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Fig. 4 Monensin-radialized M. muscosa trochophores undergo radial
patterns of gastrulation and early differentiation. a—d show normal
development. a and b show the normal completion of gastrulation at
37 h and early formation of the body plan at 48 h (ventral). ¢ and d are a
confocal projection and optical section of phalloidin-labeled actin in two
larvae and show the organization of the gut about anterior—posterior and
dorsal-ventral axes at 37 h (ventral and lateral). e-l show monensin-
radialized development. e and f show protrusion of the vegetal pole at
37 h and its quadri-radial intemalization at 48 h during gastrulation
(lateral). g and h are a confocal projection and optical section of
phalloidin-labeled actin in the same larva and show radial organization

original animal-vegetal axis, but was distinct from it due to
gastrulation. Swimming larvae hatched 2 to 4 h later than
controls and remained at the bottom (data not shown).
Patterns of differentiation were bilaterally symmetric in
control larvae, arranged about the anterior—posterior and
dorsal-ventral axes, but were quadri-radially symmetric in
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of the gut about the aboral-oral axis at 48 h (lateral). i-1 show the
sequence of protrusion (i) and quadri-radial internalization (j-1) of the
vegetal pole during gastrulation at 37 (i-k) and 48 h (I; vegetal). a, b, e,
f, i, j are scanning electron micrographs. ac Apical cilia, ap aboral
prototroch peak, at apical tuft, dlac dorsal-like apical cilia arm, fa foot
anlagen, fg foregut, ma mantle anlagen, mg midgut, op oral prototroch
peak, ppc paired oral prototroch peak cell, pr prototroch, O vegetal
macromere, s stomodeum, sfz shell field anlagen, si stomodeal-like
invagination, vac ventral apical cilia arm, vp vegetal protrusion. Scale
bar=25 pum

radialized larvae, arranged about the aboral-oral axis.
Radialized larvae formed six distinct zones, each zone
comprised two alternating quartets of quadri-radial patches;
the two quartets offset from one another by 45° (Fig. 6d—i).
Zone 1 at the aboral pole was formed by a field of apical
cilia and zone 3 by the prototroch. Zone 6 at the oral pole
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Fig. 5 Monensin-radialized M. muscosa trochophores lack an apical
wft but differentiate apical cilia and an apical organ in a radial
pattern. a—¢ show normal development. a shows the apical tuft and
surround apical cilia at 37 h (anterior). b and ¢ are confocal
micrographs of serotonergic-positive neurons and show the apical
organ at 5 days (ventral). d—f show radial development. d shows the
absence of an apical tuft but quadri-radially patterned apical cilia at
37 h (aboral). e and f are confocal micrographs of serotonergic-

formed at the site of gastrulation and gave rise to a
disorganized mix of potentially ectodermal and exogastru-
lated endodermal cells (Fig. 6g—i). Although distinct, the
remaining zones could not be identified as corresponding to
particular features of normal development (Fig. 6d).
Normal trochophores differentiate a long non-motile
apical tuft and surrounding cilia, which form two long
and angled ventral arms, two short and parallel dorsal arms,
and a dorsal ciliary gap (Fig. 5a). Radialized larvae lacked
an apical tuft but formed an expanded field of apical cilia at
the aboral pole, with four short and perpendicular dorsal-
like arms (Figs. 4e,f, 5d, 6d). In controls, serotonergic
neurons of the apical organ and cerebral ganglia are present
in controls beginning at 3 days (Fig. 5b,c). Dorsal-ventrally
organized cell bodies, an anterior commissure, and paired
neuronal tracts innervating the ventral and lateral aspects of
the post-trochal trunk form, with central cell bodies residing
directly on the commissure, whereas lateral cell bodies lie
outside the commissure along axonal tracts. In radialized

positive neurons and show radial differentiation of the apical organ
but absence of trochal and post-trochal innervation at 5 days
(lateral). a and d are scanning electron micrographs. ac Apical cilia,
aoc apical organ/cerebral ganglion commissure, dac dorsal apical cilia
amm, dlac dorsal-like apical cilia arm, ca connecting axon, ccb central
cell body, lac lateral cell body, pr prototroch, z/c zone 1 ciliated arm,
zIn zone | non-ciliated arm. Scale bar=25 um

