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Abstract

Background: The Spiralia are a large, morphologically diverse group of protostomes (e.g. molluscs, annelids, nemerteans)
that share a homologous mode of early development called spiral cleavage. One of the most highly-conserved features
of spiralian development is the contribution of the primary quartet cells, 1a-1d, to the anterior region of the embryo
(including the brain, eyes, and the anterior ciliary band, called the prototroch). Yet, very few studies have analyzed the
ultimate fates of primary quartet sub-lineages, or examined the morphogenetic events that take place in the anterior
region of the embryo.

Results: This study focuses on the caenogastropod slipper snail, Crepidula fornicata, a model for molluscan
developmental biology. Through direct lineage tracing of primary quartet daughter cells, and examination of these cells
during gastrulation and organogenesis stages, we uncovered behaviors never described before in a spiralian. For the
first time, we show that the 1a>-1d? cells do not contribute to the prototroch (as they do in other species) and are
ultimately lost before hatching. During gastrulation and anterior-posterior axial elongation stages, these cells
cleavage-arrest and spread dramatically, contributing to a thin provisional epidermis on the dorsal side of the embryo.
This spreading is coupled with the displacement of the animal pole, and other pretrochal cells, closer to the ventrally-
positioned mouth, and the vegetal pole.

Conclusions: This is the first study to document the behavior and fate of primary quartet sub-lineages among molluscs.
We speculate that the function of 1a%-1d? cells (in addition to two cells derived from 1d'?, and the 2b lineage) is
to serve as a provisional epithelium that allows for anterior displacement of the other progeny of the primary quartet
towards the anterior-ventral side of the embryo. These data support a new and novel mechanism for axial bending,
distinct from canonical models in which axial bending is suggested to be driven primarily by differential proliferation of
posterior dorsal cells. These data suggest also that examining sub-lineages in other spiralians will reveal greater
variation than previously assumed.
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Background

The body-plans of most bilaterians are patterned along
three main axes [1, 2]. Generally, the anterior-posterior
(A-P) axis is the longest axis, with a concentration of
sensory organs associated with an anterior brain, and a
posterior hindgut, terminating in an anus [3]. Ortho-
gonal to the A-P axis is the dorsal-ventral (D-V) axis;
typically the central nervous system is positioned dor-
sally in the deuterostome branch of bilaterians, and ven-
trally in the protostome branch. In both protostomes
and deuterostomes, the mouth is situated in the anterior
region on the ventral side [4]. The third, orthogonal,
left-right (L-R) axis exhibits varying degrees of asym-
metry, depending on the species. These axes arise during
development and are not typically pre-patterned in the
egg. The egg often has a distinct set of patterning cues
that initially operate along the primary, or animal-
vegetal (A-V) axis. As development proceeds, the A-V
axis is transformed, and additional axes are added; ul-
timately the definitive A-P, D-V, and L-R axes are estab-
lished by the deployment of zygotic gene regulatory
networks, and the movement and rearrangement of cells
through morphogenesis. These morphogenetic events
are well-understood at the molecular and cellular levels
in several deuterostomes (e.g. sea urchins, ascidians, ver-
tebrates; [5—7], and ecdysozoans (e.g. arthropods, nema-
todes, [8, 9]). But few studies have documented even the
basic morphogenetic events involved in this transform-
ation in the third major branch of bilaterians, the Spira-
lia/Lophotrochozoa [10-14].

The Spiralia/Lophotrochozoa are a large branch of
protostomes, comprising ~14 “phyla” with diverse body-
plans (e.g., molluscs, annelids, brachiopods, phoronids,
and rotifers and other minor taxa [15-18]). Despite
looking very different as adults, many of these groups
(e.g. molluscs, annelids, nemerteans, platyhelminths)
share a highly stereotyped, homologous suite of charac-
teristics during early development, including spiral cleav-
age [15, 16]. Embryos exhibiting spiral cleavage are
initially patterned along the primary, animal-vegetal axis
[19, 20]. The animal pole gives rise to cell lineages that
will become neural tissues in the head, while cell line-
ages born from more vegetal territories give rise to neu-
rons in the trunk, and epidermal, mesodermal, and
endodermal tissues. Patterning along the dorsal-ventral
axis is established by a dorsal organizer, which signals
prior to gastrulation [21-23].

Gastrulation movements radically transform the em-
bryo [24]. During gastrulation in bilaterians, mesoderm
and endoderm are internalized through the blastopore,
which forms at the vegetal pole [4]. In deuterostomes,
gastrulation occurs at the vegetal pole, and the blasto-
pore becomes the opening to the posterior anus; the
mouth forms separately within the anterior/ventral
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territory. In contrast, among the Spiralia, the relation-
ship between the blastopore, the mouth, and the anus is
still debated [10, 13, 25—-28]. This is because fewer stu-
dies have been performed using spiralians to follow cells
around the blastopore to discern their ultimate contribu-
tion to the mouth or anus using modern intra-cellular
lineage tracing [29, 30]. Furthermore, the blastopore
forms at the vegetal pole, but the mouth, which it typic-
ally gives rise to, is ultimately situated in the anterior,
ventral territory in spiralians [4]. During these events
the animal-vegetal axis is bent, and the original animal-
vegetal axis of the egg cannot be directly correlated with
the anterior-posterior axis. Thus, which cells surround
the blastopore, what they ultimately contribute to, and
how the blastopore becomes displaced from the vegetal
pole towards the ventral/anterior region, is largely
unknown.

Recently, we used intra-cellular lineage tracing and live
imaging in the slipper snail C. fornicata to examine how
the blastopore narrows at the vegetal pole [29]. We dis-
covered that in this species it narrows in a posterior-to-
anterior direction through convergence and extension that
involves intercalation of cells across the midline, along the
posterior edge of the blastopore lip. We also documented
the further maturation and displacement of the blasto-
pore/nascent mouth towards the anterior-ventral region
as the embryo is transformed from a sphere of blasto-
meres to an elongated, organogenesis stage.

The mechanisms driving axial bending, however, and
the concomitant anterior displacement of the blastopore
is not well-understood among spiralians [10, 13]. Based
on early studies of the pulmonate snail Lymnaea stagnalis,
and others, the conventional explanation is that differen-
tial proliferation of cells on the post-trochal (posterior to
the prototroch) dorsal side drives this process, pushing
the blastopore and future mouth ventrally, closer to the
pre-trochal animal pole region [31, 32] (see Fig. la-c).
Early formation of the posterior-dorsal shell gland in mol-
luscs has also been attributed to this axial displacement
[33]. Some bending at the animal pole has been men-
tioned as playing a role in this process, but no specific cel-
lular behaviors have been attributed to this process [34].
More recently, Maslakova et al. [11] showed that in the
palaeonemertean Carinoma tremaphoros, expansion of
cells in the dorsal pre-trochal (anterior to the prototroch)
region is involved in pushing the dorsal prototroch band
towards the posterior end of the larva. This unusual
behavior was only obvious upon careful examination of
development using confocal microscopy, and in light of
cell lineage analysis [34]. Thus, it is likely that closer
examination of additional spiralians will uncover novel
morphogenetic behaviors.

