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ABSTRACT 

The polar lobe of Ilyanassa is asymmetrically partitioned into the D lineage of 

cells. Two of these cells, 3D and 4d, induce proper axial cell fate patterning in the 

embryo. Based on known embryological data in Ilyanassa, I hypothesized that Notch 

signaling would be required for this induction. I found that Notch signaling is required 

for cell fates induced by 4d and is temporally required well after 4d induction. Based on 

these results, I hypothesize that Notch signaling is involved in a reciprocal induction 

between the micromeres and the macromeres (endoderm) resulting in the maintenance of 

micromere fate induction and endoderm specification. 

Loss of the polar lobe results in the loss of cell fate induction by 3D/4d. Therefore, 

I hypothesized that proteins are asymmetrically bequeathed to the inducing D lineage 

cells by the polar lobe. To test this hypothesis, I compared global protein differences 

between two cell stage intact embryos, lobeless embryos, and isolated polar lobes by 2-

Dimensional Electrophoresis analysis. I found several (12) quantitative differences 

between these samples including four spots enriched in the polar lobe isolates. I identified 

voltage-dependent anion-selective channel (VDAC) as one of the candidate proteins 

enriched in polar lobe isolates. I propose that VDAC is asymmetrically distributed by the 

polar lobe to the D cell and that it may function in D cell induction and mesendoderm 

fate specification. 

  Lastly, I identify an acetylated tubulin antigen as a marker for cilia. I describe the 

pattern of cilia differentiation in the developing larvae that results in the formation of two 

ciliary bands, the prototroch and the metatroch, required for locomotion and feeding. 
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These ciliary bands are conserved among annelid and mollusc larvae. Interestingly, the 

metatroch is derived from third quartet derivatives in the annelid Polygordius and from 

second quartet derivatives in the mollusc Crepidula. I provide evidence that the 

metatroch is derived from the first quartet derivatives in the mollusc Ilyanassa. Thus 

while the larval metatroch is conserved, its clonal origin is not. Based on these results, I 

provide support for the hypothesis that the metatroch is not homologous between annelids 

and molluscs or even among molluscs. 
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CHAPTER 1: PATTERNING THE MUD SNAIL EMBRYO 
 

The mysterious polar lobe 

The polar lobe of the mud snail Ilyanassa obsoleta underlies one of the greatest 

unresolved puzzles of asymmetric localization in developmental biology. The polar lobe 

is an anucleate sac of cytoplasm that is extruded during meiotic divisions and the first 

two cellular divisions (Figure 1.1). The polar lobe is exclusively partitioned into one cell. 

During the first two cellular divisions the polar lobe is quite large – as large as the 

nucleated cells. The unusual protruding behavior of polar lobe extrusion is rhythmic and 

cell-cycle dependent. Furthermore, within this large anucleate sac resides the information 

required for axial patterning and morphogenesis – loss of this polar lobe creates a 

radialized monster that lacks several key structures (Clement 1952) (Figure 1.2). All of 

these facts have led embryologists (including myself) on a more than century old quest 

(Crampton 1896) to piece together the enigmatic puzzle that is the polar lobe. 

 In this introduction to my dissertation, I first discuss several key embryological 

experiments that help define the function of the polar lobe. Secondly, I discuss the current 

understanding of the molecular components underlying the function of the polar lobe. 

Lastly, I provide an overview of experiments and results described in this dissertation. 

 

Key embryological experiments 

Many embryologists have poked, prodded, and pushed this fascinating embryo in 

attempts to solve the puzzle of the polar lobe. Although the puzzle is far from solved, 

distinct pieces have emerged and connections have begun to form. 
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Inheritance of the polar lobe enables unique cleavage in the D lineage  

The effects of polar lobe inheritance are immediately and visibly observed. After 

second cleavage, the cell that exclusively inherits the polar lobe becomes much larger 

than the other three equal sized cells. This cell is designated as the “D” cell and the others 

are designated as the “A”, “B”, and “C” cells (Figure 1.1). These cells are macromeres 

and they concurrently divide during the next four cleavage cycles to give rise to sets of 

four, much smaller cells (quartets of micromeres). These micromeres are designated as 

the “a”, “b”, “c” and “d” cells (Figure 1.1). Not only does inheritance of the polar lobe 

cause the D cell to be significantly larger, it also affects the cleavage times and cell sizes 

of its daughter cells. For example: 1d is smaller and divides more slowly than the other 

first quartet cells; 2d is larger than the other second quartet cells; and 4d is born three 

hours earlier than the other fourth quartet cells (Clement 1952).  

Loss of the polar lobe results in four equal sized macromeres – no single cell is 

visibly different from the others. Not only are all the macromeres similar in size, but they 

all behave as ABC-like cells and form abc-like daughter cells. The unique cell division 

times and cell sizes displayed by the D lineage are lost after polar lobe loss (Crampton 

1896; Clement 1952). Without the polar lobe, the cleavage pattern of the embryos 

becomes radialized: all four lineages divide identically. 

 

The polar lobe is required for proper axial patterning and morphogenesis 
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The radialized effect of losing the polar lobe on the cleavage pattern is readily 

apparent in the swimming larval stage (the veliger). The veligers that result from lobeless 

embryos are intriguing monsters: they display a startlingly radialized ectoderm with four 

small radially positioned velar lobes (head structures) (Figure 1.2). The anterior-posterior 

axis is also disrupted. The velar lobes are equatorially positioned and the veliger swims in 

an unusual manner, continually flip-flopping 180 degrees. By contrast, normal veligers 

have an anterior head structure with two distinct (left and right) velar lobes with two 

bilaterally positioned eyes and swims with the anterior end forward (Clement 1952; 

Atkinson 1969) (Figure 1.2 & 1.3). Thus, proper axial polarity in the embryo and in the 

resulting veliger is lost as a consequence of ablating the polar lobe. Additionally, these 

monstrous veligers fail to form significant morphological structures. They lack eyes, foot, 

statocysts, operculum, retractor muscle, intestine, heart, kidney, and shell (Clement 1952; 

Atkinson 1969) (Figure 1.2 & 1.3). Thus, proper morphogenesis in the veliger is lost as a 

consequence of ablating the polar lobe. 

 

The polar lobe affects non-D lineage fates 

The polar lobe is not just a yolky house in which all the determinants required for 

the structures lost after polar lobe loss reside. Cell lineage studies have identified the 

clonal origins of the veliger structures and have identified non-D lineage contributions to 

several structures lost in the lobeless veligers: the eyes (1a & 1c), the right half of the foot 

(3c), and the right statocyst (2c & 3c) (Render 1991; Render 1997). Additionally, the D 

cell and the daughters of the D cell have limited clonal contribution to the veliger – they 
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contribute to a small strip of velum tissue (1d), a portion of the mantle edge (2d), the left 

half (3d) and tip (2d) of the foot, the left statocyst (3d), the kidney (4d), the heart (4d), the 

intestine (4d) and some of the nutritive yolk (4D) (Render 1991; Render 1997) (Figure 

1.3). Thus, the polar lobe induces cell fates in cells which do not themselves inherit the 

polar lobe.  

 

The polar lobe functions by fourth cleavage 

After the establishment of the phenotypic consequences of polar lobe loss, 

embryologists attempted to precisely pinpoint when the polar lobe functions. In these 

experiments, the D cell was successively ablated after its inheritance of the polar lobe and 

during the next four cleavage cycles in which it formed its four daughter cells (Figure 

1.1). Additionally, the four daughters of the D cell were also singly ablated. 

 Ablation of the D cell during second (D) or third (1D) cleavage resulted in 

veligers identical to those observed when the polar lobe is ablated at first cleavage 

(Clement 1962) (Figure 1.2). Thus, the polar lobe has not significantly, if at all, induced 

proper ectodermal fate by third cleavage (Figure 1.4). 

 Ablation of the D cell during fourth (2D) cleavage recovered the ability to 

occasionally form a very small external shell in the veliger (Clement 1962; Labordus and 

van der wal 1986). External shell is not observed after polar lobe ablation at first cleavage 

or after D cell ablation at second (D) or third cleavage (1D). No other significant 

differences are observed in the ability to differentiate other ectodermal structures at this 

cleavage (Clement 1962) (Figure 1.4). 
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Ablation of the D cell during fifth (3D) cleavage at increasingly later time points 

during this cleavage cycle led to significant increases in the ability to form proper 

morphological structures (Clement 1962). For example, eye differentiation could be 

observed with D cell ablations 16-30 minutes after fifth cleavage and foot and statocysts 

differentiation could be observed with D cell ablations 61-75 minutes after fifth cleavage 

(Sweet 1996). Thus, the effects of D cell inheritance of the polar lobe can be observed in 

polar lobe dependent fates during fifth cleavage (Figure 1.4). 

Ablation of the D cell during sixth (4D) cleavage resulted in small but 

morphologically normal veligers (Clement 1962). Thus, the polar lobe function in the D 

cell is complete by sixth cleavage (Figure 1.4). 

Unexpectedly, polar lobe dependent induction of cell fates is not limited to the D 

cell – ablation of 4d within twenty minutes after its birth resulted in non-D lineage 

defects, albeit of less severity than polar lobe ablation. 4d ablated veligers have a reduced 

velum, foot and shell and disorganized or absent endoderm (Chapter 2; Rabinowitz et al. 

2008). Defects observed resulting from the ablation of 4d an hour after its birth were 

limited to clonal defects (Clement 1986b). Thus, the polar lobe imparts a signaling 

capacity to the D cell which continues to function in one of its daughter cells (4d) for the 

first hour after its birth (Figure 1.4).  

 

The polar lobe differentially activates cells within a quartet of micromeres 

The polar lobe selectively activates fates along the dorsal-ventral axis. For 

example, the two bilateral eyes of the veliger are exclusive clonal derivates of 1a and 1c 
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(these cells are laterally positioned dorsally from 1b and ventrally from 1d; see Figure 1.1 

& 1.3). The other members of the first quartet, 1b and 1d, contribute to the velum but not 

the eyes (Render 1991). Transplantation experiments suggest that all members of the first 

quartet are capable of being induced to form eyes: transplantation of 1b or 1d into 1a’s 

position could result in eye formation by the derivatives of these two cells. However, 1b 

could be induced to form eyes much more frequently than 1d. Thus, the ventral position 

of 1b (furthest position from the inducing D cell; see Figure 1.1) is thought to limit eye 

induction by the D cell. The daughters of the D cell (the closest cells to the inducing D 

cell) are the exception: 1d is rarely induced to form eyes. Transplantation of 1d from a 

lobeless embryo into 1a’s position in an intact embryo results in a high frequency of eyes 

(Sweet 1996). This suggests that 1d has limited fate potential because of the inheritance 

of polar lobe material by its parent cell, the D cell (Sweet 1996; Goulding 2001). Thus, 

the polar lobe induces a proper dorsal-ventral axis by differentially activating the closer, 

dorsal cells with the exception of some D lineage daughter cells which have additional 

constraints on their fate potential. 

 

The polar lobe inhibits fates along the dorsal-ventral axis but not along the anterior-

posterior axis 

In addition to inducing cell fates, the polar lobe enables the D cell to inhibit cell 

type specific differentiation in other cells. Veligers that develop from lobeless embryos 

have supernumerary style sacs and digestive glands, multiple velar lobes, and multiple 

pockets of “internal shell” which are internal masses of birefingement material of the 
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same color and appearance as the shell material (Clement 1962; Atkinson 1969; Atkinson 

1971; Atkinson 1987) (Figure 1.2 & 1.3). Thus, in the absence of the polar lobe, all four 

quadrants of the embryo have equal fate potential due to a failure of proper dorsal-ventral 

axis induction.  

Unlike dorsal-ventral fates, anterior-posterior fates are not duplicated in the 

lobeless monster. For example, a distinct ring of velar cilia encircle the lobeless veliger in 

a manner that suggest that only a subset of cells inherit cilia forming determinants (Figure 

1.2). This may be due to differential asymmetric localization of determinants to quartets 

of daughter cells born during the same cleavage cycle (ie. 1a, 1b, 1c and 1d, etc.; see 

Figure 1.1). This is supported by fate mapping studies in which daughter cells born 

during the same cleavage cycle contribute to the same select structures (1q = foot, 2q = 

shell, 3q = foot, 4q= endoderm) (Render 1991; Render 1997) (Figure 1.3). 

Transplantation experiments further support the hypothesis that different quartets inherit 

unique sets of determinants. For example, 1a and 1c fate map as the two exclusive eye 

progenitors (Render 1991) whereas 2q cells fate map to the shell and statocysts both of 

which are made of birefringent material (Render 1997) (Figure 1.3). Transplantation of 

2a, 2b, or 2c micromeres into the position of 1a never results in eye formation – instead 

these cells frequently form birefringent material. Transplantation of 1a to the position of 

3c, clonally mapped to right half of foot (Figure 1.3), results in ectopic eye formation and 

loss of the right half of the foot (Sweet 1996). This suggests that quartet specific cell fates 

are restricted by specific inheritance of determinants. A centrosomal-based mechanism 

that differentially sorts maternal mRNAs has been identified in this embryo (Lambert and 
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Nagy 2002), although to date no quartet specific determinants have been identified 

(Kingsley, Chan et al. 2007).  

 

The polar lobe requires activation by the micromeres 

Prior to 2005, the polar lobe was thought to activate and induce cell fates 

autonomously. Polar lobe inheritance was thought to be sufficient to enable the D cell to 

induce micromere cell fates at fifth cleavage (van Dam and Verdonk 1982). This 

assumption of autonomy had never been directly tested; autonomy of the D cell to induce 

cell fates was consistent with all available evidence. However, when tested this 

assumption was found to be inaccurate – the D cell requires an inductive signal from a 

subset of the micromeres. Loss of the micromeres 1q+2d resulted in a lobeless phenotype 

(Wandelt, Nakamoto et al. in prep.). Thus, polar lobe dependent induction of micromere 

cell fates is actually a reciprocal induction: a subset of micromeres first induce the D cell 

to activate its signaling ability and, subsequently, the activated D cell induces the 

micromeres (including the subset of micromeres required for D cell activation) to assume 

proper cell fates (Figure 1.4). 

 

The endoderm is required for maintenance of polar lobe induction 

The exclusive inheritance of the developmentally essential polar lobe in the D cell 

has narrowed the focus of many embryologists seeking to understand the functions of the 

inducing D cell and the induced micromeres to just these cells. The functional 

requirements of the other macromere cells (A, B, and C cells) have been largely 
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overlooked. No data exists for the ablation of 3A, 3B, or 3C cells (Figure 1.1). The 

results of one study suggest that these cells can function to maintain the cell fates induced 

by the D cell. The entire endoderm is formed by 3ABCD cells after fifth cleavage (Figure 

1.3). Removal of these four cells resulted in animals that displayed limited polar lobe 

dependent fate differentiation with the possible exception of the ability to form shell 

material (Cather 1967; Labordus and van der wal 1986). Retention of any endoderm 

forming cell (3A, 3B, 3C or 3D) resulted in veligers which could achieve fairly good 

morphology of eyes, velum, and foot (Figure 1.3). Furthermore, the temporal requirement 

for endoderm significantly exceeds the period of induction by the D cell (3D) and its 

daughter cell (4d). Removal of the single remaining endoderm precursor (in this 

particular study, 3C) more than 15 hours after signaling is completed by the D lineage 

resulted in a loss of all polar lobe dependent induction (Cather 1967). This suggests that 

endoderm is required to maintain polar lobe dependent induction for at least 15 hours 

after the completion of induction (Figure 1.4). 

 

Summary of embryological findings 

Embryologists have identified more pieces in the puzzle of the polar lobe – some 

have filled in gaps in the puzzle and some have widened the frame of the puzzle. We now 

know that (Figure 1.4):  
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1) Inheritance of the polar lobe enables unique cleavage in the D lineage – without the 

polar lobe, the cleavage pattern of the embryos becomes radialized and all the unique cell 

division times and cell sizes displayed by the D lineage are lost.  

 

2) The polar lobe is required for proper axial patterning and morphogenesis – polar lobe 

loss results in radialized veligers that lack proper axial formation and lack several key 

structures (eyes, foot, statocysts, operculum, retractor muscle, intestine, heart, nephridium, 

and shell).  

 

3) The polar lobe affects non-D lineage fates – the polar lobe does not house all 

patterning determinants required for structures lost after polar lobe ablation. Defects 

observed as a consequence of polar lobe loss are largely due to a failure to activate 

patterning determinants in non-polar lobe cells. 

 

4) The polar lobe functions by fourth cleavage – the polar lobe inheriting D cell can 

induce small, external shell formation by fourth cleavage and can induce all other fates 

during fifth cleavage. Only one daughter cell of the D cell, 4d, has the capacity to induce 

polar lobe dependent fates in other cells. All D lineage polar lobe induction is completed 

within an hour after the birth of 4d.  
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5) The polar lobe differentially activates cells within a quartet of micromeres – the polar 

lobe induces a proper dorsal-ventral axis by enabling the D cell to selectively activate the 

closer, dorsal micromere cells in an equivalent quartet of micromeres.  

 

6) The polar lobe inhibits fates along the dorsal-ventral axis but not along the anterior-

posterior axis – in the absence of the polar lobe, all four quadrants of the embryo have 

equal fate potential due to a failure to properly induce a dorsal-ventral axis. Fates along 

the anterior-posterior axis are pre-patterned – micromere quartets are differentially 

specified at their birth due to an inheritance of asymmetrically localized determinants. 

The polar lobe does not appear to affect asymmetric localization of determinants during 

cleavage cycles.  

 

7) The polar lobe requires activation by the micromeres – induction of polar lobe 

dependent fates by the D cell is not autonomous. A reciprocal induction occurs: A subset 

of micromeres activate the D cell and, subsequently, the D cell activates polar lobe 

dependent fates in the micromeres resulting in proper cell fate specification.  

 

8) The endoderm is required for maintenance of polar lobe induction – the endoderm is 

required to maintain polar lobe dependent induction at least 15 hours after the completion 

of D lineage induction. 

 

The molecular components 
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The above eight points provide evidence for multiple signaling events required for 

early cell fate specification for polar lobe dependent induction in this embryo. Some of 

the molecular pieces of these signaling events have now been identified. Most of those 

identified pieces have further frustrated embryologists on their quest to solve the polar 

lobe puzzle. Candidate pathways and pathway components involved in polar lobe 

dependent induction have been explored in Ilyanassa. These pathways include Receptor 

Tyrosine Kinase (RTK), Decapentaplegic (Dpp), Wingless (Wnt), Hedgehog and Notch 

signaling which are some of the best conserved signaling pathways utilized for cell fate 

determination events in metazoans (Pires-daSilva and Sommer 2003). 

 

MAPK is activated in the D cell during the period of D cell induction 

The first component of a signaling pathway involved in polar lobe dependent 

signaling was identified in 2001: Mitogen Activated Protein Kinase (MAPK) (Lambert 

and Nagy 2001). MAPK is an evolutionarily conserved cytoplasmic signal transducer that 

most commonly functions downstream of RTK signaling, but also transduces signals 

from several other pathways (Chong, Vikis et al. 2003). MAPK was found to be activated 

(di-phosphorylated) exclusively in the D cell 15-20 minutes after fifth cleavage (Lambert 

2001; Lambert and Nagy 2001). This period directly corresponds to the period the D cell 

is known to be active based on earlier embryological experiments – polar lobe dependent 

fates are increasingly recovered in successive D cell ablations during fifth cleavage 

(Clement 1962; Sweet 1996). Even more exciting was the finding that MAPK activation 

in the D cell requires the inheritance of the polar lobe – MAPK activation is never 
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observed in any of the macromere cells (A, B, C or D) after polar lobe ablation. 