larvae, serotonergic neurons differentiated within zone 1 in
a radial or quadri-radial, but never bilateral, pattern (Fig. Se,f).
Neurons formed the central and lateral cell bodies and
apical commissures, but did not innervate the prototroch
or post-trochal region. In controls, FMRF-amide-positive
neurons are present in the anterior commissure with paired
tracts running beneath the prototroch and projecting back
into the post-trochal posterior region along paired lateral
and ventral nerve cords (Fig. 7ab). In radialized larvae,
FMRF-amide-positive neurons differentiated in variable,
non-bilateral pattemns, forming apical commissures within
zone 1 and with nerve cords/axonal tracts extending back
into the post-trochal region (Fig. 7d). Control larvae form a
circular muscle band beneath the prototroch at 3 days and an
intricate network throughout the head and trunk region by
5 days (Fig. 7c). Radialized larvae formed circular muscle
bands beneath the prototroch and a network of fibers in the
shape of a pre-trochal radial basket and post-trochal radial
bouquet (Fig. 7¢). The prototroch (zone 3) in radialized
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Fig. 6 Monensin-radialized M.
muscosa late trochophores dif-
ferentiate radial zones of cells or
tissues along the aboral-oral
axis. a—c¢ are of normal devel-
opment and show differentiation
of adult structures about the
anterior—posterior and dorsal—
ventral axes at 4 days

(dorsal, ventral, lateral, anteri-
or—dorsal, posterior-dorsal,
posterior—ventral). d-i are of
monensin-radialized develop-
ment and show the differentia-
tion of two distinct quartets
within each zone (z1-6) and
global alignment of the different
quartets into oral and aboral
bands at 4 days (lateral and
oral). a—i are scanning electron
micrographs. a Anterior, ab ab-
oral, fe foot cilia, pr prototroch,
m mantle, mc mantle cilia, nc
non-ciliated ventral region, o
oral, p posterior, pr prototroch,
sf shell field, vac ventral apical
cilia, z4c¢ zone 4 ciliated patch,
z4n zone 4

non-ciliated patch, z5c¢ zone 5
ciliated patch, z5» zone 5 non-
ciliated patch, z6e zone 6 ecto-
derm/endoderm. Scale bar=

25 wm

larvae differentiated in a wave pattern of oral and aboral
peaks rather than the normal flat ring (Fig. 4e). A pair of
cells to either side of each oral peak exhibited a novel pattemn
of f-actin localization (Fig. 4c¢,g). Control trochophores form
calcified epidermal spicules throughout the mantle edge
(data not shown), whereas the shell field is uncalcified but
regionalized into seven serially iterated plates (Fig. 6a).
Calcified spicules were absent in radialized trochophores
(data not shown) as were the shell plates (Fig. 6). In
controls, short motile cilia cover the foot’s ventral midline,
and a lateral ciliary strip marks the mantle’s outer edge,
circumscribing the post-trochal region (Fig. 6b,c). It is
unclear if mantle cilia are motile. In radialized larvae, zones
4 and 5 formed alternating sets of ciliated and non-ciliated
quartets (Fig. 6d—-i). Ciliated patches were motile, suggestive
of active foot, or possibly mantle, cilia in controls. Paired
post-trochal larval eyes, or ocelli, are present at 5 days in
control larvae, but were absent in radialized ones (data not
shown).

Monensin-induced radialization in the scaphopod 4. entalis
To test the effect of monensin treatment on 3D activation and

patterning in 4. entalis, embryos were incubated in a 1-pM
concentration for 3 h from the onset of the 24-cell stage, a
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period that extended through the transition to bilateral
cleavage (Fig. 8a). Development was then assessed at later
stages and compared to controls. After monensin treatment,
larvae exhibited either radialized, abnormal, or normal
development, with a mixture of all three present in
approximately equal numbers in two separate experiments
(Fig. 8b). An apical tuft, prototroch, dorsal shell and mantle,
and ventral foot are present in normal 2-day veligers
(Fig. 8c). At 5 days, the shell and mantle are extended
around the body to meet along the ventral midline, with the
foot now largely internal to the mantle and shell at the
anterior end, and the pavilion forms as a small pocket at
the posterior end (Fig. 8d). Monensin-radialized 1- to 2-day
veligers exhibited a radial body plan with a truncated post-
trochal region (Fig. 8¢). The post-trochal region elongated in
many older larvae and, although different tissues could not
be clearly identified relative to normal development, an
overall radialized appearance was maintained into the 3-day
larval stage and beyond (Fig. 8f).