We present one such example in this study, gleaned
from cell lineage analysis and examination of cell
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Fig. 1 Proposed models describing morphogenetic events that
contribute to the bending of the animal-vegetal axis of the spiralian
embryo. These events reposition the mouth to the future ventral
side of the embryo and closer the animal (future anterior) pole. a-c
Earlier model suggesting that the vegetal pole and site of gastrulation
(where the blastopore and mouth form) is displaced by differential
proliferation of post-trochal D quadrant progeny (mainly 2d progeny)
on the posterior dorsal side of the embryo [32]. d-f Model proposed
here based on data from C. fornicata where axial bending is driven by
ventral displacement of the animal pole through rearrangement and
flattening of 197 (ie, 1a'-1d") and 1d’ (ie, 1d'*" and 1d'*%) progeny.
While these two models are not mutually exclusive, the data reported
here revealed the latter process in C. fornicata, and indicate that these
cells are repositioned towards the dorsal side of the head to form an
expansive, provisional epithelium, which is subsequently lost before
hatching. Cells are labeled following the nomenclature of Conklin [40],
and as described in the text. bp, blastopore; A, animal pole; st, stomo-
deum; V, vegetal pole

behavior of the primary quartet micromeres (1a, 1b, 1c
and 1d, also referred to more generally as 1q cells) in C.
fornicata. This species has been developed as a model
system for spiralian embryogenesis [35, 36], and many
details about cell division patterns, cell behavior, and ul-
timate contribution to the veliger larva are already
understood [29, 37-39]. However, the primary quartet
lineages had not been previously studied in detail during
the interval between their earliest division patterns and
their ultimate contribution to the anterior regions of the
veliger larva. By examining intermediate stages of devel-
opment, we observed several features of their behavior
that have not previously been described in this species,
or any other spiralian. First, we found that only the ani-
mal daughter cells of each primary quartet blastomere,
the 1q' cells (1a', 1b%, 1c', 1d'), contribute to the
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mature prototroch; the other daughters, the 1q* cells
(1a% 1b? 1c?% 1d?), are ultimately shed from the embryo
before hatching. Second, we document how the four 1q?
cells, plus two cells derived from the 1d" lineage (1d"*'
and 1d'*%), become cell-cycle arrested and undergo a
dramatic cell flattening event, collectively forming an
expansive provisional epithelium that covers the
anterior-dorsal portion of the embryo during axial ben-
ding and elongation. These data provide an alternative
(though not mutually exclusive) model of how a spira-
lian embryo transforms from the rounded cleavage-
stages to the elongated larva (Fig. 1d-f). We discuss the
significance of these morphogenetic behaviors in a com-
parative context.

Results

Overview of C. fornicata development

As in other spiralians, C. fornicata’s first two cell divi-
sions of the zygote, which are essentially equal, give rise
to four blastomeres, termed A, B, C and D [40]. Subse-
quently, each of these cells will form successive tiers of
smaller animal pole daughter cells called micromeres.
The first tier, or primary quartet (1q) consists of the la-
1d micromeres, while the corresponding larger vegetal
macromeres are termed 1A -1D. These four macromeres
in turn form the second, third, and finally the fourth
quartet tier of micromeres (Fig. 2a). These micromeres
undergo subsequent divisions (Fig. 2a-c). According to
the nomenclature used by Conklin [40], those progeny
born closer to the animal pole receive a superscript 1
(e.g., 1a") while those born closer to the vegetal pole re-
ceive a 2 (e.g., 1a% Fig. 2a). In C. fornicata the first quar-
tet micromeres begin to divide after the 12-cell stage,
following the birth of the second quartet [i.e., 2q (2a-2d),
to reach the 16-cell stage]. The third quartet is formed
next (3q at the 20-cell stage) and then all four 2q cells
divide (forming the 2q* and 2q cells to reach the 24-cell
stage). Following this, the 4d cell is born precociously
(i.e., the 25-cell stage), on the dorsal side, at approxi-
mately 25 h after fertilization, as shown in Fig. 2a. The
other fourth quartet micromeres 4a-4c are born much
later, at approximately 48 h of development [29, 37].

The fate maps of sub-lineages within the 2q and 3q
quartets, and within the 4d cell, have recently been ex-
amined in detail [29, 39]. In contrast, the fates of the
sub-lineages of the 1q quartet are not known. Previous
fate-mapping of the 1q cells at the veliger stage demon-
strated that like other spiralians, the C. fornicata 1q cells
give rise to the ectodermal structures of the head and
the ciliated prototroch of the veliger [37, 38]. These ana-
lyses showed that the primary quartet micromeres give
rise to several cell types including apical ganglia, apical
organ, the ocelli, ampullary cells, ciliated cells of the
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Fig. 2 Schematic diagram highlighting cells/clones derived from the first quartet micromeres 1a'-1d" and 1a*-1d* These cells/clones are color
coded as indicated in the key. a-c Animal pole views with the d quadrant located towards the bottom of the figure. The other micromere
progeny are labeled in (a) for reference. The central small round polar bodies (gray color) are located at the animal pole. Note that the 1q° cells
do not undergo subsequent divisions and initially present a very small exposed area on the surface of the embryos, but eventually they spread
out to occupy a greater exposed surface area (also see Fig. 3). d-g Diagrams showing later stages and differential movement of the 1q°
micromeres to form the provisional epithelium, with progeny of 1d', on the dorsal side of the head. Color has been removed from the 1q'
clones for better clarity. These rearrangements help accommodate the relative displacement of the animal pole towards the vegetal/ventral pole
during development. The posterior pole is located towards the bottom of the figure for embryos shown in (d-g). d Dorsal view during late
cleavage in an embryo undergoing compaction. e Dorsal view of an embryo beginning elongation. f Dorsal view of an older embryo that is
beginning organogenesis. The circular, condensed shell gland (sg) has begun to form in this embryo. g Right lateral view of an embryo that is
somewhat older than that in (f). Note the animal pole ends up as the anterior pole of the embryo/larva while the vegetal pole (the site of
gastrulation, blastopore, and mouth) ends up on the ventral surface. The originally straight animal-vegetal axis becomes bent, and the animal pole
becomes located at 90 degrees relative to the vegetal/ventral pole. For each embryo, the animal/anterior pole (A) is indicated with a green-
headed pin. The vegetal/ventral pole (V) is indicated with a red-headed pin in g. Embryos in (a-c) follow illustrations of Conklin [40]. Embryos in
(d-g) are from confocal images where the cell outlines are visualized by expression of GFP-tagged UTPH (from [29])
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prototroch, pretrochal epidermis of the head vesicle, and
the anterior surface of the velar lobes (summarized in
Fig. 3, with the new data presented below).