Frustratingly, not only is MAPK activated in the inducing cell (3D), it is also 

subsequently and concurrently active in the induced micromere cells. Further 

complicating the picture is that activated MAPK in the D cell at fifth cleavage is inherited 

by its fourth daughter cell (4d) which is the daughter cell that completes polar lobe 

dependent induction. Thus, although prior experiments reveal that pharmacological 

inhibition of MAPK (via U0126 treatment) results in veligers that closely resemble 

veligers that form after polar lobe ablation, it is difficult to distinguish whether MAPK 

activation in the D cell, its daughter cell (4d), and/or in the induced micromeres is 

required for polar lobe dependent fate induction (Lambert 2001; Lambert and Nagy 2001; 

Rabinowitz, Chan et al. 2008). 

 

MAPK activation is required in the induced micromeres  

Interestingly, successive MAPK inhibition through fifth and sixth cleavage 

increasingly recovers better differentiation (Lambert 2001; Lambert and Nagy 2001) in a 

manner that closely resembles successive D cell ablations during fifth cleavage (Clement 

1962). Since this period requiring MAPK activation extends beyond the presence of 

MAPK activation in the D cell, MAPK activation in the micromeres was proposed to be 

required for proper cell specification (Lambert 2001; Lambert and Nagy 2001). Recently, 

the requirement for MAPK in the induced micromeres has been questioned as a result of 

a report of 4d’s inductive abilities (Rabinowitz, Chan et al. 2008; Lambert 2009). 

Additionally, prior results indicate that 4d inherits the D cell’s activated MAPK (Lambert 
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and Nagy 2001). Underlying this questioning of the requirement for micromere MAPK 

activation is the inaccurate assumption that MAPK inhibition after the birth of 4d closely 

resembles the effects of 4d deletion (Lambert 2009). MAPK inhibition 30 minutes after 

the birth of 4d, shortly after 4d is ablated in recent reports, results in incomplete eye 

formation (11/15 animals have two eyes), incomplete shell formation (11/15 animals 

have an external shell), significant inability to form an operculum (3/15 animals have an 

operculum) and reduced ability to form statocysts (2/15 animals have only one statocyst – 

none have two) (Lambert 2001). Veligers resulting from 4d ablation typically display two 

eyes, external shell, two statocysts and an operculum (Chapter 2; Rabinowitz et al. 2008). 

Thus, inhibition of MAPK after the completion of induction by both 3D and 4d results in 

defects in the resulting veliger which suggests a functional requirement for micromere 

MAPK activation in polar lobe dependent cell fate differentiation. 

 

MAPK is not asymmetrically localized by the polar lobe into the D cell 

The lobeless-like phenotype resulting from early MAPK inhibition in the embryo, 

the exclusive activation of the D cell’s MAPK during the period of D cell induction (3D), 

and the loss of MAPK activation in any of the macromeres (A, B, C, or D) after polar 

lobe loss led embryologists to ask, “Is MAPK the elusive polar lobe determinant?” No, 

the polar lobe determinant is far too wily for this to be the case. Non-phosphorylated 

MAPK is abundant in all the macromere cells (A, B, C and D) (Oberg, Wandelt et al. in 

prep.). Thus, a plausible model is that the polar lobe enables the D cell to receive a 
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MAPK activating signal by asymmetrically localizing a receptor required for the 

downstream activation of MAPK. 

 

MAPK activation in the D cell is likely a Ras-independent event 

One possible upstream activator of MAPK in the D cell is Ras acting downstream 

of Receptor Tyrosine Kinase (RTK) activation. Ras is the most commonly found 

upstream activator of MAPK (Kolch 2005). This pathway is well conserved in metazoans 

and therefore serves as an excellent upstream candidate for activating D cell MAPK. 

Current data suggests that RTK signaling is not likely to be involved in this early MAPK 

activation in the embryo. The Ras protein does not appear to be expressed until 

organogenesis, much later than D cell and micromere MAPK activation at fifth cleavage 

(Yan and Collier 1993). Similarly, inhibitors of RTK signaling (such as genistein) have 

no effect on MAPK activation (Wandelt and Nagy, pers. comm.). Thus, MAPK 

activation in 3D and the micromeres is predicted to be Ras-independent. 

 

MAPK activation in the D cell is likely Dpp, Wnt, and Hedgehog pathway independent 

Over-activation of Dpp signaling and pharmacological inhibition of Wnt and 

Hedgehog signaling suggest that these pathways are not significantly involved in the 

activation of the polar lobe determinants in the D cell. Dpp ligand treatment largely 

affects velum development (Lambert 2001). Inhibition of Wnt or Hedgehog pathways 

results in veligers with significantly better differentiation than lobeless veligers especially 

with respect to the velum (Gharbiah, unpublished results). Polar lobe ablation results in 
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more severe phenotypes than observed in inhibition of Wnt or Hedgehog signaling and 

affects broader fates than observed with Dpp ligand treatment. Thus, these results suggest 

that these three pathways are not involved in the activation of the inductive ability of the 

D cell or it’s MAPK. 

 

MAPK activation in the D cell is Notch pathway independent 

One of the best remaining conserved signaling pathways involved in cell fate 

determination is Notch signaling. It may have even been the best candidate for 

involvement in this cell fate determination event for several reasons: 1) The inducing D 

cell and the inducing 4d cell are the parent cell of the mesendodermal cell and the actual 

mesendodermal cell (Figures 1.1 & 1.3). Notch signaling has been reported to function in 

mesendodermal specification in some animals (i.e. the sea urchin, etc.) (Sherwood and 

McClay 1997; Sherwood and McClay 2001; Sweet, Gehring et al. 2002). 2) Macromere 

MAPK activation is exclusive to the D cell despite the fact that all macromeres have 

abundant non-phosphorylated MAPK (Oberg, Wandelt et al. in prep.). This is suggestive 

of some sort of lateral inhibition – an event frequently displayed through Notch signaling 

(i.e. the vulval patterning of C. elegans) (Sternberg 2005). 3) D cell activation by the 

micromeres and D cell induction of the micromeres requires cell-cell contact (Sweet 

1996). Notch signaling involves cell-cell contact: signaling occurs upon interaction of a 

membrane-bound ligand with a membrane-bound receptor (Bray 2006). However, I 

present data (Chapter 2) which suggests that inhibition of Notch signaling has no 

consequence on MAPK activation. 
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Notch signaling is required for proper polar lobe dependent fate induction 

The molecular components of the Notch signaling pathway are well conserved 

and frequently function in early cell fate determination events across metazoans. Notch 

signaling is often utilized for successive and different cell fate determination events. 

Notch signaling has been explored in all three clades of metazoan animals to varying 

degrees. The role of Notch signaling in deuterostomes has been well explored especially 

in the vertebrates including the mouse, frog and zebrafish. In the mouse, Notch signaling 

is not required until after gastrulation (Souilhol, Cormier et al. 2006) after which it is 

required for somitogenesis (Shifley and Cole 2008), neurogenesis (Okamura and Saga 

2008), angiogenesis (Kim, Hu et al. 2008) and kidney development (Cheng and Kopan 

2005). In the frog, Notch signaling is required much earlier in the determination of the 

endoderm-mesoderm boundary (Contakos, Gaydos et al. 2005) and subsequently for 

other cell fate determination events including pronephros differentiation (McLaughlin, 

Rones et al. 2000). In the zebrafish, Notch signaling is required for endoderm patterning 

(Kikuchi, Verkade et al. 2004), somitogenesis (Echeverri and Oates 2007), neurogenesis 

(Cau, Quillien et al. 2008), and pronephros differentiation (Liu, Pathak et al. 2007). The 

role of Notch signaling has also been explored in other deuterostomes including the 

lancelet (somite segmentation) (Beaster-Jones, Kaltenbach et al. 2008), the tunicate 

(neurogenesis) (Hudson and Yasuo 2006), the sea squirt (neurogenesis) (Akanuma, Hori 

et al. 2002), and the sea urchin (endoderm-ectoderm boundary and endoderm 

specification (Sherwood and McClay 2001).  Although a requirement for Notch signaling 
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has been found in multiple cell fate specification events in deuterostomes, there does not 

appear to be a common, fixed set of cell fate determination decisions that require Notch 

signaling across deuterostomes. 

 Notch signaling functions have also been explored in several ecdysozoans. In the 

fruit fly, Notch signaling is involved in neurogenesis (Wheeler, Stagg et al. 2008), 

specification of the dorsal-ventral axis of the hindgut (Fuss and Hoch 2002), and foregut 

morphogenesis (Fuss, Josten et al. 2004). In the nematode, Notch signaling functions in 

vulval development (Wang and Sternberg 2001), morphogenesis of the intestine (Neves, 

English et al. 2007), and ventral mesoderm fate specification (Foehr and Liu 2008). 

Notch signaling is involved in segmentation in the spider (Prpic and Damen 2008) and in 

the crustacean (O'Day 2006). Again within this second well studied metazoan clade, 

Notch signaling does not appear to have a common, conserved set of functions. 

The least studied clade in relation to the function of Notch signaling is the 

lophotrochozoans. The only published functional data of Notch signaling is in the leech 

and it suggests a role for Notch signaling in segmentation (Rivera and Weisblat 2008). 

The wide and varied role of Notch signaling in the other clades suggests that Notch 

signaling could be involved in 3D and/or 4d induction in Ilyanassa. Additionally, some 

features of this signaling event (involvement of the mesendodermal cell, a potential 

lateral inhibition of MAPK in ABC, and a requirement for cell-cell contact) further 

support a role for Notch signaling in 3D and/or 4d signaling. I present data (Chapter 2) 

that supports a role for Notch signaling in 4d inductive signaling. Inhibition of Notch 

signaling results in defects in induced cell fates in manner that closely resembles early 4d 
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ablations. Additionally, inhibition of Notch signaling after the completion of D lineage 

induction (during the period required for endoderm maintenance of induced cell fates) 

results in defects in induced cell fate specification. Thus I propose that Notch signaling 

may be required to maintain induced cell fates in the micromeres by the endoderm. 

Additionally, inhibition of Notch signaling consistently results in abnormal or absent 

endoderm suggesting that this may be a reciprocal event in which the endoderm 

maintains the specified micromere fates and the specified micromeres in turn may induce 

proper endoderm specification.  

 

 

An overview of the results described in this dissertation 

I tested the hypothesis that Notch signaling may be required for 3D and/or 4d 

inductive signaling (Chapter 2). Using MAPK activation in the D cell and the micromeres 

as markers of D cell activation and micromere induction, I hypothesized that Notch 

signaling is required for MAPK activation in the D cell and the micromeres. I found that 

pharmacological inhibition of Notch signaling via DAPT treatment had no consequence 

on proper MAPK activation in the D cell or the micromeres. Surprisingly, resulting 

larvae of embryonic Notch pathway inhibition fail to properly specify the shell gland (a 

3D/4d induced cell fate) and veligers of embryonic Notch pathway inhibition closely 

resemble veligers resulting from early 4d ablation. I then hypothesized that Notch 

signaling is required for 4d inductive signaling of cell fates. I treated embryos for a 24 

hour period which overlaps the entirety of cleavage and induction, a 24 hour period after 



 33

the completion of induction, and for five more successive 24 hour period spanning the 

entire development of the larva to veliger stage. I hypothesized that if Notch signaling is 

exclusively required for 4d inductive signaling, veligers resulting from Notch signaling 

inhibition during the first 24 hour period would be more severely affected than veligers 

resulting from inhibition during later 24 hour periods. Surprisingly, I found that inhibition 

of Notch signaling resulted in the highest frequency of the most severe phenotype during 

the second 24 hour period of incubation followed by the first 24 hour period of 

incubation. This suggests that while Notch signaling may be require for 4d inductive 

signaling it is also required after the period of induction to maintain induced cell fates. I 

found that Notch signaling has no consequence on early 4d cleavage or specification or 

late 4d clonal derivative morphogenesis. I now propose that Notch signaling may be 

involved in 4d inductive signaling and in a reciprocal signaling event in which the 

endoderm maintains micromere fate induction and induced micromeres specify endoderm 

fates which are frequently absent or abnormal after Notch signaling inhibition. 

 

I also decided to use a non-candidate approach to identify the polar lobe 

determinant(s) required for 3D and 4d induction (Chapter 3). As previously stated, 

although MAPK is not asymmetrically localized to the D cell by the polar lobe, I 

hypothesize that the polar lobe may enable the D cell to receive a MAPK activating 

signal by asymmetrically localizing a receptor required for downstream activation of 

MAPK. To test this hypothesis, I performed 2-Dimensional Electrophoresis (2DE) 

analysis comparing the differential proteome found in the intact embryo, the lobeless 
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embryo and the polar lobe isolates all at first cleavage in order to identify an 

asymmetrically localized protein in the polar lobe. I identified 12 spots that were different 

between two cell embryo, lobeless two cell embryo, and polar lobe isolates including four 

spots enriched in the polar lobe isolates. Using mass spectrometry analysis I identified the 

candidate protein voltage-dependent anion-selective channel (VDAC) which is involved 

in mitochondrial redox regulation (Lawen, Ly et al. 2005) as one of the proteins enriched 

in polar lobe isolates in comparison to lobeless embryos. I propose that as identified in 

other embryos, redox-signaling may function in axial patterning and mesendoderm 

specification in Ilyanassa. Furthermore, mitochondria have frequently been found to be 

enriched in the germline of metazoan animals (Carre, Djediat et al. 2002) and the D cell 

in Ilyanassa gives rise to the predicted germline progenitor (4d) (Rabinowitz, Chan et al. 

2008) therefore VDAC may also function in germline specification. I also identified one 

candidate protein with a post-translation modification difference (as determined by a pH 

shift between intact embryos and lobeless embryos) as nuclear autogenic sperm protein 

(NASP). NASP is a linker histone chaperone protein involved in various events including 

the regulation of gene transcription (Alekseev, Widgren et al. 2005). Differential 

modification of NASP between the lobeless and intact embryo may be a result of the 

failure to appropriately transcribe genes required for the specification of fates lost after 

polar lobe ablation. 

I also compared via 2DE analysis protein differences between the two cell stage 

and the sixteen cell stage, a period immediately preceding dorsal-ventral axis induction 

(Chapter 3) and I identified six spots enriched in two cell stage embryos (one of which I 
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identify as the candidate protein Hsp27) and only one spot enriched in the sixteen cell 

stage embryos (which I identify as the candidate protein Universal Stress Protein (USP)). 

I propose that as found in other systems, apoptotic/stress proteins may function in non-

apoptotic differentiation during Ilyanassa development such as in D lineage induction. 

 

In the course of screening potential markers of cell fate to better analyze Notch 

signaling inhibited animals, I found a marker of cilia: an antigen for acetylated tubulin 

(Chapter 4). Using this marker I was able describe that pattern of cilia formation in the 

developing larva. The larva has two ciliary bands that are required for motor and feeding 

functions: the prototroch, the principal locomotry band, and the metatroch, involved in 

feeding. In the course of studying ciliary band formation, I decided to identify cell 

lineage contribution to the prototroch and the metatroch. I provide support for the 

hypothesis that the metatroch of molluscs is not directly homologous with the metatroch 

present in annelids through lineage tracing. I also provide evidence disproving the 

hypothesis that the metatroch between molluscs is homologous. Unlike 3q cell derivative 

contributions to the metatroch band observed in the annelid Polygordius or 2q cell 

derivative contributions to the metatroch band observed in the mollusc Crepidula, in 

Ilyanassa I found that 1q cell derivatives contribute to both the metatroch and prototroch 

bands. Thus, I provide support for the hypothesis that the metatroch has evolved multiple 

times within spiralians. Therefore, despite the similarities in early cleavage divisions and 

larval forms, the conserved early morphology observed in spiralians belies diverse 

molecular cell fate patterning mechanisms which enable the lack of homology in the 
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origins of larval structures as well as in the diverse range of body plans observed in adult 

spiralians such as in the annelids and molluscs. 

  

  Although the work described in this dissertation does not solve the century old 

polar lobe puzzle, it has provided additional pieces to the puzzle and has potentially re-

focused this quest from the usual suspects (RTK, Dpp, Wnt, Hedgehog and Notch 

signaling) to some unexpected candidates (redox signaling and stress/apoptotic proteins). 

This dissertation has also implicated Notch signaling in required cell fate specification 

signaling events (4d induction and endoderm maintenance of micromere specification) 

which supports the hypothesis the cell fate induction in Ilyanassa is far more complicated 

that initially predicted and involves multiple signaling events. Lastly, this dissertation 

supports the hypothesis that conserved early morphology in spiralians belies diverse 

patterning mechanisms through the use of the example of the conserved larval metatroch 

band observed in some spiralians and its diverse clonal origins between spiralians. 
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Figure 1.1: Cleavage stages in Ilyanassa obsoleta. A) During first division an anucleate 
sac of cytoplasm called the polar lobe (PL) is extruded. B) During second cleavage, four 
macromeres (ABCD; yellow) are formed and the D cell is much larger due to exclusive 
inheritance of the polar lobe material. C) The macromeres divide toward the animal pole 
in a synchronous manner to form much smaller cells called the first quartet micromeres 
(1abcd; teal). D) The macromeres divide again to from the second quartet cells (2abcd; 
blue). E) The macromeres divide again to from the third quartet cells (3abcd; pink) and 
the second quartet cells also divide (blue). F) The 3D macromere divides much earlier 
than the other third order macromeres to form its daughter micromere, 4d (purple).  
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Figure 1.2: Veligers resulting from intact and lobeless Ilyanassa embryos. A-D) Nine 
day old veliger resulting from an intact embryo. A-B) Normal veligers display bilateral 
eye formation, bilateral velar lobe formation, two statocysts, a foot, an operculum and a 
shell. C-D) Red overlay on velar cilia indicating the bilateral formation of velar lobes. E-
H) Nine day old veliger resulting from a lobeless embryo. G-H) Red overlay on velar 
cilia indicating radial lobe formation resulting in four small lobes encircling the veliger. 
A, C, E, & G) Anterior view. B, D, F & H) Side view. 
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Figure 1.3: Cell fate mapping in Ilyanassa obsoleta. A) 25 cell cleavage stage embryo. 
Cells are color-coded to veliger fates identified in B & C. B & D) Veligers with 
generalized clonal contributions based on fate mapping studies (Render 1991; Render 
1997). Generally, first quartet cells give rise to the velum and eyes (teal), second quartet 
cells give rise to the shell (blue), third quartet cells give rise to the esophogus and foot 
(pink), 4d gives rise to the intestine, heart, kidney, and retractor muscle (purple), and 
3ABC4D give rise to the endoderm and nutritive yolk (yellow). 
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Figure 1.4: Model of polar lobe dependent cell fate determination in Ilyanassa. The 
D macromere exclusively inherits the polar lobe. The micromeres activate at least some 
of the D cell’s inductive abilities (red) enabling 2D’s induction of the shell (sky blue) 
followed by 3D’s induction (dark blue) of all other induced fates and the continuance of 
shell fate specification. 3D also inhibits supernumerary cell fate differentiation (orange). 
3D gives rise to 4d and 4D after which the D macromere induction is complete. 4d 
completes the induction of induced cell fates (purple) within an hour after its birth. The 
endoderm is required to maintain induced cell fates after the completion of D lineage cell 
fate induction in a manner which may involve reciprocal signaling between the endoderm 
(to maintain induced micromere fates; brown) and the micromeres (to complete 
endoderm specification; green). 
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CHAPTER 2: NOTCH SIGNALING REQUIRED FOR PROPER POLAR LOBE 
DEPENDENT FATE INDUCTION IN THE MUD SNAIL 

 

*Injection and ablation experiments were performed in collaboration with Dr. Ayaki 

Nakamoto. 