Discussion

Our results demonstrate that monensin and BFA provide
simple, yet effective, experimental tools to inhibit the 3D
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Fig. 7 M. muscosa monensin-radialized late trochophores differentiate
muscle and nervous system tissues in a radial pattern. a—c are of
normal development at 5 days. a and b are confocal projections of
FMRF-amide-positive neurons and show tetraneuran nervous system
symmetrically organized about the anterior—posterior and dorsal-
ventral axes (dorsal and lateral). ¢ is a confocal projection of
phalloidin-labeled actin and shows a complex muscular network
symmetrically organized about the anterior—posterior and dorsal-
ventral axes (dorsal). d and e are of monensin-radialized development
at 5 days. d is a confocal projection of FMRF-amide-positive neurons

organizer and radialize subsequent development in different
molluscan clades and developmental systems. Given that
the transition to bilateral symmetry is organizer-dependent
for each of the three major clades tested (Cather and
Verdonk 1979; Clement 1962; van den Biggelaar 1996),
radialization in response to treatment suggests that both
chemicals similarly inhibit, directly or indirectly, the
organizer. In support of this, treatments made outside the

and shows variably formed nerve cords extending along the aboral—
oral axis (lateral). e is a confocal projection of phalloidin-labeled actin
and shows a complex muscular network radially organized about the
aboral-oral axis (lateral). ag Apical grid, ¢ FMRF-amide-positive
nerve cord, cm FMRF-amide-positive cerebral commissure, e enrolling
muscle, /e FMRF-amidic lateral nerve cord, pon post-trochal myofibril
network, pr prototroch, prn pre-trochal myofibril network, prr
prototroch ring muscle, re dorsal rectus muscle, #m transverse muscle,
ve FMRF-amide-positive ventral nerve cord, v/ ventrolateral longitu-
dinal muscle. Scale bar=25 pum

window of organizer specification and patterning had
minimal or no discernable effects in all three equal-cleaving
species. In addition, although monensin and BFA act
through distinct molecular or subcellular processes (Dinter
and Berger 1998; Mayer 2003; Mollenhauer et al. 1990),
they had seemingly identical effects on development in P,
vulgata, suggesting that the observed phenotypes are not
the result of a chemical-specific toxicity.
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Fig. 8 Monensin treatment in a‘_l
A. entalis results in radialization

of the body plan. a is a sche-
matic showing the developmen-
tal timing of a | uM monensin

: 2 Cleava
treatment. b is a graph showing S

The Effect of Developmental —Ti—miﬁg on
1 uM Monensin Treatment

Patterning

bl

The Effect of 1 uM
24-cell MonensinTreatment

Gastruiation 100

the effects of 1 M monensin
treatment. ¢ and d show normal
development with the body plan

Bilateral

Percent

organized about the anterior— 24c
posterior and dorsal-ventral Il Normal
axes at 2 and 3 days (lateral and [l Abnorma
ventral). e and f show monen- Radlalized

sin-radialized development with
the body plan organized about
the aboral-oral axis at 2 and

3 days (lateral and lateral). ¢
Anterior, ao apical organ, f foot,
m mantle, o oral, p posterior, pa
pavilion, pr prototroch, s/ shell
field. Scale bar=50 um

Monensin and BFA radialization results in a similar loss
of animal-vegetal extension in the three equal-cleaving
species, indicating that radialization is similarly achieved
through the inhibition of specification. This also suggests
that the initially distinct actions of monensin and BFA
converge downstream to inhibit the same developmental
process, i.e., animal-vegetal extension. In 4. entalis, the
immediate developmental effects of monensin were not
examined. Although specification is through determinant
segregation by the polar lobe (Cather and Verdonk 1979;
Wilson 1904), it is possible that, like polar-lobe-forming C.
Jornicata, animal—vegetal extension and contact also plays
a role and was similarly blocked by treatment (Henry et al.
2006). Alternatively, monensin may have interfered with
organizer activation or patterning rather than specification.
The variable development of treated A. entalis embryos,
ranging from normal to abnormal to radialized, might be
attributed to the developmental asynchrony of normal
development, as developmental timing is critical to radia-
lization in the other species. It is not clear why BFA and not
monensin radialized development in L. stagnalis. However,
potentially lethal concentrations (10 uM) had no effect,
suggesting that monensin was unable to diffuse across the
egg capsule or vitelline membrane.