Cleavage patterns and fates of the 1q' and 1g° progeny
The la-1d micromeres are equal to one another in size
at birth (8-cell stage at approximately 12 h of develop-
ment) and are approximately 40 pm in diameter when
viewed from the animal pole. By 15 h (at 23 °C), the 1a-
1d cells divide asymmetrically, forming the larger 1q'
cells at the very animal pole, and the smaller 1q*> cells,
located peripheral to them (Fig. 2a). The 1q' and 1q*
cells are approximately 30 pum and 15 pym in diameter,
respectively, when viewed from the animal pole. In com-
parison to the 1q" cells, the 1q> cells appear as tall nar-
row (columnar) cells during the early stages of
development (Fig. 2a). Both the 1q" and 1q* cells are lo-
cated at the surface of the embryo and are large enough
to inject directly (Fig. 4a), thus their subsequent divi-
sions and ultimate fate could be readily determined for
this study.

Conklin [40] has described the early cleavage pattern
of the 1q cells. Here we provide additional details related
to the timing of these divisions and location of their pro-
geny. At later stages (30-90 h) the embryos undergo
compaction and appear very round. Therefore, obvious
cellular landmarks are missing, so we note the absolute
time of certain cell divisions, and correlate their divi-
sions relative to those within the 4d lineage, whose
cleavage patterns and division timing was established
previously [39]. Immediately after the formation of the
mesentoblast (4d at the 25-cell stage), the 1q* cells div-
ide to form 1q'" and 1q"* (achieving the 29-cell stage).
Within two hours (after the 25-cell stage is reached,
27 h), the 4d cell divides to form bilaterally symmetrical
teloblasts, ML and MR (at approximately 29 h, Fig. 2b,
[39, 41], and unpublished data). After the formation of
ML and MR, the next cells to divide are the 1q** cells
that give rise to 1q**! and 1q**%, and by the time the 4a-
4c micromeres are born (at approximately 47-48 h)
there are three progeny derived from each of the 1q*
cells (1q"", 1q"*' and 1q'*), and the four 1q* cells
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g left apical ganglion, apical organ (plate) and head vesicle, median
la ampullary cells, left ocellus, left pretrochal ectoderm on anterior
1 surface of left velum, left dorsal prototroch (primary trochoblasts),
a left mantle edge
1a?
A tr ciliated epithelial cell(s)
1A
ectoderm, mesoderm, endoderm
AB
10! anterior ventral apical organ (plate) and head vesicle, median
1b ampullary cells, ventro-lateral prototroch (primary trochoblasts)
2
B transient ciliated epithelial cell(s)
1B
ectoderm, mesoderm, endoderm
Zygote
) right apical ganglion, apical organ (plate) and head vesicle, median
1c ampullary cells, right ocellus, right pretrochal ectoderm on anterior
1 surface of right velum, right dorsal prototroch (primary trochoblasts),
< ,  rightmantle edge
1c
transient ciliated epithelial cell
C
1C
ectoderm, endoderm
D
2-cell 14! posterior dorsal apical organ (plate), small patch of left
pretrochal ectoderm on anterior surface of left velum,
1d tr ciliated epithelial cells
2
transient ciliated epithelial cell
D
4-cell
1D
ectoderm, mesoderm, endoderm
8-cell
Fig. 3 Cell lineage fate map for C. fornicata, summarizing the results presented here for the first quartet progeny (see also [37]). Nomenclature
follows that of Conklin [40]. Fates shown in italics highlight information gleaned from the present study

remain undivided (Fig. 2c). At that stage, there are six
progeny of 4d [39, 42]. As epiboly begins (~48 h), the
cleavage pattern of the 1d lineage becomes asynchron-
ous and lags behind that of the la-lc lineages. The
1a'?%-1c? cells divide to form 1a'**'-1c***' and 1a'**%-
1c**?%, while the 1d"*" and 1d"** cells remain undivided.
Following these divisions, the 1a'*!, 1b'!, 1c'*' cells
each divide, forming 1a'*''-1c**"* and 1a'*'*-1¢**'2, This
establishes the complement of 1q progeny at ~60 h (50—
55% epiboly).

The behavior of the 1q* and 1q* clones during succes-
sive stages of development is highlighted in Figs. 2 and 4.
During gastrulation the embryo flattens along the animal-
vegetal axis (Fig. 2c-e) and the 1d? 1d'*'/1d'*?, and 1¢*
occupy a central, dorsal position (Fig. 2e; Fig. 4n-p, s-t;
Fig. 5e—i). These four cells remain undivided and flatten
considerably to spread out over the dorsal surface of the
head, while the other 1q" cells continue to proliferate
(Fig. 4b—s). The originally ventral 1a* and 1b” cells re-
main separated from the contiguous 1d? 1d'*, 1d'** and
1c* cells until about 130 h (Figs. 2d-¢; 4c, h; 5e, g, i-j, 1).

The 1a® and 1b” cells are eventually relocated laterally and
dorsally to take residence next to the 1d* and 1c* cells, re-
spectively (Fig. 2d-g; Fig. 5i-m). This group of six
cells—1a% 1b% 1c% 1d% 1d"™' and 1d'** forms an ex-
pansive plate of thin, ciliated cells on the dorsal
anterior side of the embryo by 130-137 h (Figs. 2f;
Fig. 5m-p). At the border of these large cells, one
can see extensive cellular processes (filopodia and la-
mellipodia). Throughout this time and continuing
through later stages of development, the 1q* cells in
all four quadrants generally do not undergo division,
though on rare instances we have seen that 1a® and
1b2 may divide only once (see also Conklin, [40]).
This large expanse of cells is also obvious when one
simply stains embryonic nuclei with Hoechst. The
large area that forms on the dorsal side of the head
can be readily seen as one sparsely populated with
nuclei (Fig. 6a-h). During later organogenesis stages
through veliger stages (Fig. 4e—v-x), the four 1q-de-
rived large flat cells gradually shrink to become tiny
cells located at the surface of the head. Eventually
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Fig. 4 Live images showing examples of specific clones at various stages of development, as labeled. Individual cells were initially injected at the
16- to 28-cell stages. a Three examples of freshly injected 1q° cells prior to their division (i.e, 1a° and 1d? at 28-cell stage, as labeled). Note the
small apparent size of these micromere daughters. Nuclei were pre-labeled by expression of green GFP-histone H2B. Red fluorescent dil has been
pressure microinjected into single cells using a fine glass needle, as shown. b-f 1a’ and 1a” progeny, as labeled. b, ¢ Dorsal-animal views of
elongating embryos. d, e Left-lateral views of pre-veliger larvae undergoing organogenesis. f Anterior-dorsal view of an early veliger larvae. g-l

1b' and 1b? progeny, as labeled. g Animal view with the d quadrant located towards the bottom of the figure. h Dorsal-animal view. i Ventral
view. j, k Right lateral views of pre-veliger larvae undergoing organogenesis. I Right lateral view of veliger larva. m-r 1c' and 1c? progeny, as labeled.
m Animal pole view. n Dorsal-animal view. o Dorsal view. p-q Right-lateral views of pre-veliger larvae undergoing organogenesis. r Anterior-dorsal view
of an early veliger larvae. sx 1d" and 1d progeny, as labeled. s-t Dorsal views of elongating embryos. u-v Right- and left-lateral views, respectively, of
pre-veliger larvae undergoing organogenesis. w-x Anterior-dorsal and right-lateral views of early veliger larvae, respectively. To facilitate the injections
embryos were pre-labeled by expression of either green GFP-histone H2B (as shown in a, g, h, n, q) or GFP-UTPH (as shown in b, ¢, i, m, s, t, v) protein.