 

Abstract 

Two cells (3D and 4d) in the dorsal lineage of the mud snail Ilyanassa obsoleta function 

to induce proper cell fate along the dorsal-ventral axis. In this study, I hypothesized that 

this induction occurs through Notch signaling. To test this hypothesis, I characterized the 

consequences of pharmacological inhibition of Notch signaling on the activation of an 

early marker of cell fate induction (activation of MAPK in 3D and induced micromeres) 

and on the phenotype of the resulting veliger. My results suggest that inhibition of Notch 

signaling has no consequence on MAPK activation in 3D or the micromeres but cell fate 

specification is affected resulting in veligers with multiple defects in induced fates in a 

manner that mimics loss of 4d inductive signaling. Consequently, I tested whether the 

observed defects in the induced structures are a result of defective specification of 4d as 

well as loss 4d inductive signaling. Inhibition of Notch signaling has no consequence on 

early 4d division, early specification, or late morphogenesis of 4d clonal derivatives. 

Additionally, Notch signaling inhibition during the second day of development, well after 

4d inductive signaling, results in the highest frequency of severe defects. Based on this 

findings, previous reports implicating the endoderm in maintaining induced fate 

specification in Ilyanassa, and the fact that endoderm defects are consistently observed in 
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veligers resulting from embryonic DAPT treatment, I hypothesize that Notch signaling is 

not only required to specify cell fates induced by 4d, but is required to maintain those 

induced fates as well as to specify endoderm fates via a reciprocal signaling event 

involving the endoderm and induced micromeres. Based on these results in this 

molluscan lophotrochozoan representative, I present hypotheses regarding the 

conservation or lack thereof of the function of Notch signaling within metazoans and 

within the most understudied clade of metazoans, the lophotrochozoans. 

 

Introduction 

In metazoan embryos studied to date, establishing cell fate along the embryonic 

axes is known to involve interplay between asymmetric inheritance and cell signaling. By 

contrast, specification of the dorsal-ventral axis in Ilyanassa obsoleta embryos has long 

been believed to rely solely on the inheritance of determinants relayed through an early 

anucleate cytoplasmic protrusion, the polar lobe, to a dorsal lineage of cells (Figure 2.1). 

Loss of the polar lobe or the D cell which inherits its contents results in a loss of cell fate 

patterning along the embryonic axes including the loss of several morphological 

structures such as eyes, foot, statocysts, operculum, retractor muscle, intestine, heart, 

nephridium, and shell (Clement 1952; Atkinson 1969). Cell signaling events required for 

polar lobe dependent axial specification have now been identified, overturning the 

assumption of autonomous activation of the polar lobe determinants. In this chapter, I 

report my attempts to identify the molecular nature of the signaling events that activate 
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the dorsal lineage or subsequently transduces the dorsal lineage’s organizing signal to 

targeted cells.  

There is evidence for at least four signaling events required to induce the dorsal-

ventral axis. First, micromeres formed at third and fourth cleavage activate the inductive 

abilities of the dorsal founding cell, the D macromere (Wandelt, Nakamoto et al. in prep.) 

(see Figure 2.1 for nomenclature and Figure 2.7 for a model of the early signaling events 

required for cell fate determination). Secondly, the activated D macromere (3D) induces 

proper cell fates along the dorsal-ventral axis in the micromeres formed after fifth 

cleavage (Clement 1962) (Figure 2.7). Thirdly, the daughter cell of D macromere in the 

next cleavage cycle, 4d, completes the induction of cell fates of the other micromeres 

along the dorsal-ventral axis (Rabinowitz, Chan et al. 2008) (Figure 2.7). Fourthly, the 

endoderm (3ABCD) maintains induced micromere cell fates for several hours after the 

completion of inductive signaling (Cather 1967) (Figure 2.7).  

Disruption of any of these four signaling events has severe consequences on axial 

patterning and cell fate specification. Loss of the activating micromeres prior to fifth 

cleavage or the D macromere prior to inductive signaling during fifth cleavage mimics 

the phenotypic consequences of polar lobe loss. These losses result in a failure to specify 

cell fates along the embryonic axes and the absence of several morphological structures 

including eyes, foot, shell and disorganized or absent internal organs (Clement 1962; 

Wandelt, Nakamoto et al. in prep.). Loss of 4d prior to the completion of its induction of 

micromere cell fates results in veligers with reduced velum, foot, shell and absent or 

disorganized endoderm as well as its direct mesendodermal derivatives (heart, intestine, 
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and kidney) (Rabinowitz et al.; this chapter). Loss of the endoderm (3ABCD) several 

hours after the completion of induction results in a failure to specify cell fates along the 

embryonic axes in a manner that mimics polar lobe ablation, activating micromere 

ablations or early D macromere ablations (Cather 1967). Although these four signaling 

events are critical to development of this embryo, the molecular nature of these signaling 

events is not well characterized with only a few exceptions. One exception is the 

discovery of activated MAPK in 3D macromere as a result of cell contact dependent 

activation by the micromeres. MAPK is a critical component of the signal transduced 

through direct cell contact between the 3D macromere and the micromeres required for 

proper cell fate specification in the micromeres (Lambert and Nagy 2001; Wandelt, 

Nakamoto et al. in prep.). Loss of the polar lobe results in a failure to properly activate 

MAPK in the 3D macromere and the induced micromeres (Lambert and Nagy 2001). 

However, inactivated MAPK is abundant in all macromeres and the micromere signal 

selectively activates the inductive ability of the 3D cell and the MAPK in this macromere 

(Oberg, Wandelt et al. in prep.). MAPK activation in 3D is likely not sufficient to explain 

the inductive capacity of that cell, as embryos that fail to activate MAPK in 3D can still 

properly activate MAPK in the micromeres (Wandelt and Nagy, pers. comm.). This data 

suggests that multiple, independent signaling cascades are involved in the induction of 

cell fates. Thus, any candidate search for signaling pathways involved in axial patterning 

in Ilyanassa should identify signals that inhibit MAPK activation in 3D as well as those 

that have no affect on MAPK activation in 3D yet still result in axial patterning defects. 
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The Notch signaling pathway fits several known requirements for the activation 

signal of the dorsal cell lineage. Notch signaling requires cell-cell contact (Fiuza and 

Arias 2007) and cell-cell contact is required for dorsal cell lineage activation and for 

induction of nearby cells by the dorsal cell lineage (Sweet 1996; Wandelt 2005). Notch 

signaling can modulate lateral inhibition (Berset, Hoier et al. 2001) and exclusive MAPK 

activation in 3D despite plentiful MAPK in all cells (Lambert and Nagy 2001; Oberg, 

Wandelt et al. in prep.) suggests that lateral inhibition may be functioning to prevent 

MAPK activation in other cells. Notch signaling has also been implicated in 

mesendodermal specification (Sherwood and McClay 1997; Sherwood and McClay 

2001; Sweet, Gehring et al. 2002). The daughter cell (4d) of the initial inducing cell (3D) 

both completes dorsal induction of micromere cell fates (Rabinowitz, Chan et al. 2008) 

and gives rise to mesendodermal organs (Clement 1986b; Render 1997). Thus, Notch 

signaling is an excellent candidate to function in this early inductive patterning event. 

Notch signaling is transduced by a release of the intracellular portion of the Notch 

receptor via γ-secretase proteolysis (Fiuza and Arias 2007). This proteolysis can be 

inhibited by treatment with the pharmacological inhibitor DAPT. DAPT treatment has 

been frequently and successfully used in other systems and is known to mimic the effects 

of the Notch mutant (Chen, Crabbe et al. 2006; Fujimaki, Toyama et al. 2006; Gal, 

Amariglio et al. 2006; Kitzmann, Bonnieu et al. 2006; Li, Yu et al. 2006; Zecchin, Filippi 

et al. 2006). 

I hypothesized that activation of dorsal lineage (3D and 4d) induction required for 

cell fate specification along the dorsal-ventral axis in the embryo of Ilyanassa would 
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involve Notch signaling. To test this, I used activated MAPK in 3D and the micromeres 

as a marker of dorsal lineage induction. I found that DAPT treatment of Ilyanassa 

embryos had no consequence on MAPK activation in 3D or the secondarily induced 

micromeres. Surprising, I found that larvae resulting from DAPT treatment failed to 

properly specify the shell gland (a 3D/4d induced cell fate) and that veligers resulting 

from DAPT treatment closely resemble veligers resulting from early ablation of 4d. 

Additionally, the highest frequency of the most severe phenotype resulting from DAPT 

treatment occurs much later than the known period of inductive signaling during a period 

when the endoderm has been implicated in maintaining induced cell fates. I propose that 

in addition to a role for Notch signaling in 4d induction, Notch signaling from the 

endoderm may be required to maintain earlier dorsal-ventral patterning induced by the 

dorsal lineage. This signaling may involve a reciprocal signaling event in which the 

endoderm maintains induced fates in the micromeres and the induced micromeres specify 

endoderm fates (which are most frequently lost or disrupted after Notch signaling 

inhibition) (Figure 2.7).  

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA) or collected from Bar Harbor, Maine or from Roberts 

Landing in Alameda County, California. Adult snails were maintained and embryos 

collected and reared as previously described (Gharbiah, Cooley et al. 2009). 
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Immunohistochemistry 

Immunohistochemistry was performed as described (Lambert and Nagy 2001) with the 

following alterations: Embryos used for anti-active (double phosphorylated) 

MAPK antibody (1:200, M8159, Sigma), anti-engrailed (1:1, 4D9, DHSB), and anti-

nanos (1:50, gift from Dr. J.D. Lambert at Rochester) were fixed for 30 minutes in PEM 

at RT. After secondary antibody incubation (anti-rabbit or mouse HRP antibody or anti-

mouse Cy5 antibody, Jackson), some embryos were stained with DAPI (Molecular 

Probes) for DNA and Alexaflor Phalliodin 488 (Molecular Probes) for phalliodin for 30 

minutes at RT.  

 

DAPT Drug Treatment 

10mM DAPT (N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-S-phenylglycine t-Butyl Ester; 

Calbiochem) stock in DMSO was stored at -20ºC. Working concentration of DAPT was 

diluted in FASW just prior to use. To determine drug concentration for experiments a 

dose response curve was performed and greater than 50% survivorship was achieved at 

25μM DAPT concentration. Therefore for all drug treatments embryos from the same 

capsule were incubated in FASW containing either DMSO (2.5%) or 25μM DAPT 

(2.5uL of 10mM DAPT in DMSO/mL of FASW). After drug incubation, embryos were 

washed three times in FASW and reared in 0.2μm-filtered artificial seawater (FASW, 

Instant Ocean) at RT (21ºC) with penicillin (10 units/mL) and streptomycin (10 µg/mL) 

(7-9 days). Variation in rate of development both among siblings from the same capsule 
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(small variation) and between capsules (much larger variation) has been noted in the 

literature (Tomlinson 1987). Therefore, all 24 hour treatments which involve multiple 

capsule treatments have approximate start and end times of ± 6 hours for the stated period 

of developmental incubation. 

 

Scoring and Fixing Larvae 

Injected and drug treated embryos were fixed after rearing to veliger stage and most of 

the internal nutritive yolk had diminished allowing for organ visibility (7-9 days). 

Veligers were scored for beating hearts while still alive. Veligers were relaxed in a 

mixture of one part FASW with one part saturated trichlorobutanol, and then fixed with 

3.7% formaldehyde in FASW for 30 minutes at room temperature and mounted in 80% 

glycerol+4% n-propyl gallate in PBS. 

 

Results 

Notch signaling is not required for MAPK activation in 3D or induced micromeres 

MAPK is activated in 3D shortly after the birth of 3D (3q+30 minutes) and serves 

as a marker of 3D induction activation. After MAPK activation in 3D, select micromeres 

which require induction activate their MAPK (3q+150 minutes) and as such the normal 

pattern of MAPK activation in the micromeres serves as a marker for micromere fate 

induction. To determine whether Notch signaling is required for MAPK activation in 3D 

or the induced micromere cells, I treated embryos at the one cell stage with 25µM DAPT. 

Embryos were cultured continuously in DAPT until they were fixed at 3q+30 minutes 
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and scored for 3D MAPK activation or fixed at 3q+150 minutes and scored for 

micromere MAPK activation (Figure 2.2). Both 25µM DAPT treated embryos and 

sibling control embryos (treated with DMSO alone) displayed a normal pattern of MAPK 

activation in both the D macromere and the micromeres (3D: DMSO n=46 and DAPT 

n=35; micromeres: DMSO n=30 and DAPT n=25, Figure 2.2). Thus, inhibition of Notch 

signaling has no consequence on MAPK activation in the early embryo.  

 

Embryonic inhibition of Notch signaling results in a range of veliger defects 

To determine the phenotypic consequence of inhibition of Notch signaling, 

sibling embryos of the DAPT treated (from one cell to 3q+150 minutes) and control 

embryos assayed for MAPK activation (Figure 2.2) were cultured to veliger stage and 

scored for veliger defects. DAPT treated embryos whose DAPT treated siblings displayed 

normal MAPK activation in 3D and the micromeres developed into veligers which 

displayed a range of defects in induced fates including reduced velum, reduced foot, 

small or no shell formation, missing or abnormal internal organ formation (Figure 2.2). 

Thus, inhibition of Notch signaling affects many of the cell fates induced by 3D and 4d. 

 

Notch signaling is required for proper shell gland specification 

 3D and 4d signal to induce proper shell fate specification and the shell is 

significantly affected after DAPT treatment. To determine if Notch signaling inhibition 

affects early shell fate specification, I used an antigen for Engrailed protein (EN) and 

scored for proper EN localization in the shell gland of the early larva (Moshel, Levine et 
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al. 1998). Normal engrailed staining begins with a rounded linear row of cells along the 

dorsal side of the embryo which spans from the left to right side of the embryo. As 

development proceeds, this linear expression becomes more rounded with the EN 

expressing cells migrating closer together at the ends to form a “U” or horseshoe shape 

and then enclose to form a complete circular pattern (see Appendix D). I continuously 

treated embryos in DAPT for the first 24 hours of development and scored for EN 

expression at day 4 when the shell gland is most prominent. Veligers resulting from 

embryonic DMSO treatment consistently displayed a staining pattern of nine cells in a 

ring along the shell gland field (n=15; Figure 2.3). Veligers resulting from embryonic 

DAPT treatment displayed a range of defects in EN staining (Figure 2.3): 33.3% of 

treated larvae displayed a developmentally delayed horseshoe shaped staining pattern 

observed in normal younger larvae (n=10), 23.3% of treated larvae display disorganized, 

scattered pattern of staining with fewer cells (n=7), and 43.3% of treated larvae display 

no staining at all (n=13). None of the DAPT animals displayed a temporally normal 

staining pattern based on DMSO animals. Thus, Notch signaling inhibition results in 

delayed and abnormal shell field specification which is a fate induced by 3D and 4d 

signaling during cleavage.  

 

Inhibition of Notch signaling closely resembles loss of 4d signaling 

 Veligers resulting from embryonic DAPT treatment display a range of defects that 

are generally less severe that those reported for 3D ablations (and therefore loss of 3D 

and 4d inductive signaling). To better characterize the lesser role of 4d inductive 



 51

signaling implicated in a previous study (Rabinowitz, Chan et al. 2008), I ablated 4d from 

embryos (n=37) shortly after its birth (4d+20 minutes) and scored the resulting veliger 

phenotypes. Resulting veligers display a similar range of defects observed in DAPT 

treated animals: reduced velum, foot, and shell and absent or severely disrupted internal 

organ formation (Figure 2.4). Thus, Notch signaling inhibition closely resembles loss of 

4d signaling. 

 

Notch signaling has no consequence on early 4d specification, division or for the 

morphogenesis of its clonal derivatives, the larval kidneys 

 Embryonic Notch signaling inhibition results in veligers which resemble veligers 

resulting from 4d ablation that lack 4d inductive signaling. To determine whether 

embryonic DAPT treatment affects early 4d specification and division, I used a marker 

for proper 4d specification and scored for proper expression of this marker. This marker 

is an antigen to the Ilyanassa Nanos protein which exclusively localizes to 4d 

descendents (Rabinowitz, Chan et al. 2008). I continuously DAPT treated embryos (from 

one cell to 4d+8 hours) and scored for exclusive localization of Nanos protein in 4d 

descendents. Normal nuclear Nanos localization in two descendents of 4d (4d112L and 

4d112R) was observed (DMSO n=15 and DAPT n=12; Figure 2.5).  

To determine whether embryonic DAPT treatment affects late clonal descendents 

of 4d, I used a marker (a Stat3 antigen) that exclusively identifies the larval kidneys 

(Gharbiah, pers. obs.) which are 4d clonal derivatives and I scored for larval kidney 

formation. Normal bilateral kidney development was observed in DMSO and DAPT 



 52

treated embryos treated for the first 24 hours of development and scored at day 5 of 

development (DMSO n=30 and DAPT n=26; Figure 2.5). Thus, Notch signaling has no 

consequence on early 4d specification, early 4d division, or for the morphogenesis of 4d 

clonal derivatives.   

 

Notch signaling is required for several days beyond 4d inductive signaling for the proper 

morphogenesis of the veliger 

 To determine if the phenotype observed in veligers resulting from DAPT 

embryonic treatment could be separated into discrete developmental periods that required 

Notch signaling, I treated embryos/larvae at successive time points during development 

for 24 hour periods. Development of the embryo/larva proceeds through completion of 

cleavage and epiboly at the end of day 1, gastrulation during day 2-4, and organogenesis 

during day 5-7 (Figures 2.1& 2.6).  

DAPT treatment results in a range of phenotypes so in order to score the results of 

these successive day treatments, I categorized the veligers resulting from treatment into 

four categories (Figure 2.6): 1) “Normal”, 2) “Least” - veligers which displayed normal 

shell, velum and foot development and absent or severely disrupted internal organ 

formation, 3) “Moderate” – veligers which display reduced shell, velum and foot 

development and absent or severely disrupted internal organ formation, and 4) “Severe” – 

veligers which display reduced velum and foot, absent or extremely rudimentary shell 

formation, and absent or severely disrupted internal organ formation.  
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I found that the highest occurrence of the severe phenotype corresponds to DAPT 

treatment on the second day of development (41%, n=110; Figure 2.6) well beyond the 

period of 4d inductive signaling. However, the second highest occurrence of the severe 

phenotypes corresponds to DAPT treatment during the first day of development (28%, 

n=71; Figure 2.6) which overlaps the period of 4d inductive signaling. Thus, inhibition of 

Notch signaling results in the most severe defects after 4d inductive signaling and 

secondly during 4d inductive signaling. 

Additionally, I found that the highest occurrence of the intermediate phenotype 

corresponds to DAPT treatment on the fourth and fifth day of development (59% n= 75 

and 65% n=187; Figure 2.6) during the end of gastrulation and the start of organogenesis. 

Treatment after five days of development results in greater than two-thirds recovery of 

the normal veliger phenotype (day 6: 64% n=176 and day 7: 81% n=183; Figure 2.6). 

This suggests that either Notch signaling is required continuously through the first five 

days of development, or is required for sequential signaling events that result in common 

phenotypes. 

 

Discussion 

Notch signaling is not required for MAPK activation in 3D or in induced micromeres 

In this study, I hypothesized that activation of the dorsal lineage (3D and 4d) 

required for inductive signaling resulting in proper cell fate specification along the 

dorsal-ventral axis in the embryo would require Notch signaling. To test this, I used 

activated MAPK in 3D, which is subsequently inherited by 4d, as a marker of active 
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dorsal lineage induction. I found that inhibition of Notch signaling through 

pharmacological drug inhibition (DAPT) had no consequence on MAPK activation in 3D 

(Figure 2.2). To test whether micromere induction was affected, I used MAPK activation 

as a marker for induced micromeres and found that inhibition of Notch signaling had no 

consequence on MAPK activation in the induced micromeres (Figure 2.2). This suggests 

that Notch signaling is not required either to transduce the micromere signal to activate 

MAPK in 3D or to transduce the 3D inductive signal to activate MAPK in the 

micromeres. 

