here shown
to be nearly identical from the pediveliger to the adult
stages, whereas the frontal, and then abfrontal, tract widths
grew throughout gill development. The latero-frontal cirri
observed from the pediveliger stage were disproportionately
large compared to frontal tract width, such that they must
either overreach the frontal tract at the end of the effective
stroke or present reduced stroke amplitudes. Particle capture
mechanisms and efficiencies are thus probably different
from those of adult mussels (Dral, 1967; Moore, 1971,
Owen, 1974; Owen and McCrae, 1976; Mghlenberg and
Riisgard, 1978; Riisgard et al., 1996; Silverman et al., 1996,
1999, 2000; Gosling, 2003). Indiscriminate particle trans-
port, characteristic of adult mussels (Beninger et al., 1993;
Ward et al., 1991, 1993; Beninger and St-Jean, 1997) is
morphologically possible in about 2-mm postlarvae, which
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present the basic features of the adult gill and in which the
ventral particle groove has begun to develop.

The function, if any, of the dense abfrontal ciliation of
adult M. edulis gills (compared to the relative absence of
such cilia in most other bivalve gills) has been debated in
recent years. Originally thought to participate in maintain-
ing current flow in the pallial cavity (Jones et al., 1990,
1992; Jones and Richards, 1993), it was also suggested to be
purely vestigial (Beninger and Dufour, 2000; Dufour and
Beninger, 2001; Table 1). Its acquisition at 3.7-mm shell
length belies the latter interpretation and lends support to
the original hypothesis: the abfrontal ciliation probably re-
sults in increased water pumping efficiency and may be
correlated with the development of the ventral grooves,
which protect the captured particles from being resuspended
by the pallial currents (Table 1).

Ciliary and tissue junctions—maintenance of gill integrity

Various ciliary and tissular junctions are involved in
interfilamentar and interlamellar cohesion throughout gill
development in M. edulis (Sunila and Lindstrom, 1985;
Beninger et al., 1988; Table 1). The gill basket is main-
tained by both interfilamentar and inter-gill ciliary junc-
tions, as previously described in the Pectinidae P. yessoen-
sis and P. magellanicus (Kingzett, 1993; Veniot et al.,
2003).

After reflection of the gill filaments and growth of the
ODs, dorsal bends were shown to be abundantly ciliated
with short simple cilia in M. edulis, both on the IDs and
ODs. Such cilia have been shown to interlock with those of
the opposing left and right demibranchs in the V-shape
stage, and also with those of the mantle in the W-shape
stage in P. yessoensis (Kingzett, 1993), separating the in-
frabranchial and suprabranchial cavities. The band of short
simple cilia observed on the mantle surface, just dorsal to
the rejection tract, is ideally positioned to interlock with
those of the gill dorsal bends (Beninger et al., 1995b, 1999),
and to function similarly to the shunt mechanism described
for the heterorhabdic filibranch P. magellanicus (Beninger
et al., 1992).

Interlamellar junctions were the only tissular junctions

observed in the present study, both in their relaxed and
contracted states, and were organized in diagonal rows on
the abfrontal filament surfaces in the later developmental
stages, as previously reported for adults (Atkins, 1931;
Dufour and Beninger, 2001). This contractile system may
be involved in the shunt mechanism, via shortening and
subsequent detachment of the dorsal bends from the mantle
surface.

Evolutionary implications

Although the data concerning gill ontogeny in bivalves
are still rather scarce, two superficially similar systems have
been described previously: the heterorhabdic filibranch and
the heterorhabdic pseudolamellibranch. The present report
of gill ontogeny in the homorhabdic filibranch M. edulis
allows comparison with these systems (Table 1). A major
difference emerges in the earliest stage of gill development:
the gill basket is common to both heterorhabdic and ho-
morhabdic filibranch gills, but is absent in the pseudolamel-
libranch gill (Table 1).