Unless noted otherwise, embryos are oriented with the posterior pole directed toward the bottom of the figure. Scale bar in X equals 50 um

these cells are lost from the embryo well before
hatching (summarized in Fig. 7b-h). In other spira-
lians, the 1q* cells typically give rise to the primary
trochoblast cells. Therefore, in C. fornicata, the 1q'
cells give rise to all primary quartet-derived neural
and epidermal pre-trochal structures, as well as the
primary ciliary band of the prototroch itself (Fig. 4f—
w-x, see [37]). The fates of the 1q" and 1q° progeny
are summarized in Fig. 3.

As the 1a® and 1b* cells flatten out and make their
way laterally to the dorsal surface of the embryo, the
ventral progeny of 2b' and 2b® extend two bands of
cells laterally to encircle the embryo, meeting at the
dorsal midline (described in [29]). Some progeny de-
rived from 2b' and 2b” also join this expanded 1q>
epithelium (see Fig. 5m-n, and further descriptions pro-
vided below).

Differentiation of 1q" cells: Patterns of ciliation

Given the unexpected result that 1q> cells do not con-
tribute to the larval tissue post-hatching, we examined
earlier ciliation patterns via acetylated tubulin staining
(Fig. 5a-x). This antibody also marks ciliated cells within
other lineages (ie., from the 2b, 3¢, and 3d lineages),
which are clearly distinguishable from the 1q progeny,
as examined in a previous study [29]. The first cells to
become multi-ciliated are the 1a® and 1b* cells, at ~ 90 h
of development (Fig. 5a-d). These are joined by the 1c?
and 1d* cells, the 1d'*" and 1d"** cells, and animal-
ventral cells derived from the 1b' lineage (Fig. 5e-h). Fol-
lowing these stages, ciliation appears in the progeny of
3c* and 3d* along the posterior edge of the blastopore
during early stages of elongation, (117-120 h, Fig. 5i-l).
By 120 to 170 h, six highly ciliated, flattened cells (1a?
1b? 1c% 1d% 1d'' and 1d'**) make up an expansive
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(See figure on previous page.)

Fig. 5 Anti-acetylated tubulin staining (red fluorescence) revealing ciliated cells in developing embryos. Embryos are oriented with the future posterior
pole toward the bottom of the figure. Nuclei are labeled with DAPI (blue fluorescence). Specific cells/clones are as labeled. a, b Animal and vegetal
views during early gastrulation, respectively. No ciliation is present at this stage. ¢, d Animal and vegetal views, respectively, during intermediate stages
of gastrulation when ciliation is present in some 1q° daughter cells, as labeled. e, f Animal-dorsal, and vegetal views later during gastrulation,
respectively. Note group of four large ciliated cells on the dorsal surface in addition to 1a® and 1b” g, h Dorsal and ventral views, respectively,
at an even later stage of gastrulation. Note even closer location of 1a and 1b? relative to the four large ciliated cells on the dorsal surface (g).
I-L Dorsal, right-lateral, ventral and left-lateral views of elongating embryo, respectively. Ciliated cells of the neurotroch (3c? and 3d? progeny)
are seen within and posterior to the storodeum [29]. The ciliated 17 cells along with 1d"" and 1d'** now occupy a large area on the dorsal-lateral
surfaces of the future head. m-p Dorsal, right-lateral, ventral and left-lateral views, respectively, of a later stage when the embryo is undergoing
elongation. Note large area occupied by ciliated cells on the dorsal surface of the head that contribute to the “provisional epithelium.” Additional
cells have developed ciliation including progeny of 1b', which will contribute to the anterior head field and prototroch, in addition to some progeny
of 2b" and 2b”. gt Later stage of development when organ rudiments form. A large area is occupied by the provisional epithelium on the dorsal
surface of the head. u-x Very early veliger larval stage. At this stage the ciliated prototroch cells have formed. There are ciliated cells in the head field
and along the ventral midline in the foot (derived from 3c¢? and 3d9). bp, blastopore; fr, foot rudiment; ft, foot; st, stomodeum; tc, terminal (“anal”) cells;

vl, velar lobes; vr, velar rudiment. Scale bar in X equals 50 um

provisional epithelium located mainly on the dorsal
surface of the developing head (Fig. 5m-t). Ciliation also
develops in a few lateral progeny of the 2b' and 2b*
cells, which lie just posterior to the 1la* and 1b* cells
(Fig. 5m-n) and those cells could be contributing to the
expansion of this epithelial territory. Ciliation in the 1q?
cells could represent a vestige of their protrochal ances-
try, even though they do not contribute to the definitive
prototroch of the veliger larva in C. fornicata.

Ciliation does not develop in the genuine prototrochal
progeny of 1a', 1b" and 1c' until much later in develo-
pment, when organogenesis has already started to take
place (~228 h, Fig. 5u-x, note that 1d' does not contri-
bute to the prototroch, Fig. 3). Additional cells derived
from the 2b lineage also become ciliated at these later
stages of development, and these cells contribute to the
metatroch, a secondary ciliated band that sets up a re-
verse current used to capture food particles [37, 38].

Discussion

Morphogenesis of embryonic axes

Classical explanations for how the blastopore and mouth
are relocated from the vegetal pole towards the ventral,
anterior territory (which contributes to the bending of the
primary, animal-vegetal axis) typically invoke proliferation
in the dorsal, posterior (post-trochal) territory; this
process is thought to drive the vegetal blastopore/mouth
ventrally, and anteriorly (Fig. la-c, [10, 31, 32, 43]). In
contrast, as schematized in Fig. 1d-f, in this study we
observed an expansion of tissue in the dorsal anterior,
pre-trochal region. We note it is possible that both
mechanisms work together to drive axial bending. In C.
fornicata, we found that all four 1q> micromeres, plus
two cells from the 1d" lineage (1d*?" and 1d'**) become
cleavage-arrested, and flatten, to form an expansive,
thin ciliated provisional epithelium on the dorsal sur-
face of the head (Fig. 2; Fig. 44, j, n, o, p, s-t; Fig. 5 m—t;
Fig. 6b, d, f, h). Conklin [40] referred to these cells collect-
ively as the “posterior cell plate,” but failed to recognize

their true fate and significance. As these cells flatten, and
expand to cover more surface area, we propose that they
serve to allow for the displacement of the animal pole and
the other pretrochal 1q progeny towards the ventral
mouth, and the vegetal pole (Fig. 1d-f). It is unclear if the
cells within this provisional epithelium serve to actively
push these other pretrochal cells, or if they are passively
pulled (stretched) by the adjacent cells. Preliminary obser-
vations suggest it could be the latter, as we have used a
laser to burst these cells and the remaining cells retract, as
if they are under some tension (data not shown). The
provisional epithelium may also contribute to elongation
of the embryo (lengthening along the dorsal surface of the
embryo), though there are likely other factors that contrib-
ute to the process of anterio-posterior axial elongation.