 

Inhibition of Notch signaling affects induced cell fate morphology in the veliger 

Veligers resulting from embryonic DAPT treatment have defects in fates induced 

by 3D and 4d. Although sibling treated embryos scored for MAPK activation in 3D and 

the micromeres suggest that normal cell fate induction is occurring, resulting veligers 

have defects in induced fates such as reduced velum, reduced foot, small/absent shell, and 

absent/abnormal internal organ formation (Figure 2.2). This suggests that although Notch 

signaling is not required to either transduce the micromere signal to activate MAPK in 

3D or to transduce the signal from 3D to activate micromere MAPK, Notch signaling 

may be required for proper specification of induced fates. 

 

Notch signaling is required for shell gland specification 

To determine if Notch signaling affects the specification of induced cell fates and 

in particular the shell, I characterized the expression of an early shell field marker – 
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Engrailed protein (EN). Larvae resulting from DAPT treated displayed a range of EN 

defects including developmentally delayed but normal EN expression, scatted expression 

with fewer cells staining for EN, or no EN staining at all (Figure 2.3). This suggests that 

shell gland specification requires Notch signaling and that inductive cell fate 

specification by 3D/4d is affected by Notch signaling inhibition. 

 

Inhibition of Notch signaling mimics defects observed after 4d inductive signaling is lost 

and Notch signaling has no consequence on early 4d specification, division or clonal 

derivative morphology 

Veligers resulting from embryonic DAPT treatment display a range of defects 

observed in veligers resulting from 4d ablation (Figure 2.4). This suggests that Notch 

signaling may be required for 4d inductive signaling. Additionally, I determined that the 

defects observed as a result of Notch signaling inhibition are not a consequence of early 

4d division and specification defects through the use of early 4d specification marker 

(nanos; Figure 2.5). Late 4d development as determined by scoring for larval kidney 

development (a 4d clonal derivative) is also unaffected by Notch signaling inhibition. 

This suggests that Notch signaling does not affect 4d specification or clonal derivative 

morphology but is required for 4d induction of cell fates. 

 

Notch signaling is required for multiple cell fate decisions throughout development 

I performed successive 24 hour treatments with DAPT to determine if this would 

support my hypothesis that Notch signaling is required for 4d inductive signaling. I found 
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the most frequent occurrence of the severe phenotype corresponds to DAPT treatment on 

the second day of development (41%; Figure 2.6) followed by the first day of 

development (28%; Figure 2.6). 4d inductive signaling is completed within the first day 

of development thus this result suggests that not only is Notch signaling possibly required 

for 4d inductive signaling, but it is also required beyond 4d signaling – most significantly 

during the second 24 hours of development. Additionally, the successive treatments 

revealed a continued requirement for Notch signaling through the fifth day of 

development (Figure 2.6). Notch signaling is likely required for multiple cell fate 

decisions throughout development. A similar requirement for repeated bouts of Notch 

signaling is observed in other metazoan animals. 

 

Notch signaling may be involved in a reciprocal signaling event between the endoderm 

and the micromeres 

Surprisingly, Notch signaling inhibition during the second day of development 

results in the highest occurrence of the most severe veliger defects. This suggests that 

Notch signaling is required for 4d induced cell fates beyond the period of 4d induction. 

This would imply that Notch signaling is required not only to specify 4d induced fates (as 

determined by EN expression) but is also required to maintain 4d induced fates. A 

endoderm requirement for the maintenance of induced fates closely overlapping this 

period has been previously implicated in the literature for Ilyanassa. This study reports 

that the removal of the endoderm (3ABCD) resulted in animals that failed to differentiate 

3D induced fates. Retention of any endoderm forming cell (3A, 3B, 3C or 3D) resulted in 
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veligers which could achieve fairly good morphology of eyes, velum, and foot. Removal 

of the single remaining endoderm precursor (in this particular study, 3C) more than 15 

hours after the completion of induction by 4d resulted in a loss of cell fate induction. 

Additionally, removal of the endoderm 40 minutes after the birth of 4d (3ABC4D) 

resulted in a loss of cell fate induction (Cather 1967). Thus this suggests that Notch 

signaling may be required by the endoderm to maintain induced cell fates. 

Additionally, the most common defect observed in veligers resulting from DAPT 

treatment is absent or abnormal endoderm formation. This further suggests that a 

reciprocal signaling event may be occurring during this period involving Notch signaling. 

The endoderm (3ABCD) may signal to the micromeres to maintain 3D/4d cell fate 

induction and, subsequently, induced micromeres may signal back to endoderm to induce 

proper endoderm cell fate specification. 

Alternatively, recent reports have suggested that Notch signaling is bi-directional. 

The transcriptional role of the cleaved Notch receptor in the receiving cell is widely 

recognized in the literature but recent reports provide support for a transcriptional role of 

the cleaved ligand, either Delta or Serrate, in the signaling cell (Bland, Kimberly et al. 

2003; Kiyota and Kinoshita 2004; Hiratochi, Nagase et al. 2007; Nakayama, Nagase et al. 

2008). Thus, a failure in Notch signaling may result in the bi-directional endoderm failure 

to maintain induction of induced fates in the ectoderm as well as ectoderm failure to 

specify endoderm fates (Figure 2.7). 

 

No apparent conservation of Notch signaling function within lophotrochozoans 
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 In Ilyanassa, the data reported above supports a role for Notch signaling in 

maintaining cell fate patterning along the embryonic axes induced by the D lineage. The 

only other functional report for Notch signaling in a lophotrochozoan is in the leech in 

which Notch signaling has implicated in segmentation induction by D lineage cells 

(Rivera and Weisblat 2008). Thus in one lophotrochozoan (mollusc) Notch signaling is 

required for D lineage induced axial patterning along the dorsal-ventral and anterior-

posterior axes while in the other representative lophotrochozoan (leech) Notch signaling 

is required for D lineage exclusive anterior-posterior temporal addition of segments. This 

suggests one of two plausible scenarios: 1) Notch signaling has evolved independent 

functions in derived annelids and derived molluscs, or 2) Notch signaling plays an 

important role in D lineage signaling in both annelids and molluscs, but the 

morphological consequence of this signaling has diverged with time. 

 

Evolution of the role of Notch signaling within metazoans 

 The discovery that Notch signaling is required for segmentation in annelids, 

arthropods and vertebrates has increased speculation regarding the evolutionary origins of 

segmented body plans in metazoans. There are two major hypotheses: 1) There is a single 

origin of segmentation in metazoan animals and the ancestral bilaterian animal was 

segmented (Seaver 2003). 2) There are multiple origins of segmentation – all three clades 

independently evolved segmented animals (Seaver 2003).  

The requirement for Notch signaling in the segmentation of representative 

animals from all three clades of segmented metazoans strongly supports the argument for 
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a segmented common ancestor. However, as described above, Notch signaling is 

widespread and pleiotrophic. Its common requirement for segmentation may be an 

example of convergent co-option of a signaling pathway commonly used in early 

development. Additionally, within each clade of segmented animals there are numerous 

examples of closely related segmented and unsegmented animals. This suggests that 

segmentation has been lost numerous times throughout evolution (Seaver 2003).  

The hypothesis of multiple origins for segmentation also has its challenges. Notch 

signaling must then have been independently recruited at least three times to function in 

segmentation. The widespread and pleiotrophic function of Notch signaling, including the 

novel one presented here for the unsegmented mollusc Ilyanassa, suggests that this could 

be possible. However, additional sampling of this most understudied clade of metazoans 

will enable us to make stronger hypotheses regarding evolutionary origins of 

segmentation and the conserved, or not so conserved, functions of Notch signaling in 

early embryonic patterning. 
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Figure 2.1: Developmental stages and fate map of Ilyanassa obsoleta. A-F are 
cleavage stage embryos. A) During first division, an anucleate sac of cytoplasm called 
the polar lobe (PL) is extruded. B) During second cleavage, four macromeres (ABCD; 
yellow) are formed and the D cell is much larger due to exclusive inheritance of the polar 
lobe material. C) The macromeres divide toward the animal pole in a synchronous 
manner to form much smaller cells called the first quartet micromeres (1abcd; teal). D) 
The macromeres divide again to from the second quartet cells (2abcd; blue). E) The 
macromeres divide again to from the third quartet cells (3abcd; pink) and the second 
quartet cells divide (blue). F) The 3D macromere divides much earlier than the other third 
order macromeres to form its daughter micromere, 4d (purple). G-L are post-cleavage 
stage larvae. G) Larva at the end of the first day of development after the completion of 
epiboly. H) Larva at the end of the second day of development after gastrulation has 
begun. Apical cilia have begun to differentiate. I) Larva at the end of the third day of 
development during gastrulation. J) Larva at the end of the fourth day of development at 
the completion of gastrulation and the initiation of organogenesis. K) Larva at the end of 
the fifth day of development during organogenesis. L) Larva at the end of the sixth day of 
development after the completion of organogenesis. This is the fully developed veliger. 
M & N are veligers with generalized clonal contributions with color coding that matches 
cells in Figure 2.1F. Generally, first quartet cells give rise to the velum (teal), second 
quartet cells give rise to the shell (blue), third quartet cells give rise to the esophogus and 
foot (pink), 4d gives rise to the intestine, heart, kidney, and retractor muscle (purple), and 
3ABC4D give rise to the endoderm and nutritive yolk (yellow) (Render 1991; Render 
1997).  
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Figure 2.2: Notch signaling inhibition with DAPT has no consequence on MAPK 
activation but does have significant effects on morphogenesis. A-D1) Antibody 
staining against phosphorylated MAPK. A1) 3D MAPK activation in DMSO controls at 
3q+30 minutes (side view). B1) 3D MAPK activation in embryos treated with DAPT 
from one cell stage to 3q+30 minutes (side view). C1) MAPK activation in micromeres in 
DMSO controls at 3q+150 minutes (top view). D1) MAPK activation in micromeres in 
embryos treated with DAPT from one cell stage to 3q+150 minutes (top view). A-D2) 
Phalloidin staining of embryos pictured in A-D1.  A-D3) Merged images of both MAPK 
activation and phalloidin staining. E) DMSO control veliger grown to day 9 (side view). 
F) DAPT treated veliger (from one cell to 3q+150 minutes) grown to day 9. G) Table 
summarizing the data comparing DMSO and DAPT animals. Animals were scored during 
cleavage for MAPK activation and during veliger stage for phenotype.  
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Figure 2.3: Notch signaling is required for proper shell gland specification. Engrailed 
protein exclusively localizes to the shell gland and shell gland precursor cells. A) Four 
day old DMSO treated control embryo. Circular staining along the shell gland is observed 
with nine distinct cells staining. B-E) Four day old DAPT treated embryos for the first 
24hpt displaying reduced and disorganized engrailed staining. F) Table comparing results 
of engrailed staining in DMSO and DAPT treated embryos for the first 24hpt. Scored 
animals were categorized as either displaying temporally normal EN expression, delayed 
but normal EN expression, disorganized and/or reduced number of EN expressing cells, 
or no detectable EN expression in any cell. 
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Figure 2.4: Loss of 4d signaling mimics DAPT treatment. A) Control veliger. B) 
Veliger resulting from early (4d+20 minutes) 4d ablation displaying a reduced velum, 
foot, shell and absent/abnormal internal organ formation. 
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Figure 2.5: Notch signaling has no consequence on early 4d specification, division or 
morphology of its late clonal derivatives, the larval kidneys. A&B) IoNanos 
localization via antigen staining in embryos treated with DMSO or DAPT from one cell 
to 4d+8 hours. A) IoNanos expression in DMSO treated embryo localizes to nucleus of 
4d112L and 4d112R cells. C&D) Stat3 antigen localization to the larval kidneys used as 
marker for 4d clonal derivative morphogenesis. C) Normal bilateral kidney formation in 
larvae scored on day 5 after DMSO treatment for the first 24hpt. D) Normal bilateral 
kidney formation in larvae scored on day 5 after DAPT treatment for the first 24 hpt.
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Figure 2.6: Successive 24 hour DAPT treatments throughout the development of 
Ilyanassa. (Legend Follows). 
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Figure 2.6: Successive 24 hour DAPT treatments throughout the development of 
Ilyanassa. A) DMSO control veliger. B) DAPT treated veliger displaying a “least” 
phenotype: Normal shell, velum, foot but severely affected internal organs. C) DAPT 
treated veliger displaying an “intermediate” phenotype: Severely affected internal organs 
as well as reduced velum, foot, and cup-like shell. D) DAPT treated veliger displaying a 
“severe” phenotpe: Severely affected internal organs, reduced velum and foot, and absent 
shell. E) Chart displaying successive DAPT treatment results as percentages of veligers 
displaying normal (blue), least (yellow), intermediate (orange), and severe (red) 
phenotypes. Above the chart are cartoon images of larval stages at the end of day 1-7. 
Cleavage and epiboly are largely complete by the end of day 1. Gastrulation occurs from 
day 2-4 and organogenesis occurs from day 5-7. F) Table of the results displayed in E. 
Animals were only incubated in DAPT for 24 hour periods throughout development. For 
example, Day 1 treated embryos were incubated in DAPT for 24 hours after trefoil, 
washed and raised in FASW and scored after nine days of development. Day 2 treated 
embryos were raised in FASW until 24 hours after trefoil after which they were incubated 
in DAPT for 24 hours, washed and then raised in FASW and scored after nine days of 
development. Day 3, 4, 5, 6, and 7 treatments were performed similarly. 
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Figure 2.7: Model of polar lobe dependent cell fate determination in Ilyanassa. The 
D macromere exclusively inherits the polar lobe. Micromere activation of the D cell’s 
inductive abilities (red) is completed soon after the birth of 3D.  3D induces polar lobe 
dependent cell fate specification in the micromeres and other macromeres (blue). 3D 
gives rise to 4d and 4D after which the D macromere induction is complete. 4d completes 
the induction of induced cell fates (purple) within an hour after its birth. The endoderm is 
required to maintain induced cell fates after the completion of D lineage cell fate 
induction in a manner which may involve reciprocal signaling between the endoderm (to 
maintain induced micromere fates; brown) and the micromeres (to complete endoderm 
specification; green). I propose that Notch signaling (pink box) is involved in 4d 
induction of cell fates (purple) and in the reciprocal signaling event between the 
endoderm and the induced micromeres (brown & green). 
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CHAPTER 3:  2-DIMENSIONAL ELECTROPHORESIS ANALYSIS IN THE 
MUD SNAIL ILYANASSA OBSOLETA: IDENTIFICATION OF 

QUANTATATIVE PROTEIN DIFFERENCES BETWEEN FIRST CLEAVAGE 
STAGE INTACT EMBRYO, LOBELESS EMBRYO AND POLAR LOBE 
ISOLATE AND BETWEEN FIRST AND FOURTH CLEAVAGE STAGE 

EMBRYOS 
 

*2DEs were performed in collaboration with Dr. Ayaki Nakamoto. 

 

Abstract 

The polar lobe of the mud snail Ilyanassa obsoleta functions to asymmetrically bestow 

determinants to the future cell fate inducing cell – the D macromere. In this study, I 

hypothesized that these determinants are maternally provided proteins asymmetrically 

localized to the polar lobe during first cleavage. To test this hypothesis, I compared 

protein differences by 2-Dimensional Electrophoresis analysis of the two cell stage 

embryo with an intact polar lobe, the two cell stage embryo with the polar lobe removed, 

and the polar lobe isolated at the two cell stage. I also compared protein differences in 

embryos at the two cell stage and the sixteen cell stage, this spans a period of 

development immediately preceding dorsal-ventral axis induction. I identified 12 spots 

that were different between two cell embryo, lobeless two cell embryo, and polar lobe 

isolate including four spots enriched in the polar lobe isolate. Using mass spectrometry 

analysis I identified one of the spots enriched in the polar lobe isolate in comparison to 

the lobeless embryo as the candidate protein voltage-dependent anion-selective channel 

(VDAC). I identified one spot with a post-translation modification difference (as 

determined by a pH shift between intact embryos and embryos with the polar lobe 
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removed) as the candidate protein nuclear autogenic sperm protein (NASP). Lastly, when 

comparing two-cell stage and sixteen cell stage embryos I identified six spots enriched in 

two cell stage embryos (one of which I identified as the candidate protein Hsp27) and one 

spot enriched in the sixteen cell stage embryos (which I identified as the candidate 

protein Universal Stress Protein (USP)). 

 

Introduction 

The polar lobe is an anucleate sac of cytoplasm extruded during first cleavage and 

is exclusively inherited by one cell (CD cell) after the completion of cleavage (Figure 

3.1). During second cleavage, the polar lobe is again extruded and its contents are 

exclusively inherited in one cell (D cell) where they remain for the rest of development 

(Figure 3.1). The polar lobe has significant developmental value; loss of the polar lobe 

results in a loss of axial patterning. In addition, lobeless animals display a loss of several 

morphological structures including eyes, foot, statocysts, operculum, retractor muscle, 

intestine, heart, nephridium, and shell (Clement 1952; Atkinson 1969) (Figure 3.1). 

Induction of axes and morphogenesis by the D cell as a consequence of polar lobe 

material inheritance occurs during fifth cleavage (24 cell stage) (Clement 1962) (Figure 

3.1). However, despite more than a century of research aimed at understanding the 

mechanisms by which the Ilyanassa polar lobe contents function in axial patterning and 

morphogenesis, the molecular nature of the polar lobe contents are still unknown. 

Recent reports have begun to clarify the mechanisms underlying the function of 

the polar lobe material in axial specification and morphogenesis. We know that non-
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phosphorylated Mitogen-Activated Phosphorylated Kinase (MAPK) is abundantly 

present in all four cells (A, B, C and D) at fifth cleavage (Oberg, Wandelt et al. in prep.) 

(Figure 3.1). We know that MAPK is exclusively phosphorylated in only one of these 

four cells (D) (Lambert and Nagy 2001). We also know that loss of the polar lobe 

material results in a failure to phosphorylate MAPK in any of the four cells (Lambert and 

Nagy 2001). Thus, the polar lobe confers onto the D lineage the unique ability to activate 

MAPK.  

The D cell is known to require a signal from the overlying micromeres prior to its 

function to induce proper axial specification and cell fate patterning during fifth cleavage 

(Wandelt 2005). Other known requirements for activating D cell MAPK include 

functional gap junctions (Nakamoto in prep.) and Protein Kinase C (Wandelt 2005). 

These data are consistent with the hypothesis that the polar lobe segregates to the D cell 

material which enables the D cell to uniquely activate MAPK and perhaps other signal 

transducers. 

Prior 2DE reports in Ilyanassa failed to identify qualitative differences in zygotic 

translation in intact embryos, lobeless embryos and polar lobe isolates prior to the 

inductive function of the D cell. This suggests that polar lobe dependent D cell activation 

does not significantly rely on unique zygotic translation. However, immediately 

subsequent to D cell induction significant qualitative differences in zygotic protein 

synthesis were observed (Brandhorst and Newrock 1981; Collier 1981; Collier and 

McCarthy 1981). Based on these reports, I made two hypothesizes: 1) The segregated 

material from the polar lobe inherited by the D cell would be maternally provided 
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proteins asymmetrically distributed to the polar lobe. I hypothesized that these may be 

membrane-bound receptor proteins involved in transducing the signal from the 

micromeres to the D cell or in transducing the subsequent signal from the D cell to the 

micromeres. 2) That zygotic protein synthesis patterns would alter immediately prior to D 

cell induction in response to D cell activation and this would be observable at the sixteen 

cell stage. I predicted these proteomic differences would be detectable by 2-Dimensional 

Electrophoresis. In addition, given the recent completion of the total genome sequence of 

another gastropod mollusc, Lottia gigantea, I anticipated that any proteins differentially 

expressed in the polar lobe could be identified via mass spectrometry based on their 

similarity to proteins encoded by the Lottia genome. The Ilyanassa genome has not yet 

been sequenced but an EST screen has begun and currently reports roughly the first 6500 

unique ESTs found in the early embryo (Kingsley, Chan et al. 2007). 