We found that organizer specification is different in
equal-cleaving gastropods and polyplacophorans. In addi-
tion to previously noted differences in developmental
timing (van den Biggelaar 1996; van den Biggelaar and
Haszprunar 1996), M. muscosa extends a single non-cross-
furrow 3Q macromere into the cleavage cavity, whereas P,
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vulgata and L. stagnalis extend all four, and, as described
for the chiton Acanthochiton crinitus(van den Biggelaar
1996), 3D is always a non-cross-furrow macromere in M.
muscosa but is a cross-furrow macromere in P, vuigata and
L. stagnalis. These differences suggest that whereas some
form of animal-vegetal extension and contact is generally
conserved in equal-cleaving molluscs, the stochastic model
of 3D specification (Amolds et al. 1983), which requires
that the 3Q macromeres be developmentally equivalent
before contact and that there is a strong bias towards
specifying a cross-furrow macromere as 3D, is gastropod-
specific and does not apply to polyplacophorans. How a
single non-cross-furrow macromere is initially specified to
undergo extension and contact in M. muscosa is unknown.
Further functional and molecular characterization of orga-
nizer specification in these and other equal-cleaving
molluscs, including protobranch bivalves, will help clarify
3D’s conservation and evolution in molluscs, as will similar
characterizations in equal-cleaving clades of other phyla.
BFA- and monensin-radialized P vulgata embryos in
this study are similar to previous descriptions of monensin-
radialized P vulgata embryos (Kuhtreiber et al. 1988).
Discrepancies arise at later stages; for instance, we did not
observe quadri-radially arranged shell gland and stomodea
invaginations, but these discrepancies may reflect differ-
ences in the larval stages examined and not actual differ-
ences in radialized development. It is unclear how
BFA- and monensin-radialized development in different
molluscs compares to UO126-radialized development in
equal- and unequal-cleaving gastropods, including P. vulgata
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{Lambert and Nagy 2001; Lambert and Nagy 2003; Lartillot
et al. 2002b). For all three radialization techniques, there is a
loss of bilateral cleavage in the embryo, indicating a similar
inhibition of 3D’s organizing activity. However, details of
UO126-radialized larval development differ between studies
of closely related taxa (Lambert and Nagy 2003; Lartillot et
al. 2002b), and in all species outside of M. muscosa,
gastrulation and the body plan remain largely undocumented.
A more detailed analysis of BFA-, monensin-, and UO126-
radialized development in a single species and across taxa is
required to effectively compare the different species and
techniques and, ultimately, to understand the organizing
function of 3D.

The nature of the developmental axis established by
organizer patterning and how it is translated into the body
plan are poorly understood in spiral-cleaving lophotrochozo-
ans. Although blastomere lineage contributions at the onset of
gastrulation are stereotypic, they are not necessarily structure-
or axis-specific (Dictus and Damen 1997), which suggests
that, in many lineages, final decisions of developmental fate
occur later during gastrulation, long after organizer pattern-
ing. In partial 2- and 4-cell embryos, only those lacking the
D-quadrant blastomere fail to gastrulate (Wilson 1904).
Thus, 3D might control downstream developmental fates by
initiating gastrulation. However, our results in M. muscosa
show that organizer patterning is not required for gastrula-
tion, as radialized trochophores undergo quadri-radial pat-
terns of morphogenetic movement. Instead, we found that
the organizer-dependent developmental architecture, either
bilateral or radial, at the onset of gastrulation predicts
subsequent patterns of morphogenetic movement, differenti-
ation, and the body plan. Thus, we propose that organizer
patterning establishes a secondary developmental axis
through its transformation of blastomere identities along the
D-quadrant midline and that it does so in direct reference to
subsequent patterns of gastrulation and only indirectly to the
later body plan.

Developmental signaling centers pattern the early em-
bryo and are required for proper establishment of the
primary body axis in phyla as distant as chordates,
cnidarians, and molluscs (Martindale 2005). In chordates
and cnidarians, these organizing centers express similar sets
of transcription factors and signaling molecules in the late
embryo, through gastrulation, and into the adult body plan
(Martindale 2005). In molluscs, patterning by the 3D
organizer is completed before gastrulation (Cather and
Verdonk 1979; Clement 1962), but similar sets of genes are
expressed during gastrulation and into the body plan in
lineages dependent upon 3D patterning (Lartillot et al.
2002a,b). This suggests, in conjunction with our own and
other experimental studies, that the organizing function of
3D is only one part of a more general patterning network in
gastrulation and may represent an ancient feature of early

metazoan development. Genomic sequencing of now
several spiral-cleaving lophotrochozoans, including the
marine snail, Lotftia gigantea, have recently become
available and offer exciting new avenues for exploring the
potential role of a developmental organizer in early animal
evolution.
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