Previously [29], we found that the progeny of the 2b
micromere (derived from 2b* and 2b?), which are ini-
tially located on the anterior ventral side of the embryo
(just anterior to the blastopore and developing mouth),
form two bilateral bands of cells that wrap progressively
around the left and right sides, ultimately joining on the
dorsal side below the provisional epithelium. It is pos-
sible that the rearrangements of these 2b derived cells is
coupled with the dorsal displacement of the 1a* and 1b?
cells, which were also originally located on the ventral
and lateral sides of the embryo (Fig. 2d-e; 4c, h; 5¢c-1).
Some large cells derived from 2b' and 2b* also become
ciliated adjacent to the provisional epithelium (Fig. 5m-
n). Eventually other cells must replace the provisional
epithelium, as those 1q° cells decrease in size and are
eventually lost from the embryo. Those cells could be
derived from the progeny of 2b' and 2b? though we
have not yet followed these later events.

Ventral displacement of the blastopore and mouth and
the bending of the animal-vegetal axis, which reduces
the distance between the original animal and vegetal
poles, is the result of several factors. One contributing
factor is the closure of the blastopore, which is narrowed
in a posterior to anterior direction by cell intercalation
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Fig. 6 Embryos stained with DAPI to show the distribution of nuclei

at four successive stages of development in C. fornicata. The formation
of the expansive provisional epithelium, comprised of a small number
of cells (nuclei) can be seen in (d, f, and h). a-b Corresponding
fluorescence micrographs showing the vegetal (a) and animal (b)
sides, respectively in a round stage embryo undergoing early
stages of epiboly. The large opening of the blastopore is seen in
(@), which is sparsely populated with cells, as the progeny of the
animal micromeres have not yet made it to the vegetal side.
Notice the fairly symmetrical pattern of the cells (nuclei) in the
animal hemisphere in (b). ¢-d Corresponding fluorescence
micrographs showing the vegetal (d) and animal (d) sides, respectively,
of a flattened embryo undergoing later stages of epiboly. ¢ The
blastopore has closed considerably. d Notice that cells are somewhat
more dispersed on the future dorsal side of the embryo as the
provisional epithelium is beginning to form. e-f Corresponding
fluorescence micrographs showing the ventral and dorsal sides,
respectively, of an embryo undergoing elongation. The provisional
epithelium is forming on the dorsal surface. g-h Corresponding
fluorescence micrographs showing the ventral and dorsal sides,
respectively, of an older embryo that has started organogenesis. h The
provisional epithelium is present on the dorsal surface of the head,
and the shell gland has begun to form in the post-trochal region.
Additional nuclei appear to be present in the region of the provisional
epithelium, as the deeper endodermal macromeres have undergone
some divisions by this stage of development. a, anterior; bp, blasto-
pore; d, dorsal; P, posterior; pe, provisional epithelium; sg, shell gland;
st, stomodeum; V, ventral. Asterisk in b, d, e-h marks the location of
the animal pole. Scale bar in h equals 50 um

at the posterior blastopore lip (zippering of the 3¢* and
3d*> progeny [29]). Here we describe a previously
unrecognized process in which the anterior region (ani-
mal pole) is brought in closer proximity to the anterior
edge of the blastopore by expansion of the provisional
epithelium (e.g., 1q* and 1d'*,1d"** cells, Fig. 1d-f, and
displacement of the 1q* progeny). It is possible that pro-
liferation of post-trochal cells also contributes to this
process (Fig. la-c, such as those derived from the 2d
clone, as proposed by [31, 32] or even the 3c and 3d
clones may also drive this bending in C. fornicata).

The progeny of 4d do not likely contribute to these rear-
rangements. While removal of 4d (the embryonic organ-
izer) early during development leads to radial development
and prevents gastrulation, removal of 4d later during devel-
opment (after its organizing role has ended) or ML and
MR (which removes all progeny of 4d) does not affect blas-
topore formation, the development of the mouth, or inhibit
elongation of the embryo (data not shown). On the other
hand, it is possible that organizer signaling from 4d may
play an indirect role, as it influences the behaviors of other
cells in the embryo: possibly 1a*-1d*

In the direct-developing nemertean Carinoma trema-
phoros, the blastopore is also said to shift from the vege-
tal pole toward the ventral side of the embryo by
expansion of 1q—derived cells [11]. But in this case, un-
like in C. fornicata, the 1q—derived cells are highly pro-
liferative and expand around the posterior pole [11].
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Thus, it is likely that morphogenetic mechanisms involved
in animal-vegetal axis bending, and in the displacement of
the blastopore, may be highly variable between spiralian
species. More careful examination in a wider range of em-
bryos will be necessary to determine the full breadth of
variation that might exist within this branch of bilaterians.

Development of the prototroch

The embryonic origin of the primary trochoblasts from
the 1q lineage is thought to be one of the more con-
served features of spiralian development [38, 44]. Wilson
[45] and Mead [46] where among the first to report that
the 1q> cells in particular contribute to prototroch cells
in annelids, and referred to them as primary trocho-
blasts. Since then, additional classical descriptions, and a
few modern lineage tracing studies, have confirmed that
the primary trochoblasts come from the 1q* cells and
share other characteristics, such as cleavage arrest and
cilia formation [47-49]. Therefore, it was surprising to
discover that the 1q* cells do not contribute to the