In this study, I compared protein differences by 2-Dimensional Electrophoresis 

analysis in the intact two cell stage embryo, two cell stage embryo with the polar lobe 

removed, and polar lobe isolates from the two cell stage (Figure 3.2). I identified 12 spots 

that were different between the intact two cell stage embryo, the lobeless two cell stage 

embryo, and the polar lobe isolated at the two cell stage including four spots enriched in 

the polar lobe isolate. I also identified 7 spots differentially enriched between the two-cell 

stage and sixteen-cell stage embryos (Figure 3.2). Using mass spectrometry I identified 

the candidate protein voltage-dependent anion-selective channel (VDAC) as enriched in 

polar lobe isolates in comparison to lobeless embryos, nuclear autogenic sperm protein 

(NASP) as a candidate protein that is post-translationally modified between intact and 
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lobeless embryos, Hsp27 as a candidate protein enriched in the two cell stage in 

comparison to the 16 cell stage and Universal Stress Protein (USP) as a candidate protein 

enriched in the sixteen-cell stage in comparison to the two cell stage. 

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA). Adult snails were maintained and embryos were 

collected and reared as previously described (Gharbiah, Cooley et al. 2009). 

 

2DE Sample Purification 

Sample purification was performed as previously described (Newrock and Raff 1975) 

with minor modifications. Briefly, embryos in each capsule either were split into three 

groups, two cell stage intact embryos, two cell stage lobeless embryos and polar lobe 

isolates, or were collected at the 16 cell stage. To obtain lobeless and polar lobe isolate 

samples, embryos had polar lobes removed via mild agitation in Ca2+Mg2+ low sea water 

during first cleavage. Protein from the samples were obtained and purified as previously 

described (Gharbiah, Cooley et al. 2009).  

 

2DE Sample Preparation and Concentration Determination 

SDS Boiling Buffer was added to samples. Samples were heated in a boiling water bath 

for 5 minutes. Protein concentrations were determined using the BCA Assay (Smith, 
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Krohn et al. 1985) (Pierce Chemical Co., Rockford, IL). 50μg per sample were run on 

duplicate silver stained gels and 200µg per sample were run on Coomassie stained gels. 

This roughly corresponds to the following numbers of embryos: 1) Two cell stage intact 

embryos – 750 (silver) and 3,000 (Coomassie), 2) Two cell stage lobeless embryos – 950 

(silver) and 3,700 (Coomassie), 3) Polar lobe isolates obtained at the two cell stage – 

3,050 (silver) and 12,200 (Coomassie), and 4) Sixteen cell stage embryos– 700 (silver) 

and 2,700 (Coomassie). 

 

2-Dimensional Electrophoresis 

2DE was performed according to the carrier ampholine method of isoelectric focusing 

(O'Farrell 1975) by Kendrick Labs, Inc. (Madison, WI) as follows: isoelectric focusing 

was carried out in a glass tube of inner diameter 3.0 mm using 2.0% pH 3.5-10 

ampholines (GE Healthcare, Piscataway, NJ) for 20,000 volt-hrs. One hundred ng of an 

IEF internal standard, tropomyosin, was added to the sample. This protein migrates as a 

doublet with lower polypeptide spot of MW 33,000 and pH 5.2; an arrow on the stained 

gel marks its position. The enclosed tube gel pH gradient plot for this set of ampholines 

was determined with a surface pH electrode. 

After equilibration for 10 min in buffer “0” (10% glycerol, 50mM dithiothreitol, 

2.3% SDS and 0.0625 M Tris, pH 6.8), each tube gel was sealed to the top of a stacking 

gel that overlaid a 10% acrylamide slab gel (1.0 mm thick). SDS slab gel electrophoresis 

was carried out for about 5 hrs at 25 mA/gel. The following proteins (Sigma Chemical 

Co., St. Louis, MO) were used as molecular weight standards: myosin (220,000), 
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phosphorylase A (94,000), catalase (60,000), actin (43,000), carbonic anhydrase (29,000), 

and lysozyme (14,000). These standards appear as bands at the basic edge of the silver-

stained and Coomassie brilliant blue R250 stained (Oakley, Kirsch et al. 1980) 10% 

acrylamide slab gels. 

 

Mass Spectrometry Analysis 

Select spots were excised from Coomassie stained gels. Standard trypsin digestion and 

mass spectrometry was performed by the University of Arizona Proteomics Facility 

(Tucson, AZ). Peptides obtained from spots excised for mass spectrometry were run 

against three separate databases: Ilyanassa EST database (Dave Lambert, University of 

Rochester), Lottia gigantea database (JGI), and NCBI database. I describe here the 

predicted protein hits with three or more unique peptides with 80% or greater protein 

identification probability. Predicted protein hits with one or two unique peptides were 

found but are not discussed in this chapter. Also, hits to keratin are not included in the 

analysis described here. 

 

Supplementary 2DE Gels in Figure 3.8 

Samples used in supplementary 2DE gels in Figure 3.8 were collected and purified as 

described earlier. Supplementary 2DE gels in Figure 3.8A&B were run prior to 2DE gels 

in Figure 3.8C&D. 1,000 embryos were used for each gel in Figure 3.8A&B and 3,000 

embryos were used for each gel in Figure 3.8C&D. Subsequent steps also differ from 

those described above as follows: Immediately after purification samples were rehydrated 
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in rehydration buffer as described elsewhere (Gharbiah, Cooley et al. 2009). Samples 

were then applied to Immobiline DryStrip pH 3-10 NL, 13 cm (GE Healthcare: 17-6001-

15) and manufacturer directions were followed. Isoelectric focusing was carried out for at 

least 20,000 volt-hrs. After focusing, Drystrips were sealed to the top of 10-15% gradient 

acrylamide gels and underwent SDS gel electrophoresis. Gels were then silver stained as 

described elsewhere (Rabilloud, Carpentier et al. 1988). Numbered spots were excised 

and submitted to the University of Arizona Proteomics Facility (Tucson, AZ) to undergo 

mass spectrometry analysis. Mass spectrometry results of these gels are not described 

here because these were not run in duplicates or with MW standards. Additionally, the 

methods for the 2DEs discussed in detail resulted in the resolution of a greater number of 

spots than observed in these gels. 

 

Results 

Identification of spots enriched in polar lobe isolates but in not lobeless embryos 

I compared 2DE results between lobeless embryos and polar lobe isolates to 

identify polar lobe unique or enriched proteins. I identified four spots which are enriched 

in polar lobe isolates (#1-4) (Figure 3.2-3.6). #2 is the only spot of the four in which mass 

spectrometry results identified an Ilyanassa EST with greater than two peptide hits 

(Figure 3.7). The candidate protein hit obtained from the EST identified from peptide hits 

from spot #2 is voltage dependent anion-selective channel protein. Peptides obtained 

from the four spots did not identify proteins with greater than two peptide hits in Lottia 

EST searches or NCBI searches (Figure 3.7). 
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Identification of a spot enriched in the lobeless embryo but not in the polar lobe isolate 

I identified one spot enriched in the lobeless embryo but not the polar lobe isolate: 

#5 (Figure 3.2-3.6). However, no proteins were identified in either Ilyanassa EST, Lottia 

EST or NCBI searches with greater than two peptide hits (Figure 3.7). 

 

Identification of a spot enriched in the lobeless embryo but in not the intact embryo 

I identified one spot enriched in the lobeless embryo but not in the intact embryo: 

#6 (Figure 3.2-3.6). No proteins were identified in either Ilyanassa EST, Lottia EST or 

NCBI searches with greater than two peptide hits (Figure 3.7). 

 

Identification of corresponding spots with pH differences in the intact and lobeless 

embryos 

I identified six spots that have pH differences between the intact and lobeless 

embryos. Corresponding doublet spots in the intact embryo (#7) and the lobeless embryo 

(#10) 2DEs were selected due to a pH shift (Figure 3.2-3.6). When searching the 

Ilyanassa EST database, two similar ESTs had several peptide hits obtained from these 

spots (Figure 3.7). The candidate protein hit from the ESTs identified using peptide 

sequences obtained from these spots is the Nuclear Autoantigenic Sperm Protein (NASP). 

Peptide sequences from both spots did not result in greater than two peptide hits to any 

protein when Lottia EST and NCBI databases were searched (Figure 3.7). 
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Identification of spots enriched in the two cell stage embryo but not in the 16 cell stage 

embryo 

I identified six spots (#13-18) enriched in the two cell stage embryo but in not the 

sixteen cell stage embryo (Figure 3.2-3.6). Of these, only one (#15) resulted in the 

identification of a candidate protein with greater than two peptide hits, Hsp27, when the 

Ilyanassa EST database was searched. None of these six spots resulted in a greater than 

two peptide hits in either the Lottia EST or NCBI databases (Figure 3.7). 

 

Identification of a spot enriched in the 16 cell stage embryo but not in the two cell stage 

embryo 

I identified one spot (#19) enriched in the sixteen cell stage embryo but not in the 

two cell stage embryo (Figure 3.2-3.6). This spot resulted in the identification of the 

candidate protein Universal Stress Protein (USP) with greater than two peptide hits after 

searching the Ilyanassa EST database. This spot did not identify any protein with greater 

than two peptide hits in either the Lottia EST or NCBI databases (Figure 3.7). 

 

Discussion 

Identification of quantitative differences between the two cell stage intact embryos, 

lobeless embryos, and polar lobe isolates as well as between two cell stage embryos and 

sixteen cell stage embryos 

I hypothesized that the polar lobe asymmetrically segregated maternally provided 

proteins that are required for D cell inductive signaling. I hypothesized that these 
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proteomic differences would be detectable by 2-Dimensional Electrophoresis (2DE). I 

identified protein expression differences during first cleavage between intact embryos, 

lobeless embryos, and isolated polar lobes and between the two cell stage and the sixteen 

cell stage (immediately preceding induction) embryos. I found: 1) proteins enriched in 

the polar lobe isolates but not in the lobeless embryos (four spots), 2) proteins enriched in 

the lobeless embryo but not in the polar lobe isolates (one spot), 3) proteins enriched in 

the lobeless embryo but not in the intact embryo (one spot), 4) protein post-translational 

differences (determine by pH differences) between intact and lobeless embryos (six 

spots), 5) enriched proteins in the two cell stage embryo but not in the sixteen cell stage 

embryo (six spots) and 6) enriched proteins in the sixteen cell stage embryo but not in the 

two cell stage embryo (one spot) (Figure 3.2-3.6). Although the majority of the 

differential spots (14 out of 19) found on the gels did not result in candidate protein 

identification through database searching, some did which I will go into detail below 

(Figure 3.7). 

 

Mass spectrometry analysis and database searching results in the identification of 

differentially expressed/modified candidate proteins 

Five of the nineteen differential spots resulted in candidate protein identifications 

with greater than two unique peptide hits to a dataset of translated sequences from a 

partial Ilyanassa EST database (Figure 3.7). These candidate proteins were voltage-

dependant anion-selective channel (VDAC) protein enriched in polar lobe isolates in 

comparison to lobeless embryos (spot #2), nuclear autogenic sperm protein (NASP) with 
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a pH shift difference in intact and lobeless embryos (spots #7 & #10), Heat shock protein 

27 (Hsp27) enriched in two cell stage embryos when compared to sixteen cell stage 

embryos (spot #15), and Universal Stress Protein (USP) enriched in sixteen cell stage 

embryos when compared to two cell stage embryos (spot #19) (Figures 3.2-3.6).  

VDAC – These are small (30-35kDa) pore-forming proteins on the outer 

membrane of mitochondria (also known as porins) and on the plasma membrane. They 

allow free permeability to low molecular weight solutes such as ADP/ATP, succinate and 

citrate in the mitochondria. Their function in the plasma membrane is less understood but 

thought be involved in cellular redox regulation of apoptosis (Lawen, Ly et al. 2005). In 

Ilyanassa, mitochondria are more abundant in the animal portion of the embryo and 

sparse in the polar lobe (Pucci-Minafra, Minden et al. 1969) therefore mitochondrial 

enrichment in the vegetal polar lobe may be an unlikely hypothesis for VDAC 

enrichment in polar lobe isolates but further analysis using current methods to 

characterize mitochondrial localization is required to support this finding.  

NASP – These are acidic (pH ~ 4.2), linker histone chaperone proteins best 

studied in the mouse. They are found in all dividing cells in either a somatic (46 kDa) or 

testis form (84 kDa). These forms are similar except for a deletion of two internal 

segments in the mouse. Linker histones bind to DNA and influence several events 

including: cell cycle progression, DNA replication and repair, chromatin remodeling and 

gene transcription (Alekseev, Widgren et al. 2005). NASP was identified as a pH shift 

between lobeless and intact embryos. This suggests that post translational modifications 

(ie. phosphorlylation, etc.) of NASP occur differentially in intact and lobeless embryos. 
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Hsp27 – This heat shock protein is a small (27 kDa) ubiquitous protein whose 

functions include chaperone activity in response to environmental stress, apoptosis 

control, and regulation of actin cytoskeleton dynamics. During stress conditions, Hsp27 

binds to partially folded proteins and prevents their aggregation, which can lead to a loss 

of cell function and probable death, until the proteins can be refolded by other types of 

chaperons or are digested (Hayes, Napoli et al. 2009). This candidate was identified as a 

spot enriched in the two cell stage embryos but not in the sixteen cell stage embryos. 

USP – This is a class of small (15-30 kDa) proteins which have been identified in 

many eukaryotes. USP expression levels have been shown to increase in response to 

stress conditions and they have been implicated in various stress conditions including 

oxidative stress and exposure to heat (Nachin, Nannmark et al. 2005). This candidate 

protein was identified as a spot enriched in the sixteen cell stage embryos but not in the 

two cell stage embryos. 

 

Unexpected protein identifications – Are they real? 

The four proteins identified (VDAC, NASP, Hsp27, & USP) in these experiments 

were unexpected. These proteins have largely been reported as apoptotic/stress proteins. 

One hypothesis, based on the identities of the identified proteins, is that the samples used 

in these experiments were stressed in some manner. Possible causes of stress in these 

particular experiments may include: removal from the capsule (batches of embryos are 

deposited by their mothers in an insulated capsule), vigorous shaking to separate two-cell 

stage embryos into the three sample types including intact embryos, lobeless embryos, 



 82

and polar lobe isolates, or the embryos may have experienced some unknown 

experimentally induced stress. This hypothesis of experimentally induced stress is 

unlikely because different stress/apoptotic proteins are identified between samples. Thus, 

differential enrichment/modification of stress/apoptotic proteins between samples does 

not support an experimentally induced stress response. Additionally, the method of 

capsule removal and polar lobe isolation used in this experiment does not result in 

embryonic death. Vigorously shaken embryos (intact and lobeless) are regularly grown to 

veliger stage which suggests that significant cell death is not occurring in these samples 

(Gharbiah, pers. obs.).  

A recent study reports that general stress proteins account for a large percentage 

(~23%) of identified differentially expressed proteins in analyzed 2DE studies regardless 

of species, tissues sample or experimental objective. In particular, the most frequently 

identified proteins on 2DEs were smaller proteins (16-94kDa) that function as molecular 

chaperons, or in redox regulation, energy metabolism, and regulation of cell growth, 

cycle and death (Wang, Bouwman et al. 2009). An earlier study reported the same 

phenomena in its analysis of several reports comparing deferentially expressed proteins 

identified using 2DEs (Petrak, Ivanek et al. 2008). Both studies identify Hsp27 as one of 

the most “notorious” proteins identified in the 2DE reports analyzed (Petrak, Ivanek et al. 

2008; Wang, Bouwman et al. 2009). Another hypothesis that can be made based on the 

results presented here is that the identification of stress/apoptotic proteins in these 

experiments is due to a bias in the 2DE gels or mass spectrometry analysis that over-

represents small, easily soluble, and mid-range pH proteins which generally characterizes 



 83

many stress/apoptotic proteins. However, analysis of several published human microarray 

data suggests that perhaps these stress/apoptotic protein findings in the 2DE reports are 

not artifacts. Hsp27, the most notoriously identified differentially expressed protein in 

reported 2DEs, was also frequently found to have differential transcript expression. In 

fact, one of the proteomic analysis studies referred to here earlier notes that the reported 

transcriptional change of Hsp27 in human microarrays correlates surprisingly well with 

frequencies of Hsp27 proteomic differences in 2DE reports (Petrak, Ivanek et al. 2008). 

Thus, although the experimental means used in this study might bias identification of 

proteins to largely identify stress/apoptotic proteins, their frequent identification may not 

be artifacts. 

Recent reports suggest that stress/apoptotic proteins have roles beyond stress 

induced apoptosis. These reports suggest non-apoptotic differentiation roles for proteins 

traditionally thought of as “stress/apoptotic” proteins (Fernando and Megeney 2007). 

Non-apoptotic roles for stress/apoptotic proteins have not been investigated in-depth but 

recent reports suggest they may be plentiful across metazoans. For example, sperm 

differentiation in Drosophila requires non-apoptotic functions of caspases which are 

largely noted to function in cell death cascades. Non-apoptotic differentiation roles for 

caspases have been identified in a diverse set of cell types in different organisms 

(Fernando, Kelly et al. 2002; Oomman, Finckbone et al. 2004; Rohn, Cusack et al. 2004; 

Fernando, Brunette et al. 2005; Lee, Puente et al. 2008).  

Additionally, mitochondria are also known for their role in apoptosis. However, 

their role in development outside of largely “housekeeping” functions have been largely 
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overlooked. Mitochondria not only control the rate of ATP production, they modulate the 

intracellular redox state. Redox signaling has been implicated in developmental functions 

in various species. In sea urchins, redox signaling has been implicated in oral-aboral axial 

patterning (Coffman, Coluccio et al. 2009). In C. elegans, the redox signaling gene skn-1 

is a transcription factor required for initiating endomesoderm specification. An 

interesting hypothesis proposed in recent reports regarding redox signaling suggests that 

redox-signaling pathways may have been co-opted for endomesoderm specification in the 

nematode and probably other organisms (Coffman and Denegre 2007; Coffman 2009). 

This suggests that the identification of VDAC, a mitochondrial protein involved in redox 

regulation, in polar lobe isolates in comparison to lobeless embryos may be due to a 

conserved role in redox-signaling pathways in endomesoderm specification. Interestingly, 

loss of the polar lobe results in a loss of specification of the endomesoderm cell (4d) 

(Clement 1986b) which further supports this hypothesis. Additionally, 4d is thought to 

give rise to the germline in Ilyanassa (Rabinowitz, Chan et al. 2008) and the germline in 

various metazoans has been shown to be enriched with mitochondria (Carre, Djediat et al. 

2002). Therefore, VDAC may also function in germline specification in Ilyanassa. Thus, 

the identification of apoptotic/stress proteins in the experiments reported here may be 

developmentally significant for early differentiation events in the embryo and not due to 

experimentally induced stress. 

 

Mass spectrometry analysis challenges 
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Ilyanassa does not have a sequenced genome thus by necessity protein 

identification in this non-sequenced organism depends on cross-species identification. I 

did not identify any protein in the EST database of another gastropod snail Lottia or in 

the NCBI database with greater than two unique peptide hits obtained from excised spots 

from my 2DE gels (Figure 3.7). This is consistent with recent reports that conservation of 

proteins between and among species may be more limited than initially predicted.   