The filibranch homorhabdic gill of adult M. edulis is
considered to be the pleisiomorphic condition from which
the other gill types evolved (Beninger and Dufour, 2000;
Dufour and Beninger, 2001). The presence of an abfrontal
filament ciliation, observed in adult M. edulis, is considered
pleisiomorphic for bivalves (Salvini-Plawen and Steiner,
1996; Beninger and Dufour, 2000; Giribet and Wheeler,
2002); reduction in this abfrontal ciliation in other gill types
is considered apomorphic (Beninger and Dufour, 2000).
The abundant abfrontal ciliation seen in M. edulis adults
could thus either indicate their pleisiomorphic character in
this primitive autobranch gill type (Beninger and Dufour,
2000), or correspond to a contemporary function, such as
the contribution to water pumping in the pallial cavity
(Jones et al., 1990, 1992; Jones and Richards, 1993). Quite
unexpectedly, the results of the present study show that the
abundant abfrontal ciliation of M. edulis is a feature ac-
quired at a relatively late developmental stage (3.7 mm), at
variance with the hypothesis of a persistent pleisiomorphic
state and supporting the interpretation of a contemporary
function. Conversely, the dense ciliation of both the gill

Figure 6. Mytilus edulis: 1.55-cm juveniles to adult specimens. (A) Abfrontal view of a gill filament in a
1.55-cm juvenile. (B) Abfrontal view of a gill lamella in a 1.62-cm juvenile (interlamellar junction in a relaxed
position). (C) Detail of the ciliation in the gill arches in a 1.80-cm juvenile. (D) Ventral view of the left budding
zone in a 1.75-mm juvenile. (E) Frontal view of gill filaments in an adult specimen (lateral cilia obscured by the
latero-frontal cirri). (F) Lateral view of a gill filament in an adult specimen. (G) Abfrontal view of a descending
lamella in an adult specimen (ascending lamella removed); inset, detail of an interlamellar junction. (H) Ventral
view of the ventral groove of a demibranch in an adult specimen. ac, abfrontal cilia; as, abfrontal surface; fc,
frontal cilia; fs, frontal surface; ga, gill arch; gc, apparently grouped cilia; ifcj, interfilamentar ciliary junction;
ilj, interlamellar junction; Ifc, latero-frontal cirri; Ibz, left budding zone; Ic, lateral cilia; Ifc, latero-frontal cirri;
lid, left ID; lod, left OD; m, mantle; o, ostium; sc, simple cilia; sls, sublateral surface; so, small ostium; tz,

transition zone; vg, ventral groove.
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arch and dorsal bend in M. edulis adults appears to be a
vestigial paedomorphic character, as it is probably func-
tional in postlarvae and juveniles (Stasek, 1962), but not in
adults (Ward et al., 1993).

The gill-gill and gill-mantle ciliary junctional systems
observed in M. edulis postlarvae, juveniles, and adults
(present study), and in P. magellanicus adults (Beninger et
al., 1988, 1992) are also found in the archaic propeamussid
homorhabdic filibranch Bathypecten vulcani (Beninger et
al., 2003). These observations suggest that these junctional
systems are stable evolutionary characters among filibranch
bivalves (Beninger et al., 2003) and are quite different from
the gill-gill and gill-mantle tissue fusion seen in eulamelli-
branchs and pseudolamellibranchs (Ridewood, 1903; At-
kins, 1937; Nelson, 1960; Neumann and Kappes, 2003),
where tissue fusion is present from the onset of gill devel-
opment, resulting in a morphologically and functionally
different association between mantle and gill. There thus
appears to be a clear evolutionary difference between the
filibranchs on one hand, and the eulamellibranchs-pseudola-
mellibranchs on the other hand.

Comparison of gill developmental sequence, ciliation,
architecture, and interaction with the other palleal structures
highlights the relevance of bivalve gill studies, and espe-
cially bivalve gill development, both in phylogenetic studies
and in the investigation of the evolution of particle process-
ing systems (Waller, 1998; Giribet and Wheeler, 2002;
Témkin, 2006).
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