prototroch in C. fornicata. Hence, in C. fornicata the
prototroch is derived entirely from the 1a'-1c* daughters
(Figure 3), where the prototroch is mainly formed by 1b*
(ventro-laterally), and to a lesser extent by 1a! (on the
posterior-left side) and 1c' (on the posterior-right side).
Conklin [40] mentioned that the lq2 cells do not di-
vide again until possibly very late during cleavage. He
refers to these four cells as “turret cells,” which eventu-
ally lie between the arms of the molluscan cross. The
“molluscan cross” represents a configuration of cells in
which the 1q" progeny make up the four radial arms of
a cross, which intersects at the animal pole. The outer
tips of those arms are made up of the animal-most pro-
geny of the second quartet micromeres. One of the arms
of this cross is labeled in Fig. 4g. Just as we report here,
Conklin [40] states that “the 1q> turret cells become the
largest cells (save the vegetal macromeres) in the entire
embryo.” His monograph only reports seeing a single
division ever taking place in some la®> and 1b* cells,
which he also shows in a few illustrations. Likewise,
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except in one schematic diagram (his number 11), the
1c* and 1d? cells are never described to undergo further
divisions. In fact, there is confusion as to whether any of
these cells divide at all, as Conklin [40] goes on to state
on page 106 and again on page 107, that “In Crepidula 1
have never seen these cells divide though likely the an-
terior ones (1a% and 1b%) do divide at a later stage,” and
“the posterior turret cells (1c* and 1d*) divide very sel-
dom, if at all.” Conklin speculates on page 59 that: “In
Crepidula at least two of these cells (1a® and 1b%), and
probably all four, form a portion of the velum: but be-
cause I am not certain as to the destiny of the posterior
two cells (1c* and 1d?), I prefer to call the group for the
present by a non-committal name (“turret cells”). Their
destiny has not been determined in any other form.”
Even so, Conklin [40] considered the turret cells to be
homologous with trochoblast cells of annelids, and states
(without any evidence) that the progeny of the anterior
turret cells (1a% and 1b?) give rise to the first row of pro-
totroch cells, and that the posterior turret cells (1c* and
1d?), together with large cells derived from the basal and
middle cells of the posterior arm (derived from 1d"), give
rise to the head vesicle. Here, we clearly show that those
cells do not contribute to such structures.

Another function that has been attributed to the 1q
cells is their role in specifying the D quadrant in equal-
cleaving spiralians [50]. This is accomplished specifically
by the 1q' daughters. Recently, we have shown that the
1q” cells do not play a role in the specification of the D
quadrant in C. fornicata (in press).

It is likely of significance that the 1q* cells in C. forni-
cata exhibit behaviors that are similar to the trocho-
blasts present in other species. Like those cells, C.
fornicata 1q* cells become cleavage-arrested after their
birth, and they become highly ciliated (Fig. 5). We argue
that in C. fornicata, there has been a developmental shift
(in terms of both their division timing and ultimate
placements, e.g., heterochronic and heterotopic shifts) in
the developmental program of these 1q> cells relative to
that seen in other species. As a consequence, these cells
are not incorporated into the prototrochal ciliary band
and are ultimately lost from the larva. Another explan-
ation for this novel behavior of the C. fornicata 1q* cells
could be that their unusual ability to stretch causes them
to apoptose. Although we have not confirmed that the
loss of the 1q® and 1d'-derived cells is a result of the
classic apoptosis pathway, we note that apoptosis has
been linked to cell stretching in several models, for ex-
ample in myoblasts [51].

In the direct-developing leech Helobdella, the primary
quartet micromeres also contribute to both definitive tis-
sues like neurons in the supraesophageal ganglion and
longitudinal muscles, as well cells in the provisional in-
tegument which are lost from the embryo [52]. The
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specific contributions of the 1q" versus 1q° cells have
been examined by modern lineage tracing in only a
handful of other spiralian species. For example, in the
limpet Patella [48, 53] the polychaete Capitella [49], and
the nemertean Carinoma [11], the 1q* cells do indeed
contribute to the prototroch. In the gastropod llyanassa,
the sub-lineages of the 1q cells have not been investi-
gated specifically, but 1q labeled clones [30] show large
cells on the dorsal side of the head that might indicate
that the 1q” lineage is similar to that described for C.
fornicata. In a study using acetylated tubulin antibody
staining to follow the development of Ilyanassa ciliary
bands, Gharbiah et al. [54] showed large ciliated cells in
the anterior of the early embryo. Some of these large
cells could be 1q* cells that may not contribute to the
prototroch. The large acetylated tubulin-positive cells in
the anterior-dorsal region of the early C. fornicata em-
bryo come from the 1q* cells, and to some extent the
1q" progeny (i.e., 1d" progeny). Careful lineage tracing of
sub-lineages within the primary quartet in other spira-
lians will be useful in the future to reveal whether other
species might have also undergone these evolutionary/
developmental transitions.

Methods

Animal care and handling

Adult Crepidula fornicata were obtained from the Mar-
ine Resources Center at the Marine Biological Labora-
tory in Woods Hole, MA. Embryos were obtained and
reared, as previously described [35, 41, 42]. Briefly, em-
bryos were reared in gelatin-coated 35 mm petri dishes
in a total volume of 3 ml to 4 ml FSW containing peni-
cillin and streptomycin (see [41]).

Lineage tracing

Each of the 1q' and 1q* cells were pressure micro-
injected with either Rhodamine Green dextran (cat. no.
D-7153, Life Technologies, Grand Island, NY) or
DiIC18 (cat. no. D-282, Life Technologies, Grand Island,
NY) at the 16- to 28-cell stages, as previously described
[29, 37, 39, 41, 55]. To facilitate the injections, the nuclei
were pre-labeled by expression of GFP tagged histone
H2B protein via injection of synthetic RNA into zygotes
(following [29]). These embryos were subsequently reared
to various stages for clonal analyses of the injected cells’
progeny. At least twenty embryos were examined for each
of the eight different 1q*/1q* labeled cell clones.

Fixation, histology and microscopy

Specimens were fixed for one hour in a 4% solution of
formaldehyde (Ted Pella, Inc., Redding, CA) diluted in
filtered sea water (FSW) for 1 h at room temperature.
When prepared using a 16% formaldehyde stock solu-
tion the osmolarity of the fixative solution was adjusted
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using Instant Ocean Reef Crystals (Spectrum Brands,
Blacksburg, VA) at a concentration of 0.38 g per 40 ml
of working volume. Immediately after fixation, the for-
maldehyde solution was removed and replaced by three
washes of 1X PBS (1X PBS:1.86 mM NaH,PO,,
8.41 mM Na,HPO,, 175 mM NaCl, pH 7.4) and three
100% methanol washes. Samples were stored in 100%
methanol at -80 °C, until further use. Nuclei were la-
beled in a 0.5ug/ml solution of DAPI (Life Technologies,
Grand Island, NY) in the dark for 10 min. To reduce
background fluorescence, the DAPI solution was re-
moved and samples were washed three times in 1X PBS/
0.1% Tween. Specimens were stored in 80% glycerin/
20% 1X PBS at 4 °C. Embryos were photographed live
following gentle compression under a coverslip using
Zeiss M2 Imager epi-fluorescence microscope.