 One report suggests that despite similar numbers of protein coding genes between 

C. elegans (~20,140), various Drosophila species (~14,000-17,000) and Homo sapiens 

(~20,500), only ~1800 of the ~20,000 C. elegans genes have strict (1:1:1) orthologues in 

D. melanogaster and H. sapiens. These orthologues were largely involved in basic cell 

functions including replication, transcription, translation and cell division. Even more 

surprising is that between animals in the Caenorhabitis species (elegans, briggsae, and 

remanei) only ~10,000 of the 20,000 C. elegans are strict (1:1:1) orthologues (Thomas 

2008). This suggests that orthologues between phyla may be as low as 9% and between 

species as low as 50% thus making protein identification based on cross-species 

identification challenging. 

 Further complicating protein identification based on cross-species identification is 

the current challenge in accurate annotation of predicted protein functions. In any given 

sequenced genome roughly 30-50% of the predicted gene products have either no known 

homologue or show less than 30% identity to known proteins (Yakunin, Yee et al. 2004). 

Additionally, a review of the NCBI protein database in 2006 revealed that one out of 

three proteins had no assigned function and one of ten proteins was annotated as 
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“conserved hypothetical”. Even in the best studied of all organisms, E. coli, more than 

~2,000 of its genes have never been experimentally characterized – this accounts for 

almost half of all proteins encoded in its genome (Sivashankari and Shanmughavel 2006). 

These findings are supported in my results – of the 19 differential spots selected, only the 

partial Ilyanassa EST database resulted in the identification of candidate proteins. Large 

scale identification of proteins in Ilyanassa will require a more complete EST database or 

a sequenced (and annotated) genome. 

 

Future Directions  

I have by no mean exhaustively searched the proteome of the samples in this 

study. The 2DEs performed here reflect only a fraction of the proteins present in the 

samples. This is a common limitation of 2DE analysis. 2DE gels under-represent several 

classes of proteins: low and high molecular weight proteins (less than 10kDa and higher 

than 100kDa), extremely acidic or basic proteins, and low abundance proteins (Wang, 

Bouwman et al. 2009). Additionally, the purification method employed here involves a 

low centrifugation step intended to remove insoluble yolk particles from the sample. This 

method further reduces the proteomic pool studied as some proteins, including 

membrane-bound proteins, may have been lost in this purification step (Nakamoto and 

Nagy, pers. comm.). This is troubling as I hypothesize that proteins asymmetrically 

localized to the polar lobe may be membrane proteins utilized later in polar lobe 

dependent cell-cell signaling events resulting in proper axial patterning and 

morphogenesis. In addition to purification methods that may have limited isolation of 
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membrane proteins in the samples studied in this study, membrane proteins are frequently 

under-represented on 2DE gels. Although membrane-bound proteins constitute a 

significant portion of a cell’s protein pool (~30%) these largely hydrophobic proteins 

have low solubility, a tendency to aggregate and precipitate in aqueous media, possess 

basic pHs and are frequently expressed in low numbers (Gorg, Weiss et al. 2004). 

Given the above stated limitations of 2DEs, future directions suggested include 

popular shotgun identification of integral membrane proteins via Multidimensional 

Protein Identification Technology (MudPit). Use of this gel free method eliminates many 

of the problems encountered with 2DE. Furthermore, this method has successfully been 

used in comparative quantification analysis of proteins (Lu, McClatchy et al. 2008). A 

promising study in Corynebacterium glutamicum reports that despite the failure of prior 

2DEs to identify a single membrane protein in this organism, use of a modified sample 

preparation method with a new tryptic predigest step and MudPit analysis resulted in the 

identification of more than 50% (326) of all possible predicted membrane proteins in this 

organism (Fischer, Wolters et al. 2006). Using this method, polar lobe isolate membranes 

and lobeless embryo membranes could be isolated, isotope labeled and then analyzed via 

MudPit for membrane protein differences. These differences can be identified through the 

completion of the Ilyanassa database or the completion of a sequenced (and annotated) 

Ilyanassa genome. 

 

Conclusions 
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I found several proteins enriched/modified proteins between two-cell stage intact 

embryos, lobeless embryos, and polar lobe isolates as well as between two-cell stage 

embryos and sixteen cell stage embryos. Using mass spectrometry I have identified four 

candidate proteins: VDAC is identified in a spot enriched in polar lobe isolates when 

compared to lobeless embryos, NASP is identified in a spot with a pH shift due to 

differential post-translational modification between intact embryos and lobeless embryos, 

Hsp27 is identified in a spot enriched in two-cell stage embryos when compared to 

sixteen cell stage embryos, and USP is identified in a spot enriched in sixteen-cell stage 

embryos when compared to two cell-stage embryos (Figure 3.2-3.6). Although surprising, 

the identification of “apoptotic/stress” proteins in this study suggests that this finding 

may support a growing body of reports which identify non-apoptotic developmental roles 

for apoptotic/stress proteins in differentiation. 
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Figure 3.1: Cleavage stages and cell fates in Ilyanassa obsoleta. A-F are cleavage stage 
embryos. A) During first division (two-cell stage), an anucleate sac of cytoplasm called 
the polar lobe (PL) is extruded. B) During second cleavage, four macromeres (ABCD; 
yellow) are formed and the D cell is much larger due to exclusive inheritance of the polar 
lobe material. C) The macromeres divide toward the animal pole in a synchronous 
manner to form much smaller cells called the first quartet micromeres (1abcd; teal). D) 
The macromeres divide again (sixteen-cell stage) to from the second quartet cells (2abcd; 
blue). E) The macromeres divide again to from the third quartet cells (3abcd; pink) and 
the second quartet cells divide (blue). F) The 3D macromere divides much earlier than 
the other third order macromeres to form its daughter micromere, 4d (purple). G & H are 
veligers with generalized clonal contributions with color coding that matches cells in 
Figure 3.1F. Generally, first quartet cells give rise to the velum and eyes (teal), second 
quartet cells give rise to the shell (blue), third quartet cells give rise to the esophogus and 
foot (pink), 4d gives rise to the intestine, heart, kidney, and retractor muscle (purple), and 
3ABC4D give rise to the endoderm and nutritive yolk (yellow) (Render 1991; Render 
1997). 
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Figure 3.2: Summary of experimental set-up and findings. Three sample 
comparisons were performed: A) Comparison between two-cell stage isolated polar 
lobes and two-cell stage lobeless embryos, B) Comparison between intact two cell stage 
embryos and lobeless two-cell stage embryos, C) Comparison between two-cell stage 
embryos and sixteen-cell stage embryos. A) Four spots (#1-4) were found enriched in 
isolated polar lobes in comparison to lobeless embryos and one candidate protein was 
identified as VDAC. One spot (#5) was enriched in lobeless embryos in comparison to 
isolated polar lobes. B) One spot (#6) was enriched in lobeless embryos in comparison 
to intact embryos. Six spots (#7-12) reflect a pH shift between intact embryos and 
lobeless embryos and one candidate protein was identified as NASP. C) Six spots (#13-
18) were enriched in two-cell stage embryos in comparison to sixteen-cell stage 
embryos and one candidate protein was identified as Hsp27. One spot (#19) was 
enriched in sixteen-cell stage embryos in comparison to two-cell stage embryos which 
was identified as the candidate protein USP. 
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Figure 3.3: Silver stained 2DE gels used for protein analysis in Ilyanassa obsoleta. 
Embryo samples underwent isoelectric focusing to separate proteins from pH 3.5-10. 
Protein samples were then separated according to molecular weight (10-220kD). 
Protein spots excised and analyzed are indicated. Spots selected due to enrichment are 
circled. Spots selected due to pH shift are enclosed in a triangle. Control spots or spots 
excised that are not differentially expressed/modified in any sample are enclosed in 
diamonds. The black arrow is an internal standard: Tropomyosin (pH 5.2 & 32.7kD). 
The molecular weight standards on the left are composed of myosin (220kD), 
phosphorylase A (94kD), catalase (60kD), actin (43kD), carbonic anhydrase (29kD) 
and lysozyme (14kD). A) 2DE gel of two cell stage embryos. B) 2DE gel of lobeless 
embryos at the two cell stage. C) 2DE gel of polar lobe isolates obtained at the two cell 
stage. D) 2DE gel of embryos isolated at the 16 cell stage. Duplicate and coomassie 
stained 2DE gels of all four samples were also run (see Figures 3.4 & 3.5). 
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Figure 3.4: Duplicate silver stained 2DE gels used for protein analysis in Ilyanassa 
obsoleta. Embryo samples underwent isoelectric focusing to separate proteins from pH 
3.5-10. Protein samples were then separated according to molecular weight (10-220kD). 
Protein spots excised and analyzed are indicated. Spots selected due to enrichment are 
circled. Spots selected due to pH shift are enclosed in a triangle. Control spots or spots 
excised that are not differentially expressed/modified in any sample are enclosed in 
diamonds. The black arrow is an internal standard: Tropomyosin (pH 5.2 & 32.7kD). 
The molecular weight standards on the left are composed of myosin (220kD), 
phosphorylase A (94kD), catalase (60kD), actin (43kD), carbonic anhydrase (29kD) 
and lysozyme (14kD). A) 2DE gel of two cell stage embryos. B) 2DE gel of lobeless 
embryos at the two cell stage. C) 2DE gel of polar lobe isolates obtained at the two cell 
stage. D) 2DE gel of embryos isolated at the 16 cell stage. 
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Figure 3.5: Coomassie stained 2DE gels used for protein analysis in Ilyanassa 
obsoleta. Embryo samples underwent isoelectric focusing to separate proteins from pH 
3.5-10. Protein samples were then separated according to molecular weight (10-220kD). 
Protein spots excised and analyzed are indicated. Spots selected due to enrichment are 
circled. Spots selected due to pH shift are enclosed in a triangle. Control spots or spots 
excised that are not differentially expressed/modified in any sample are enclosed in 
diamonds. The black arrow is an internal standard: Tropomyosin (pH 5.2 & 32.7kD). 
The molecular weight standards on the left are composed of myosin (220kD), 
phosphorylase A (94kD), catalase (60kD), actin (43kD), carbonic anhydrase (29kD) 
and lysozyme (14kD). A) 2DE gel of two cell stage embryos. B) 2DE gel of lobeless 
embryos at the two cell stage. C) 2DE gel of polar lobe isolates obtained at the two cell 
stage. D) 2DE gel of embryos isolated at the 16 cell stage. 
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Figure 3.6: Reasons why 2DE gel spots were excised in Figures 3.3-3.5. This chart 
identifies reasons why the 2DE gel spots analyzed here were excised. Spots #1-4 were 
enriched in the polar lobe (PL) isolates but in not lobeless embryo. Spot #5 was 
enriched in the lobeless embryos but in the not PL isolates. Spot #6 was enriched in the 
lobeless embryos but not in the intact two-cell (2C) stage embryos. Spots #7-12 were 
selected because there were pH differences in the same spot between the intact two-cell 
(2C) stage embryos and the lobeless two-cell (2C) embryos. Spots #13-18 were selected 
because they were enriched in the two-cell stage embryo (2C) but not in the sixteen-cell 
stage embryo (16C). Spot #19 was selected because it was enriched in the sixteen-cell 
stage embryo (16C) but not in the two-cell stage embryo (2C). Spots #20-24 were 
selected as controls or for other reasons that did not include differential expression in 
any sample. 
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Figure 3.7: Peptide hits obtained per excised 2DE spot in Ilyanassa obsoleta. 
Peptides obtained from all 24 spots excised were run against three databases: a partial 
Ilyanassa EST database, a complete Lottia EST database, or the NCBI database. 
Several spots resulted in single peptide hits for candidate proteins in all databases 
(yellow) and some resulted in two unique peptide hits for candidate proteins (orange). 
The actin excised control spot (Spot #20) was identified as actin with two or more 
unique peptide hits (red) in all three databases. Only the partial Ilyanassa EST database 
searches using peptides obtained from excised 2DE spots resulted in additional 
candidate proteins identified with two or more unique peptides (red). 
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Figure 3.8: Supplementary silver stained 2DE gels used for protein analysis in 
Ilyanassa obsoleta. (Legend follows).
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Figure 3.8: Supplementary silver stained 2DE gels used for protein analysis in 
Ilyanassa obsoleta. Embryo samples underwent isoelectric focusing to separate 
proteins from pH 3-10. Protein samples were then separated according to molecular 
weight (10-220kD). Protein spots excised and analyzed (results not described here) are 
indicated. MW estimates are based on standards run on gels in Figures 3.3-3.5. 2DE 
gels in A & B were run at the same time but prior to the 2DE gels in C & D which were 
run at the same time (see Materials & Methods for additional details). 
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CHAPTER 4: CILIA ORIGINS AND PATTERN FORMATION IN THE MUD 
SNAIL ILYANASSA OBSOLETA 

 

*Injections were done in collaboration with Dr. Ayaki Nakamoto. 

 

Abstract 

The spiralian larva has two primary ciliary bands, the prototroch and metatroch, required 

for locomotion and feeding. Lineage studies in the mollusc Crepidula and the annelid 

Polygordius show distinct cellular origins for the metatroch suggesting that the molluscan 

metatroch is not directly homologous with the annelid metatroch. I extend our 

understanding of the lineage contributions to the ciliary bands through the use of cell 

lineage tracing in another representative mollusc, Ilyanassa, and I describe the pattern of 

cilia differentiation through the use of a marker for acetylated tubulin. I report third 

quartet derivative contribution to ventral velar tissue directly behind the metatrochal area, 

but not to the metatroch itself, as seen in Polygordius. I find that in Ilyanassa first quartet 

derivates contribute to both the prototroch and the metatroch unlike in the mollusc 

Crepidula in which the metatroch is formed by the second quartet derivatives. This data 

supports the hypothesis that the metatroch has evolved multiple times within spiralians. 

 

Introduction 

Ciliary bands found in the larvae of some spiralians, including the annelid and 

mollusc, are formed from groups of multi-ciliated cells. The pre-oral band of compound 

cilia primarily used in locomotion is the “prototroch” or first cilia band. In gastropods, 
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the prototroch forms along the edge of the velum (Figure 4.1). The second pre-oral band 

of compound cilia primarily used in feeding is the “metatroch” or second ciliary band. In 

gastropods, the metatroch forms just inside the velum-lining prototroch (Nielsen 2004) 

(Figure 4.1). The closely spaced metatroch and the prototroch beat in opposite directions 

enabling food particles to be trapped in the intervening food groove and carried to the 

mouth in a “opposed band feeding” mechanism (Strathmann 1978; Riisgard, Nielsen et al. 

2000) (Figure 4.1). 

 The embryonic development of annelids and molluscs is very similar with respect 

to the conservation of cell division geometry, cell division tempo and cell fate 

specification between the embryos. This conservation allows for homologous cells to be 

compared between these two phyla. Thus, because of the identification of similar clonal 

origins of the prototroch in annelids and molluscs, the prototroch has been characterized 

as “unquestionably homologous” (Nielsen 2004). But the homology of the metatroch 

between these two phyla remains unresolved and debated. Recently, Henry et al. 

hypothesized that the metatroch in annelids and molluscs is not homologous. Henry et al. 

base their hypothesis largely on the comparison between the representative mollusc 

Crepidula fornicata and the annelid Polygordius lacteus. The metatroch of Polygordius is 

derived from the descendents of third quartet micromere (3q) cells 3c and 3d (Figure 4.1). 

In contrast, the metatroch of the mollusc Crepidula is derived from the descendents of 

second quartet micromere (2q) cells 2a and 2c with no contribution from 3q derivatives 

(Hejnol, Martindale et al. 2007; Henry, Hejnol et al. 2007) (Figure 4.1). Therefore, Henry 

et al. conclude that the metatroch in the mollusc is not homologous to the metatroch in 
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the annelid. Interestingly, the metatroch of another representative mollusc Ilyanassa 

obsoleta has been reported as requiring 3q clonal contribution (Render 1997) suggesting 

that homology of the metatroch within molluscs is also not conserved. 

 Here, using cell lineage tracing and a cilia specific antigen, I characterize the 

pattern of cilia formation in the developing larvae and clarify the cell fate map of the 

Ilyanassa metatroch.  I demonstrate that 3c and 3d derivatives do not contribute to the 

metatroch as previously reported (Render 1997); 3c and 3d derivatives contribute to 

velum tissue directly ventral to the metatroch and are not ciliated. Additionally, I provide 

data that rejects the hypothesis that homology of the metatroch band is conserved within 

molluscs; unlike Crepidula, second quartet derivatives do not contribute to the metatroch 

in Ilyanassa, rather first quartet derivatives form both the prototroch and metatroch bands. 

Thus, I provide support for hypothesis that metatroch has evolved multiple times among 

spiralians as well as within molluscs. 

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA) or were collected from Bar Harbor, Maine or from 

Roberts Landing in Alameda County, California. Adult snails were maintained and 

embryos were collected and reared as previously described (Gharbiah, Cooley et al. 

2009). Embryos are staged in hours post trefoil (hpt) at RT as established in prior larval 

staging reports in the literature. 
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Immunohistochemistry 

Immunohistochemistry was performed as described (Lambert and Nagy 2001) with the 

following alterations: embryos used for anti-acetylated α-Tubulin (AT) primary antibody 

(Invitrogen: #32-2700, 1:50) were fixed for 30 minutes in PEM at RT. After secondary 

antibody incubation (anti-mouse-HRP antibody or anti-mouse-Cy5 antibody, Jackson), 

some embryos were stained with DAPI (Molecular Probes) and Alexaflour Phalliodin 

488 (Molecular Probes) for 30 minutes at RT.  

 

Lineage Tracing 

Injections were performed as described elsewhere (Gharbiah, Cooley et al. 2009) with 

injection buffer containing 1% tetramethylrhodamine (fluoro-ruby) 10,000 MW lysine-

fixable (Invitrogen: D1817) and/or Oregon Green dextran 10,000 MW lysine-fixable 

(Invitrogen: D7171). 

 

Fixation 

Veligers were relaxed in a mixture of one part FASW with one part saturated 

trichlorobutanol, and then fixed with 3.7% formaldehyde in FASW for 30-60 minutes at 

room temperature and mounted in 80% glycerol+4% n-propyl gallate in PBS. 

 

Results 

Discovery of an acetylated tubulin antigen as a marker for cilia in Ilyanassa larvae 
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Acetylated tubulin (AT) is a well known marker of organized bundles of tubulin 

that occur in the nervous system and in cilia (Piperno and Fuller 1985; Harzsch, Anger et 

al. 1997; Voronezhskaya, Tyurin et al. 2002). Immunohistochemistry using the acetylated 

tubulin antibody on Ilyanassa obsoleta larvae did not stain the nervous system but did 

clearly stain cilia protruding from cell surfaces (Figure 4.2-4.4).  

 

Description of the pattern of cilia differentiation in the larva 

AT immunoreactivity in cilia was first detected at 36 hours post trefoil (hpt) as 

determined with an AT antibody. Ciliated cells were restricted to the presumptive apical 

plate area that forms the future velum (results not shown). Over the next 24 hours, 

additional cells form cilia along the center of presumptive apical plate area (60 hpt) 

(Figure 4.4). During the following days of development additional ciliated cells are 

observed in the presumptive velar area and these ciliated cells rearrange in the epithelium 

to a lateral position along the presumptive velar edges until the entire velar area is 

encircled (72-132 hpt) (Figure 4.4). These cilia contribute to the prototroch and metatroch 

bands which function in feeding and locomotion (Atkinson 1971). 

Ciliated cells are first observed in the presumptive foot tissue at 60 hpt on the 

ventral surface (Figure 4.4). Additional cells in the presumptive foot tissue form cilia and 

ciliated cells arrange laterally along the posterior edge of the foot and linearly along foot 

from posterior to anterior (96 hpt) (Figure 4.4). Additional cells in the presumptive foot 

tissue form cilia anteriorly on the ventral surface of the foot and encircle the stomodeum 
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(96-144 hpt) (Figure 4.4). These cilia form the pedal foot tract which guides the food to 

the mouth (Atkinson 1971).  