Immunohistochemistry

Antibody localization was performed using anti-
acetylated tubulin (1:400, #T-7451, Sigma, St. Louis,
MO) and follows the method described in Giani et al.
[56]. Specifically, embryos were rehydrated in 1X PBS,
permeabilized in 0.5% Triton X-100/1X PBS and blocked
in 0.5% Triton X-100/1X PBS/10% normal goat serum
for 2 h at room temperature. Anti-acetylated tubulin
antibody was added at a concentration of 1:400 and in-
cubated overnight at 4 °C. The next day, primary anti-
body was removed and embryos were washed four to
five times in 1X PBS/0.5% Triton X-100 over the course
of one hour. Secondary antibody (anti-mouse Alexafluor
546, 1:400) was added to the embryos and incubated at
room temperature in the dark for 2 h (or alternatively
overnight at 4 °C). Secondary antibody was removed and
embryos were washed four to five times with 1X PBS/
0.5% Triton over the course of one hour at room
temperature. Subsequent incubation in DAPI (0.5pg/ml,
Life Technologies, Grand Island, NY) dissolved in 1X
PBS allowed visualization of nuclei. Embryos were incu-
bated in this solution in the dark for 20 min, washed
two to three times in 1X PBS over the course of 30 min
and mounted on slides in 80% glycerin/20% 1X PBS.

Conclusions

Our data reveal how the spiralian trochoblast lineage
has evolved. Although in other spiralians, the 1q2 cells
are often said to cleavage-arrest after 1 to 2 rounds of di-
visions and contribute to the primary ciliary band, the C.
fornicata 1q2 cells instead are cleavage-arrested at their
birth, and are ultimately lost from the embryo, never
contributing to the definitive prototroch. To our know-
ledge, this is the first example of its kind. However,
modifications to the prototroch lineages have been doc-
umented in other species. Often in those cases cells in
the prototroch are more proliferative, not less (for
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example in the case of the polychaete Capitella [49] and
the nemertean Micrura [57]). We also discovered that
the 1q2 cells in C. fornicata undergo morphogenetic
events to form an expansive, flattened provisional epi-
thelium on the dorsal/anterior region of the embryo. We
hypothesize that this epithelium may function to facili-
tate animal-vegetal axialbending. Careful lineage tracing
of primary quartet sub-lineages in other spiralians will
be valuable in the future to reveal additional ways in
which the trochoblast lineage has been modified over
evolution.

Acknowledgements

The authors thank the Marine Biological Laboratory and especially the directors
of the Embryology course, Drs. Richard Behringer and Alejandro Sénchez
Alvarado, for supporting this research. DCL thanks Dave McClay for his support.

Funding

This research was supported by NSF grant 1558061 to JQH (JJH). That funding
supported the experimental design and execution of the work described in this
study.

Availability of data and materials
All data generated or analyzed during this study is included in this published
article.

Authors’ contributions

DCL and JQH conceived of the study. DCL and JQH performed lineage tracing,
microscopy, and lineage analysis. KJP carried out the immune staining. DCL,
JQH and KIP analyzed the results. DCL and JQH wrote the manuscript. JOH
prepared the figures. All authors read and approved the final manuscript.

Ethics approval and consent to participate
This study used wild-caught invertebrate snails and those adult animals were
all returned back to the ocean after their embryos were collected.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 4 May 2017 Accepted: 29 August 2017
Published online: 15 September 2017

References

1. Goldstein B, Freeman G. Axis specification in animal development.
BioEssays. 1997;19:105-16.

2. Martindale MQ. The evolution of metazoan axial properties. Nat Rev Genet.
2005;6:917-27.

3. Hejnol A, Martin-Durdn JM. Getting to the bottom of anal evolution.
Zoologischer Anzeiger - A J Comp Zool. 2015;256:61-74.

4. Martindale MQ, Hejnol A. A developmental perspective: changes in the position
of the blastopore during bilaterian evolution. Dev Cell. 2009;17:162-74.

5. Munro E, Robin F, Lemaire P. Cellular morphogenesis in ascidians: how to
shape a simple tadpole. Curr Opin Genet Dev. 2006;16:399-405.

6. Range R. Specification and positioning of the anterior neuroectoderm in
deuterostome embryos. Genesis. 2014;52:222-34.

7. Durston AJ, Zhu K. A time space translation hypothesis for vertebrate axial
patterning. Semin Cell Dev Biol. 2015;42:86-93.

8. MaJ, He F, Xie G, Deng W-M. Maternal AP determinants in the drosophila
oocyte and embryo. Wiley Interdiscip Rev Dev Biol. 2016;5:562-81.



Lyons et al. BMC Evolutionary Biology (2017) 17:217

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Rose L, Gonczy P. Polarity establishment, asymmetric division and segregation
of fate determinants in early C. elegans embryos. WormBook: the online review
of C. elegans biology. 2014;1-43.

Lyons DC, Henry JQ. Ins and outs of Spiralian gastrulation. Int J Dev Biol.
2014;58:413-28.

Maslakova SA, Martindale MQ, Norenburg JL. Vestigial prototroch in a basal
nemertean, Carinoma Tremaphoros (Nemertea; Palaeonemertea). Evol Dev.
2004;6:219-26.

Iwata F. Foregut formation of the Nemerteans and its role in Nemertean
Systematics. Integr Comp Biol. 1985;25:23-36.

Martin-Durdn JM, Passamaneck YJ, Martindale MQ, Hejnol A. The
developmental basis for the recurrent evolution of deuterostomy and
protostomy. Nat Publ Group. 2016;1:5.

Smith CM, Lans D, Weisblat DA. Cellular mechanisms of epiboly in leech
embryos. Development. 1996;122:1885-94.

Hejnol A. A twist in time-the evolution of spiral cleavage in the light of
animal phylogeny. Integr Comp Biol. 2010;50:695-706.

Henry JQ. Spiralian Model Systems. Int J Dev Biol. 2014;58:389-01.

Laumer CE, Bekkouche N, Kerbl A, Goetz F, Neves RC, Serensen MV, et al.
Spiralian phylogeny informs the evolution of microscopic lineages. Current
biology: CB. Elsevier. 2015;25:2000-006.

Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, Smith SA, et al. Broad
phylogenomic sampling improves resolution of the animal tree of life.
Nature. 2008;452:745-49.

Henry JQ, Perry KJ, Wever J, Seaver E, Martindale MQ. Beta-catenin is required for
the establishment of vegetal embryonic fates in the nemertean, Cerebratulus
Lacteus. Dev Biol. 2008;317:368-79.

Lambert JD. Developmental patterns in spiralian embryos. Curr Biol.
2010;20:R72-7.

Henry JJ, Perry KJ. MAPK activation and the specification of the D quadrant
in the gastropod mollusc, Crepidula Fornicata. Dev Biol. 2008;313:181-95.
Amiel AR, Henry JQ, Seaver EC. An organizing activity is required for head
patterning and cell fate specification in the polychaete annelid Capitella Teleta:
new insights into cell-cell signaling in Lophotrochozoa. Dev Biol. 2013;379:107-22.
Lambert JD, Johnson AB, Hudson CN, Chan A. Dpp/BMP2-4 mediates
signaling from the D-quadrant organizer in a Spiralian embryo. Curr Biol.
2016;26:2003-010.