Ciliated cells are first observed in the shell gland precursor cells by 96 hpt (Figure 

4.4). Additional cells form cilia along the edges of the developing shell and arrange in a 

ring along the entire edge of shell (144 hpt) (Figure 4.4). The function of these cilia is not 

known, but may be sensory (Atkinson 1971).  

 

Clonal origins of cilia differentiating cells 

 A prior lineage tracing report identifies 3c and 3d derivatives as contributors to 

the metatrochal band in Ilyanassa (Render 1997). I found that 3c and 3d derivatives 

contribute to the right and left portion of the ventral velum tissue directly underlying the 

metatrochal band but do not directly contribute to the metatroch (Figure 4.5). A recent 

lineage report identifies 2a and 2c derivatives as contributors to the left and right portions 

of the metatrochal band in another mollusc Crepidula. I found that 2c derivatives 

contribute to the right posterior, ventral edge of the velum and the right statocyst as 

previously identified in a prior lineage report in Ilyanassa (Render 1997) but do not 

contribute to the metatroch (Figure 4.5). I found 1c derivatives as contributors to much of 

the right anterior portion of the velum as previously reported (Render 1991) including all 

of the cilia contributing tissue (both prototroch and metatroch contributing) in the anterior 

right edge (Figure 4.5). 

 The cellular origins of the ciliated cells in the foot tissue have not been explicitly 

identified in previous lineage tracing experiments in Ilyanassa. Previous lineage tracing 
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reports demonstrate contributions of 3c and 3d derivatives to the right and left halves of 

the foot (excluding the tip of the foot) and 2d derivative contributions to the tip of the 

foot (Render 1997). I confirm these previous cell fate mapping results and identify 2d, 3c, 

and 3d derivatives as contributors to foot cilia (Figure 4.5).    

Additionally, previous reports identify 2q derivatives as contributors to the mantle 

edge. I confirm these previous cell fate mapping results and identify 2c and 2d as 

contributors to the mantle edge cilia (Figure 4.5).  

 

Discussion 

Spiralian embryos, such as annelids and molluscs, display a highly stereotypic 

pattern of cell cleavage resulting in a strong conservation of cell fate contribution 

between homologous cells in different taxa. The ancestral spiralian larva is believed to 

have a pre-oral ring of cilia (prototroch) involved in locomotion. The homology of the 

prototroch and its common derivation from 1q is largely accepted by most evolutionary 

biologists (Rouse 1999; Nielsen 2004; Nielsen 2005). However, the homology of the 

spiralian metatroch, a post-oral ring of cilia involved in opposed-band feeding in 

collaboration with the prototroch, has been debated (Rouse 1999; Nielsen 2004; Henry, 

Hejnol et al. 2007). A metatroch and the mechanism of opposed-band feeding involving 

the metatroch are not found in most spiralians. The sporadic appearance of the metatroch 

within the clade suggests that it has evolved on multiple independent occasions (Rouse 

2000; Henry 2007).  
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The only published annelid metatroch cell lineage report is in Polygordius in 

which the metatroch is reported to be derived from third quartet micromeres, 3c and 3d 

(Woltereck 1904). Third quartet micromeres, largely 3c and 3d derivatives, were also 

reported to contribute to the metatroch in Ilyanassa (Render 1997). However, a more 

recent lineage tracing of the metatroch in another mollusc, Crepidula, found that the 

second quartet, 2a and 2c derivatives, form the metatroch and not the third quartet cells.  

Here I report that 3c and 3d contribute to ventral velum tissue underlying metatrochal 

forming cells but do not contribute to the metatroch (Figure 4.5). I have also confirmed 

earlier lineage tracing results of 2c (Render 1997) whose derivatives contribute to the 

right ventral edge of the velum closest to the mouth and not the right half of the 

metatroch as in the mollusc Crepidula (Hejnol, Martindale et al. 2007) (Figure 4.5). 

Instead, I found that first quartet derivatives (1c is closely examined in this report) 

contribute to both the prototroch and the metatroch supporting the hypothesis that the 

metatroch band has evolved multiple times from different cell lineages between spiralians 

and even within molluscs (Figure 4.5). Thus, despite the similarities in early cleavage 

divisions and larval forms, the conserved early morphology in spiralians belies diverse 

molecular cell fate patterning mechanisms which enable the lack of homology in the 

origins of larval structures as well as the diverse range of body plans observed in adult 

spiralians. 
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Figure 4.1: Fate map and veliger structures in Ilyanassa. A) 25 cell stage embryo. 
Cells are color-coded to veliger fates identified in B & C. B & D) Veligers with 
generalized clonal contributions based on fate mapping studies (Render 1991; Render 
1997) with cilary band contributions reflecting the findings in this chapter. Generally, 
first quartet cells give rise to the velum and eyes (teal), second quartet cells give rise to 
the shell (blue), third quartet cells give rise to the esophogus and foot (pink), 4d gives 
rise to the intestine, heart, kidney, and retractor muscle (purple), and 3ABC4D give rise 
to the endoderm and nutritive yolk (yellow) (Render 1991; Render 1997). The 
prototroch is the outer band of cilia that encircles the velar lobes. The metatroch lines 
the inside edge of the prototroch forming a food groove in between the metatroch and 
prototroch. I report the metatroch and prototroch to be derived from the first quartet cell 
derivatives (teal) in this chapter. 
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Figure 4.2: AT cilia staining in developing Ilyanassa larvae. A) 2.5 day old larva. 
Apical cilia (top, red) has begun to form. B & C) Side and posterior view of a 3.5 day 
larva. Apical cilia (top, red) covers much of the head structure and foot ciliation (left, 
red) is present. Imaged larvae were stained with AT antibody (red), phalliodin (green) 
and DAPI (blue). 
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Figure 4.3: AT staining in ten day old Ilyanassa veliger. Anterior image from a 
confocal z-stack of a ten day old veliger with AT antibody staining (red), phalliodin 
(green) and DAPI (blue). 
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Figure 4.4: AT staining in Ilyanassa larvae indicating the pattern of cilia 
differentiation. A-D) 60 hpt larva. A, B) Anterior view showing apical cilia formation 
(teal). C,D) Ventral view showing foot cilia formation (pink). E-H) 72 hpt larva. E, F) 
Anterior view showing lateral bands of cilia formed in the apical region (top, teal). G, 
H) Ventral view showing foot cilia formation (pink). I-L) 96 hpt larva. I, J) Anterior 
view showing anterior cilia formation and connection of lateral bands of cilia (top, teal). 
Shell gland cilia formation also present (bottom, blue). K, L) Ventral view showing 
foot cilia formation (pink). M-P) 132 hpt larva. M, N) Anterior view showing anterior 
cilia formation (teal) and progression of shell field cilia formation (blue). O, P) Ventral 
view showing formation of operculum and progression of foot cilia (pink) and shell 
field cilia (blue). Q-T) 144 hpt larva. Q, R) Anterior view showing progression of shell 
field cilia (blue). S, T) Ventral view. U, V) Eight day old veliger showing the pattern of 
velar cilia formation (teal) and foot cilia formation (pink) in the fully developed veliger. 
Teal color = velar cilia. Blue color = shell cilia. Pink color = foot cilia. 
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Figure 4.5: Clonal origins of cilia differentiating cells. A1-6) Lineage tracing results 
for 1c derivatives (green) and 2c derivatives (red). B1-6) Lineage tracing results for 2c 
derivatives (red) and 3c derivatives (green). C1-6) Lineage tracing results for 2d 
derivatives (red) and 3d derivatives (green). A-C1) Cleavage cartoon indicating labeled 
cells. A2) Right side of veliger. 1c derivatives (green) contribute to much of the right 
part of the anterior, right portion of the velum including all cilia contributing tissue in 
the anterior right edge of the velum. A3) 2c derivatives (red) contribute to the right 
posterior, ventral edge of the velum and the right statocyst. A4) 2c derivatives (red) 
also contribute to the left, anterior portion of the mantle edge. B2-3) Right side of 
veliger. 3c derivatives (green) contribute to right, ventral velum tissue underlying the 
metatroch but do not contribute to metatroch forming cells. B4) 3c derivatives (green) 
also contribute to the right half of the foot and the right, anterior portion of the shell. 
C2) 3d derivatives (green) contribute to the left, ventral velum tissue underlying the 
metatroch but do not contribute to metatroch forming cells. 2d derivatives (red) 
contribute to the left, posterior mantle edge. C3) 2d derivatives (red) contribute to the 
tip of the foot. C4) 3d derivatives (green) contribute to the left half of the foot. A-C5) 
Front view of cartoon veliger summarizing cell contributions. A-C6) Side view of 
cartoon veliger summarizing cell contributions. 
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APPENDIX A: NOTCH PATHWAY SEQUENCES AND ALIGNMENT DATA 
 
 
Summary 

In Chapter 2, I present data implicating a role for Notch signaling in cell fate 

specification in the early development of Ilyanassa obsoleta. I report here the partial 

sequences of several key members (Notch, Delta, Suppressor of Hairless (SuH), Deltex 

and Strawberry Notch (SBNO)) of the Notch signaling pathway in Ilyanassa. These are 

some of the well-studied canonical pathway members (Notch is the membrane-bound 

receptor, Delta is the membrane-bound ligand, and SuH is the transcription regulator) and 

some of the less understood members of the pathway (Deltex is involved endosomal 

sorting of Notch and SBNO regulated Delta transcription) (Tsuda, Nagaraj et al. 2002; 

Nichols, Miyamoto et al. 2007). I also provide protein alignment comparisons of each of 

these molecules between Mus musculus, Drosophila melanogastor, Lottia gigantea, and 

Ilyanassa obsoleta. 

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA). Adult snails were maintained and embryos collected and 

reared as previously described (Gharbiah, Cooley et al. 2009). 

 

RNA Extraction and cDNA Synthesis 
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Embryos and larva from 0-48 hours were collected, frozen in liquid nitrogen, and stored 

at -80ºC. Total RNA was isolated using TRIzol reagent (Invitrogen). Complementary 

random primed DNA was synthesized using Omniscript RT Kit (Qiagen) with random 

nanomer primers (NEB). Complementary poly(T) primed DNA was synthesized using 

Omniscript RT Kit (Qiagen) with poly(T) primer adaptor sequence. Both cDNA pools 

obtained were combined and used for polymerase chain reactions.   

 

Degenerate Primer Design 

For IoNotch and IoDelta, fragments of complementary DNAs (cDNAs) were cloned by 

polymerase chain reaction (PCR) with degenerate primers. Degenerate primers were 

designed using the Block Maker program 

(http://blocks.fhcrc.org/blocks/make_blocks.html) which aligns protein sequences and 

identifies conserved blocks of sequence. These blocks were then input into the 

CODEHOP program (http://blocks.fhcrc.org/codehop.html) which designs primers from 

these conserved blocks. Selected degenerate primers were then used in nested PCR 

reactions with the following combinations (Notch: F-K then H-J or F-K then F-J; Delta: 

A-G then A-F). Primer sequences are below: 

 

Notch F for: 5’-CGACGGCTTCACCCCTYTNATGNTNGC-3’ 

Notch H for: 5’-CGACGCCCAGGGGGTNTTYMRVMT-3’ 

Notch J rev: 5’-GCGGCCAGGAACAGAGGNGTYTSNTC-3’ 

Notch K rev: 5’-GGGGCAGCCTGTCCAKVTGRTC-3’ 

http://blocks.fhcrc.org/blocks/make_blocks.html
http://blocks.fhcrc.org/codehop.html
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Delta A for: 5’-GCATGTGCCAGCTGGGNTGGMARGG-3’ 

Delta F rev: 5’-GATGCAGGTGCCGCCRTTBDRCA-3’ 

Delta G rev: 5’-TTCCGGTTGTGGCAGGTNSCNCCRTT-3’ 

 

PCR: 

The following reagents were used: FastStart Taq (Roche), 10x Buffer with 20mM MgCl2 

(Roche), 20µM degenerate primers, and 2.5mM dNTPs. The PCR program used was as 

follows: 

  

1) 95ºC – 6 min. 

2) 95ºC – 30 sec. 

3) 63ºC (decrease 0.8ºC each cycle) – 30 sec. 

4) 72ºC – 45 sec. 

5) Repeat steps #2-4 nine times 

6) 95ºC – 30 sec. 

7) 55ºC – 30 sec. 

8) 72ºC – 45 sec. 

9) Repeat steps #6-8 twenty-four times 

10) 72ºC – 10 min. 

11) 4ºC – forever 
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Gene Specific Primer Cloning 

For IoSuH, IoSbno and IoDx, fragments of cDNAs were cloned by PCR using gene 

specific primers to EST sequences obtained from screen a cDNA library and generously 

provided to me by Dr. J.D. Lambert from the University of Rochester (Kingsley, Chan et 

al. 2007).  

 
 



 117

Sequences 
 
>IoNotch:  
CGACGGCTTCACCCCTTTTATGATGGCCTCGTTCCGGGGTGGTGGCCTTGACA
CTGGCTATGACGACGAGAGCGGGTCAGGCTCGGGGGATGGCGGTGACTACG
ACAGCACGTCGGCAGAGGTCATCACCAACCTCTTGATGCAGGGGGCAGCCAT
CAATGCTCAGACTGACCGCACTGGTGAGACGTCGTTGCACCTAGCTGCCAGA
TATGCTCGTGCTGACGCGGCCAAGGTGTTGCTGGACGCAGAGGCTGACCCCA
ACATGCAGGACAGCACAGGACGCACCCCGCTGCACACTGCCGTGGCTGCCGA
TGCCCAGGGTGTCTTCCAGATCTTGCTGCGGAACCGGTCGACCAACCTGAAC
GCCAGGATGCATTGTGGGTCGACTCCCCTGATTTTGGCGGCGCGTCTGGCCAT
TGAGGGCATGGTTGATGACCTCATCAATGCTGAGGCTGACATCGAGGCCACC
GACAACAATGGTCGCACGGCTCTACATTGGGCTGCTGCAGTGAACAACGGCG
ATGGAGCGATGACACTGCTCAGACACAATGCCAACCGCGACGCCCAGGACA
CTAAGGATGAGACCCCTCTGTTCCTTGCGGCCAAGGAAGGCTCCTACCTGGG
CTGTCAGCTGCTGCTGGACCACTACGCCAACCGCAACATCACCGACCAGCTG 
GACAGGCTGCCCC 

 
>IoDelta: 
GCATGTTGCCAGCTGGGGTGGCAGGGGGAGCTGTGCGACCAGTGCAAGACCC
ACTTCAACTGTCTGCACGGAACCTGTCAGGTGCCCTTCGGCTGCAACTGCCTG
GAGGGCTGGGGAGGCCAGTTCTGCAACCAGGACCTGAACTTCTGCACGCATC
ACGCGCCCTGTCACAATGGCGGCACGTGCACCAACACTGGGGAGGGCAGCTA
CACGTGCACATGCCCCCCGGGCTACAGCGGCCTGGACTGTCAGCACGTCGTG
GACCACTGCCTGGACACTCCTTGCCTCAATGGTGCCACCTGCCACAACCGGA 
A 
 
>IoSuH: 
CGCGGACGACCCAGTGTCGCAGCTTCACAAATGCTCCTTCTACCTCAAGGAC
ACAGAACGCATGTACCTGTGTCTCTCTCAGGAGCGCATCATTCAGTTTCAGGC
GACTCCTTGCCCGAAGGAGGCCAGCAAGGAGATGATCAATGACGGGGCGTC
GTGGACCATCATCAGCACGGACAAGGCGGAGTACACCTTCTTCGAGGGCATG
GGGCCTGTCAAGACCCCTGTCACCCCTGTGCCTGTCGTCAACAGTCTGCATTT
GAATGGTGGGGGGGATGTGGCCATGCTGGAGCTGATGGGAGAGAACTTCTCT
GTGCTGCTCAAGGTCTGGTTCGGGGAGGTGGAGGCAGAGACCATGTTCAGGT
CTGATGAGAACATGCTGTGTGTGGTACCGGACATCTCTGCATTTAGGAATGG
CTGGAGATGGGTCAGGCAGCCTCTACAGGTGCCTGTGTCATTGGTGCGAAAC
GATGGAATCATCTACTCCACGGGTCTGACCTTCACCTACACCCCAGAGCCTG
GCCCCAGGCAGCGATGTCGCGACGTGGACCGCATCTTGGGCTGCCCCCCCTC
TACCACCACCTCCAGCAGCAGCAGCACAGCCAACACCTCCCCAGACTCCACC 
TCACACTACTCCACTGCTCCCTTGTGA 
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>IoDeltex: 
AAAAGTCCCTACCCATCATCAAAGGGCAGTTGTGGTGTGGGAATGGGTCAAT
GAACACGGGAAATGGCGCCCCTACAGCCCAGAAGTTGTAGCATTCATTGACA
AGGAGGGGCAAGCTACATCGCAAGTTTGTTTAGGGAATGTTTCCGCGGCGTT
GAAAATGTACACCATCGACATCAAATCAATGTGTCAGATCAGAAAAGGAACT
GCCATTGTTGCAGGGACGTCGCGGCCGGTTCGCAGAGTGATCCACCCTTGGG
GCAGCCCGCTGGCTCAGCAGGTGCAGTGGGAGTATGAGGGCGACTCCCCGGG
TCAGTGGGTGACCTACGATCCTGACCTCTCCATGGCCTTGGAGCAGGCCCAC
GCCTCCGGTCAGCAGATGGTGGACATGTCCGCTCTGTGTGGCCTGCCTTATTC
CCTGCACTTCACCACCATGCAGCAGGTAAGAATCAACACAGGGCGGACACGC
AAGATCCGTCGCACGGCTCTGCAAACGCCCTTCCCCACAGCCTCCAAGTCCC
CCCGCTGCTTCAGCAAGCTGACCACTGTCCTGCCCAACACTGCCCTCTTCCCA
ACCCCCTTGCCCGTACACACAGCCTCCTCCTCCTCTTCCCTCTCCCTAACCCCC 
CCAGCCTTCCACTTCTGCCATTAA 

 
>IoSBNO: 
GCCAATCAACTGAAGCAAGAGCTGCTGGCTCTGATAGAGAAACTAGGGGAG
AGTCTGCCTCCCAACACTTTGGACAACCTCATTGATGAGCTAGGGGGACCCA
GCATGGTTGCTGAGATGACGGGGCGTAAGGGTCGTGTGGTGCAGAACGATGA
TCGCATTCAATACGAGATGCGATCAGAGTCTGACGTACCCCTGGAATTGCTC
AACCTTGCTGAGAAGGATCGCTTCATGAGGGGTGAAAAGTCCATTGCCATCA
TCTCAGAGGCGGCCAGCTCCGGTATCTCGCTGCAGGCAGATAGGCGAGCACT
GAACCAGAAGCGGCGTGTGCACATCACACTGGAGCTGCCCTGGAGTGCAGAC
CGTGCCATCCAGCAGTTTGGTCGTACTCATCGTTCTAACCAAGTGAGTGCTCC
TGAGTACGTCTTCCTCATTTCTGATCTGGCTGGAGAGCGCCGCTTTGCATCCA
CTGTGGCCAAAAGACTTGAGAGTCTGGGTGCACTGACCCACGGTGACCGGCG
AGCCACGGAGAGCCGTGACCTGAGCCGCTTCAACATCGACAACCGGTTTGGG
CGCACAGCTCTGGAGGTGGTGATGAGGTCCATGGTGGGGCAGGGGGAGTCTT
GCGTGGACCCCCCCGAGGGATACACAATGGACAAGTTCAAGGAAGAGGTTGT
CAAGGCCTTGGAAGGTGTTGGTCTTGTCCACATGGAAAGAGGCTTACCCACA
CTGGAGAAAGACTACAATAACATCCGCAAGTTCCCTGACCGACTGCTGGGCA
TGCAGTGCGACCTACAAAAACATCCGGTTGGACACTTCAACACCCCTCCCAA
GCTGGCATCCTTGAGCCAAAAGATTGGAAAAAGGGAATTGGGTATTCGGATT 
GGGCCCCTCAATCGGGAGTAA 
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                  1951                                          2000 
  MmNotch  (1868) GPDGFTPLMIASCSGGGLETGNSEEEED-----------APAVISDFIYQ 
  DmNotch  (1899) GPCGLTPLMIAAVRGGGLDTGEDIENNE---------DSTAQVISDLLAQ 
  LgNotch  (1822) GPGGMTPLMLASLRGNTLDTSCDDESGS--AEGNEEDNRAADVINNLLFQ 
IoNotch     (1) –-DGFTPFMMASFRGGGLDTGYDDESGSGSGDGGDYDSTSAEVITNLLMQ 