Stern CD. Gastrulation: From Cells to Embryo. 1st ed. Cold Spring Harbor
Laboratory Press; 2004.

Arendt D, Nibler-Jung K. Dorsal or ventral: similarities in fate maps and
gastrulation patterns in annelids, arthropods and chordates. Mech Dev.
1997,61:7-21.

van den Biggelaar JAM, Edsinger-Gonzales E, Schram FR. The improbability
of dorso-ventral axis inversion during animal evolution as presumed by
Geoffroy Saint Hilaire. Contributions to Zoology. 2002;71:29-36.

Hejnol A, Martindale MQ. Mouth, the anus, and the blastopore—open
questions about questionable openings - Oxford scholarship. In: Telford MJ,
Littlewood DTJ, editors. Animal evolution: genomes, fossils and trees.
Oxford: Oxford University Press; 2009. p. 33-40.

Nielsen C. Trochophora larvae: cell-lineages, ciliary bands, and body regions.
1. Annelida and Mollusca. J Exp Zool B Mol Dev Evol. 2004;302B:35-68.
Lyons DC, Perry KJ, Henry JQ. Spiralian gastrulation: germ layer formation,
morphogenesis, and fate of the blastopore in the slipper snail Crepidula
Fornicata. EvoDevo. 2015,6:24.

Chan XY, Lambert JD. Development of blastomere clones in the Ilyanassa
embryo: transformation of the spiralian blastula into the larval body plan.
Dev Genes Evol. 2014;224:159-74.

Verdonk NH, van den Biggelaar JAM. Early development and the formation
of the germ layers. In: Verdonk NH, van den Biggelaar JAM, Tompa AS,
editors. The Mollusca. New York: Academic Press; 1983. p. 91-122.

Raven CP. On the structure of cyclopic, synopthalmic and anopthalimic
embryos, obtained by the action of lithium in Lymnaea stagnalis. Arch Néer!
Zool. 1949,8:323-353.

Meisenheimer J. Entwicklungsgeschichte von Dreissensia polymorpha. Pall. Z.
Wiss. Zool. 1901;69:1-137.

Raven CP. Morphogenesis, the analysis of Molluscan development. 2nd ed.
Oxford: Pergamon; 1966.

Henry JJ, Collin R, Perry KJ. The slipper snail, Crepidula: an emerging
lophotrochozoan model system. Biol Bull. 2010;218:211-29.

Henry JQ, Lyons DC. Molluscan models: Crepidula Fornicata. Curr Opin Genet
Dev. 2016;39:138-48.

37.

38.

39.

40.

2.
43,
44,
45,
46,
47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

Page 13 of 13

Hejnol A, Martindale MQ, Henry JQ. High-resolution fate map of the snail
Crepidula Fornicata: the origins of ciliary bands, nervous system, and
muscular elements. Dev Biol. 2007;305:63-76.

Henry JQ, Hejnol A, Perry KJ, Martindale MQ. Homology of ciliary bands in
Spiralian Trochophores. Integr Comp Biol. 2007,47:865-71.

Lyons DC, Perry KJ, Lesoway MP, Henry JQ. Cleavage pattern and fate map
of the mesentoblast, 4d, in the gastropod Crepidula: a hallmark of spiralian
development. EvoDevo. 2012;3:21.

Conklin EG. The embryology of Crepidula. J Morphol. 1897;13:1-226.

Henry JQ, Perry KJ, Martindale MQ. Cell specification and the role of the polar
lobe in the gastropod mollusc Crepidula Fornicata. Dev Biol. 2006;297:295-307.
Henry JQ, Perry KJ, Martindale MQ. Beta-catenin and early development in
the gastropod, Crepidula Fornicata. Integr Comp Biol. 2010;50:707-19.
Goulding MQ. Cell lineage of the llyanassa embryo: evolutionary acceleration
of regional differentiation during early development. PLoS One. 2009;4:€5506.
Rouse GW. Trochophore concepts : ciliary bands and the evolution of larvae
in spiralian Metazoa. Biol J Linn Soc. 1999,66:411-64.

Wilson EB. The cell lineage of Nereis. J Morphol. 1892,6:361-480.

Mead AD. The early development of marine annelids. J Morphol. 1897,8:227-327.
Dictus WJ, Damen P. Cell-lineage and clonal-contribution map of the
trochophore larva of Patella Vulgata (mollusca). Mech Dev. 1997,62:213-26.
Damen P, Dictus WJAG. Cell-lineage analysis of the prototroch of the gastropod
molluscPatella vulgata shows conditional specification of some trochoblasts.
Roux Arch Dev Biol. 1994;203:187-98.

Meyer NP, Boyle MJ, Martindale MQ, Seaver EC. A comprehensive fate map
by intracellular injection of identified blastomeres in the marine polychaete
Capitella Teleta. EvoDevo. 2010;1:8.

Henry JQ. Spiralian model systems. Int J Dev Biol. 2014;58:389-401.

Wang F, Wei Z-L, Sun X-R, Zhang Q, Zhang C-X, Jiang W-X, et al. Apoptosis
inducing factor is involved in stretch-induced apoptosis of Myoblast via a
Caspase-9 independent pathway. J Cell Biochem. 2017;118:829-38.

Huang FZ, Kang D, Ramirez-Weber FA, Bissen ST, Weisblat DA. Micromere
lineages in the glossiphoniid leech Helobdella. Development. 2002;129:719-32.
Damen P, Dictus WJAG. Cell lineage of the Prototroch of Patella Vulgata
(Gastropoda, Mollusca). Dev Biol. 1994;162:364-83.

Gharbiah M, Nakamoto A, Nagy LM. Analysis of ciliary band formation in the
mollusc llyanassa Obsoleta. Dev Genes Evol. 2013;223:225-35.

Henry JJ, Martindale MQ. Conservation of the spiralian developmental
program: cell lineage of the nemertean, Cerebratulus Lacteus. Dev Biol.
1998;201:253-269.

Giani VC Jr, Yamaguchi E, Boyle MJ, Seaver EC. Somatic and germline
expression of piwi during development and regeneration in the marine
polychaete annelid Capitella Teleta. EvoDevo. 2011;2:10.

Bird AM, von Dassow G, Maslakova SA. Evodevo. How the pilidium larva
grows. 2014;5:13. doi:10.1186/2041-9139-5-13.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1186/2041-9139-5-13

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Overview of C. fornicata development
	Cleavage patterns and fates of the 1q1 and 1q2 progeny
	Differentiation of 1q1 cells: Patterns of ciliation

	Discussion
	Morphogenesis of embryonic axes
	Development of the prototroch

	Methods
	Animal care and handling
	Lineage tracing
	Fixation, histology and microscopy
	Immunohistochemistry

	Conclusions
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