                  2001                                          2050 
  MmNotch  (1907) GASLHNQTDRTGETALHLAARYSRSDAAKRLLEASADANIQDNMGRTPLH 
  DmNotch  (1940) GAELNATMDKTGETSLHLAARFARADAAKRLLDAGADANCQDNTGRTPLH 
  LgNotch  (1870) GASINLQTDRTGETSLHLAARYARADAAKVLLDAGADCNALDSTGRTPLH 
  IoNotch    (49) GAAINAQTDRTGETSLHLAARYARADAAKVLLDAEADPNMQDSTGRTPLH 
                  2051                                          2100 
  MmNotch  (1957) AAVSADAQGVFQILLRNRATDLDARMHDGTTPLILAARLAVEGMLEDLIN 
  DmNotch  (1990) AAVAADAMGVFQILLRNRATNLNARMHDGTTPLILAARLAIEGMVEDLIT 
  LgNotch  (1920) TAVAADAQGVFQILLRNRSTNLNAKMYDGTTPLILAARLAIEDMVEDLIN 
  IoNotch    (99) TAVAADAQGVFQILLRNRSTNLNARMHCGSTPLILAARLAIEGMVDDLIN 
                  2101                                          2150 
  MmNotch  (2007) SHADVNAVDDLGKSALHWAAAVNNVDAAVVLLKNGANKDMQNNKEETPLF 
  DmNotch  (2040) ADADINAADNSGKTALHWAAAVNNTEAVNILLMHHANRDAQDDKDETPLF 
  LgNotch  (1970) ADADINAFDNNGKTALHWSAAVNNVEATESLLERNANRDAQDNKDETPLF 
  IoNotch   (149) AEADIEATDNNGRTALHWAAAVNNGDGAMTLLRHNANRDAQDTKDETPLF 
                  2151                                          2200 
  MmNotch  (2057) LAAREGSYETAKVLLDHFANRDITDHMDRLPRDIAQERMHHDIVRLLDEY 
  DmNotch  (2090) LAAREGSYEACKALLDNFANREITDHMDRLPRDVASERLHHDIVRLLDEH 
  LgNotch  (2020) LAAREGSFEAAKALLNHYANREITDHLECLPREVADERHHHDIVQLLDTY 
IoNotch   (199) LAAKEGSYLGCQLLLDHYANRNITDQLDRLP------------------- 

 
 
Figure A.1: Notch sequence comparison between species. The following sequences 
were used in this alignment: MmNotch (gi|224967065), DmNotch (gi|17380387|), and 
LgNotch  (Lotgi1:156225). Mm = Mus musculus, Dm = Drosophila melanogastor, and 
Lg = Lottia gigantea. 
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                 251                                            300 
  MmDelta  (224) ------------------------ICLPGCDDQHGYCDKPGECKCRVGWQ 
  DmDelta  (230) ------------------------KCAKGCEHGH--CDKPNQCVCQLGWK 
  LgDelta  (247) KEEEFKFGLYLKYKDWRMRLKATAMCLPGCHPDHGYCDNPNECRCRLGWQ 
  IoDelta    (1) ------------------------------------------ACCQLGWQ 
                 301                                            350 
  MmDelta  (250) GRYCDECIRYPGCLHGTCQQPWQCNCQEGWGGLFCNQDLNYCTHHKPCRN 
  DmDelta  (254) GALCNECVLEPNCIHGTCNKPWTCICNEGWGGLYCNQDLNYCTNHRPCKN 
  LgDelta  (297) GNFCDACINYPGCQHGSCSKPWQCNCEEGWGGLFCNQDLNYCTHHKPCKN 
  IoDelta    (9) GELCDQCKTHFNCLHGTCQVPFGCNCLEGWGGQFCNQDLNFCTHHAPCHN 
                 351                                            400 
  MmDelta  (300) GATCTNTGQGSYTCSCRPGYTGANCELEVDECAP--SPCKNGASCTDLE- 
  DmDelta  (304) GGTCFNTGEGLYTCKCAPGYSGDDCENEIYSCDADVNPCQNGGTCIDEPH 
  LgDelta  (347) AGTCTNTGEGSYTCTCPPGFSGTNCEIEYDDCER--RPCLNGGSCKDIG- 
  IoDelta   (59) GGTCTNTGEGSYTCTCPPGYSGLDCQHVVDHCLD--TPCLNGATCHNR-- 
 
 
Figure A.2: Delta sequence comparison between species. The following sequences 
were used in this alignment: MmDelta (gi|40789272), DmDelta (gi|7853|), and LgDelta 
(Lotgi1:234999). Mm = Mus musculus, Dm = Drosophila melanogastor, and Lg = Lottia 
gigantea. 
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                 351                                            400 
    MmSuH  (280) LLDADDPVSQLHKCAFYLKDTERMYLCLSQERIIQFQATPCPKEQNKEMI 
    DmSuH  (347) LLEADDPVSQLHKCAFYMKDTDRMYLCLSQEKIIQFQATPCPKEPNKEMI 
    LgSuH  (344) LLDADDPVSQLHKCAFFLKDTERMYLCLSQERIIQFQATPCPKEPNKEMI 
    IoSuH    (1) ---ADDPVSQLHKCSFYLKDTERMYLCLSQERIIQFQATPCPKEASKEMI 
                 401                                            450 
    MmSuH  (330) NDGASWTIISTDKAEYTFYEGMGPVLAPVTPVPVVESLQLNGGGDVAMLE 
    DmSuH  (397) NDGACWTIISTDKAEYQFYEGMGPVASPVTPVPIVNSLNLNGGGDVAMLE 
    LgSuH  (394) NDGASWTIISTDKAEYTFYEGMGPVKNSLTPVPVVNSLHLNGGGDVAMLE 
    IoSuH   (48) NDGASWTIISTDKAEYTFFEGMGPVKTPVTPVPVVNSLHLNGGGDVAMLE 
                 451                                            500 
    MmSuH  (380) LTGQNFTPNLRVWFGDVEAETMYRCGESMLCVVPDISAFREGWRWVRQPV 
    DmSuH  (447) LSGDNFTPHLQVWFGDVEAETMYRCTETLLCVVPEISQFRGEWLWVRQPT 
    LgSuH  (444) LNGENFNPSLKVWFGDVEAETMFRAEDSMLCVVPDIAAFRPGWKWVRQPL 
    IoSuH   (98) LMGENFSVLLKVWFGEVEAETMFRSDENMLCVVPDISAFRNGWRWVRQPL 
                 501                                            550 
    MmSuH  (430) QVPVTLVRNDGVIYSTSLTFTYTPEPGPRPHCSAAGAILRANSSQVPSNE 
    DmSuH  (497) QVPISLVRNDGIIYATGLTFTYTPEPGPRPHCNTQAEDVMRARQ------ 
    LgSuH  (494) QAPVSLVRLDGVIYATGLTFTYTPEPGPRQHCKDMDRIVGR--------- 
    IoSuH  (148) QVPVSLVRNDGIIYSTGLTFTYTPEPGPRQRCRDVDRILGCPPS------ 
 
 
Figure A.3: SuH sequence comparison between species. The following sequences were 
used in this alignment: MmSuH (gi|148705733|), DmSuH (gi|400929|), and LgSuH 
(Lotgi1|159505|). Mm = Mus musculus, Dm = Drosophila melanogastor, and Lg = Lottia 
gigantea. 
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                 1                                               50 
 MmDeltex    (1) ---------------------------------------MLLASAVVVWE 
 DmDeltex    (1) MASSAGSAASGSVVPGGGGSAASSCATMALSTAGSGGPPVNHAHAVCVWE 
 LgDeltex    (1) --------------------------MAASSANFLASSANSTNCGVIVWE 
 IoDeltex    (1) ------------------------------------KVPTHHQRAVVVWE 
                 51                                             100 
 MmDeltex   (12) WLNEHGRWRPYSPAVSHHIEAVVRAGPRAGGSVVLGQVDSRLAPYIIDLQ 
 DmDeltex   (51) FESR-GKWLPYSPAVSQHLER---AHAKKLTRVMLSDADPSLEQYYVNVR 
 LgDeltex   (25) WFENNGSWQPYESDVVAFIEDN---YLKGASAANLGKINPNLSLYNVFFS 
 IoDeltex   (15) WVNEHGKWRPYSPEVVAFIDK----EGQATSQVCLGNVSAALKMYTIDIK 
                 101                                            150 
 MmDeltex   (62) SMNQFRQ----DTGTL-RPVRRNYYDPSSAPGKGVVWEWENDN----GSW 
 DmDeltex   (97) TMTQESEAETAGSGLLTIGVRRMFYAPSSPAGKGTKWEWSGGSADSNNDW 
 LgDeltex   (72) STIYQIR---LDTGNR-RHVRRKIYQMTSPDLNKITWQWAGDYI---GQW 
 IoDeltex   (61) SMCQIRKGTAIVAGTS-RPVRRVIHPWGSPLAQQVQWEYEGDSP---GQW 
                 151                                            200 
 MmDeltex  (103) TPYDMEVGITIQYAYEKQHP---WIDLTSIGFSYIIDFSTMGQINRQTQR 
 DmDeltex  (147) RPYNMHVQCIIEDAWARGEQ-TLDLCNTHIGLPYTINFCNLTQLRQPSGP 
 LgDeltex  (115) NSYSFDVASMIESVYAGQQTNFIDLSQTQFKLPYFIDLKNFQQVRIETGT 
 IoDeltex  (107) VTYDPDLSMALEQAHASGQQ--MVDMSALCGLPYSLHFTTMQQVRINTGR 
                 201                                            250 
 MmDeltex  (150) QRRVRRRLDLIYPMVTGTMPKTQSW------------------------- 
 DmDeltex  (196) MRSIRRTQQAPYPLVKLTPQQANQLKSNSASVSSQYNTLPKLGDTKSLHR 
 LgDeltex  (165) ARSIRR------EKLNVPFPLSNGN------------------------- 
 IoDeltex  (155) TRKIRR------TALQTPFPTAS--------------------------- 
                 251                                            300 
 MmDeltex  (175) --------PVSPGPAT---------------------------------- 
 DmDeltex  (246) VPMTRQQHPLPTSHQVQQQQHQHQHQQQQQQQHHHQHQQQQHQQQQQHQM 
 LgDeltex  (184) --------NVPPPQTF---------------------------------- 
 IoDeltex  (172) -------------------------------------------------- 
                 301                                            350 
 MmDeltex  (183) --------SSPAPPCSCPQCVLVMSVKAAVVHGGTGPPAVRKNMALSGVG 
 DmDeltex  (296) QHHQIHHQTAPRKPPKKHSEISTTNLRQILNNLNIFSSSTKHQSNMSTAA 
 LgDeltex  (192) --------QQSALNPTSISSLLGQSSQTSSSTSFQQISQVTSASALSAHA 
 IoDeltex  (172) --------KS--P--RCFSKLTTVLPNTALFPTPLPVHTASSSSSLSLTP 
                 351                                            400 
 MmDeltex  (225) KLPQPPGPGAKPLDTTGTIRGPGKTAPSQVIRRQVSNAPAGATVGSPASP 
 DmDeltex  (346) SASSSSS--SASLHHANHLSHAHFSHAKNMLTASMNSHHSRCSEGSLQSQ 
 LgDeltex  (234) SQVASSS-NSMPVHSPQVASSSNAMSAHQSQVQVSSSSLGKHRQNSDDSD 
 IoDeltex  (210) PAFHFCH------------------------------------------- 
 
 
Figure A.4: Deltex sequence comparison between species. The following sequences 
were used in this alignment: MmDeltex (gi|188219611|), DmDeltex (gi|34098346), and 
LgDeltex (Lotgi1|163349|). Mm = Mus musculus, Dm = Drosophila melanogastor, and 
Lg = Lottia gigantea. 
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                  1251                                          1300 
   MmSBNO   (826) APANSNSN--------------SNSSLVTSQDAVERAQQMKKDLLDKLEK 
   DmSBNO  (1251) QDLLQKKQELKGTVTPVGVNGVKLNYGPPPKDAIERACTMKEELLRKIER 
   LgSBNO   (646) NLSNGK------------------SPILILVIVWEEAMTMKSDLLRKMEE 
   IoSBNO     (1) ------------------------------------ANQLKQELLALIEK 
                  1301                                          1350 
   MmSBNO   (862) LAEDLPPNTLDELIDELGGPENVAEMTGRKGRVVSNDDGSISYESRSELD 
   DmSBNO  (1301) LGARLPPNTLDQLIDELGGPDNVAEMTGRRGRVVQTDDGSIQYESRTESD 
   LgSBNO   (678) IGNTLPSNALDQLIDELGGTDCVAEMTGRKGRIVSNEDGSINYESRSETD 
   IoSBNO    (15) LGESLPPNTLDNLIDELGGPSMVAEMTGRKGRVVQNDD-RIQYEMRSESD 
                  1351                                          1400 
   MmSBNO   (912) VPVEILNITEKQRFMDGDKNIAIISEAASSGISLQADRRAKNQRRRVHMT 
   DmSBNO  (1351) VPLETLNITEKQRFMDGEKDVAIISEAASSGISLQSDRRVFNQRRRVHIT 
   LgSBNO   (728) VPLEILNLTEKQRFMDGEKDIAVISEAASSGISLQADRRAVNQKKRVHIT 
   IoSBNO    (64) VPLELLNLAEKDRFMRGEKSIAIISEAASSGISLQADRRALNQKRRVHIT 
                  1401                                          1450 
   MmSBNO   (962) LELPWSADRAIQQFGRTHRSNQVTAPEYVFLISELAGEQRFASIVAKRLE 
   DmSBNO  (1401) LELPWSADRAIQQFGRTHRSNQVNAPEYIFLISDLAGERRFASTVAKRLE 
   LgSBNO   (778) LELPWSADRAIQQFGRTHRSNQIHAPEYIFLISELAGERRFASTVAKRLE 
   IoSBNO   (114) LELPWSADRAIQQFGRTHRSNQVSAPEYVFLISDLAGERRFASTVAKRLE 
                  1451                                          1500 
   MmSBNO  (1012) GLGALTHGDRRATESRDLSRFNFDNKYGRNALEIVMKSIVNLDSPMVSPP 
   DmSBNO  (1451) SLGALTHGDRRATETRDLSQFNIDNKYGRQALETVMRTIMGYESPLVPPP 
   LgSBNO   (828) SLGALTHGDRRATETRDLSRFNIDNKYGRAALDSVMKSVLVLNGELPLVP 
   IoSBNO   (164) SLGALTHGDRRATESRDLSRFNIDNRFGRTALEVVMRSMVGQGESCVDPP 
                  1501                                          1550 
   MmSBNO  (1062) P--DYPGEFFKDVRQGLIGVGLINVEDRS-GILTLDKDYNNIGKFLNRIL 
   DmSBNO  (1501) T--DYSGEFFKDIAGALVGVGIIVNSESHPGVLSLDKDYNNISKFLNRIL 
   LgSBNO   (878) PPSNYSGNFFSDVKKGLVGVGMMSIDERS-GYVNLEKDYNNISKFLNRIL 
   IoSBNO   (214) E-GYTMDKFKEEVVKALEGVGLVHMER---GLPTLEKDYNNIRKFPDRLL 
                  1551                                          1600 
   MmSBNO  (1109) GMEVHQQNALFQYFADTLTAVVQNAKKSGRYDMGILDLGSGDEKVRKSDV 
   DmSBNO  (1549) GCPVDLQNRLFKYFTDTMTAIIQQAKRGGRFDLGILDLGAAGENVTRVRL 
   LgSBNO   (927) GMDVELQNGLFKYFTETLTAIILEAKRNGRWDMGILDLGSGQEKVRRIET 
   IoSBNO   (260) GMQCDLQKHPVGHFNTPPKLASLSQKIG-KRELGIRIGPLNRE------- 
 
 
Figure A.5: SBNO sequence comparison between species. The following sequences 
were used in this alignment: MmSBNO (gi|166233533|), DmSBNO (gi|182687963|), and 
LgSBNO (Lotgi1|117101). Mm = Mus musculus, Dm = Drosophila melanogastor, and 
Lg = Lottia gigantea. 
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APPENDIX B: NOTCH PATHWAY IN SITU DATA 
 
 

Summary 

In Chapter 2, I present data implicating a role for Notch signaling in cell fate 

specification in Ilyanassa. In Appendix A, I present sequence data obtained from cloning 

several members of the Notch signaling pathway including Notch, Delta, and Suppressor 

of Hairless (SuH). Here I provide the dynamic in situ expression data for these Notch 

pathway members. Common among these data is dorsal lineage abundance consistent 

with the hypothesis that Notch signaling is required for proper dorsal fate induction. 

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA). Adult snails were maintained and embryos collected and 

reared as previously described (Gharbiah, Cooley et al. 2009). 

 

RNA in situ Hybridization 

Fixation and RNA in situ hybridization was performed as previously described (Lambert 

and Nagy 2002) and was detected by NBT/BCIP precipitation. After detection embryos 

were washed three times over 30 minutes with PBTw, stained with DAPI (1 μg/mL, 

Molecular Probes), washed again three times over 30 minutes with PBTw and mounted in 

80% glycerol+4% n-propyl gallate in PBS. 
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Figure B.1: IoNotch expression pattern in cleavage stage Ilyanassa embryos as 
determined from in situ analysis. A1, B1, C1, D1) Cartoons summarizing IoNotch 
expression at different stages. A1&A2) At the 2q stage, all cells in the embryo have a 
low level of cytoplasmic expression. 2q cells have slightly stronger cytoplasmic 
expression. All cells in the embryo, with the exception of 1q cells, have centrosomal 
localization. B1&B2) At the early 3q stage, all cells in the embryo have cytoplasmic 
expression. All cells with the exception of 1q cell have centrosomal localization. 2d and 
3d cells have slightly stronger expression than all other cells. C1-C6) At the late 3q 
stage, all cells in the embryo have cytoplasmic expression. 2b cells no longer have 
centrosomal localization. There is stronger cytoplasmic expression in the D lineage. 3A, 
3B and 3C macromeres have strong centrosomal localization (see C3-C5). 3D has 
strong cytoplasmic expression with no centrosomal localization (see C6). D1-D3) After 
the birth of 4d, all cells in the embryo have a low level of cytoplasmic expression. All 
cells have lost their centrosomal localization. 2q cells have slightly stronger diffuse 
expression. 3d and 4d also have strong diffuse expression.   
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Figure B.2: IoDelta expression pattern in cleavage stage Ilyanassa embryos as 
determined from in situ analysis. A1, B1, C1) Cartoons summarizing IoDelta 
expression at different stages. A1&A2) At the 2q stage, low level cytoplasmic staining 
is observed in all cells of the embryo. Abundant centrosomal localization is observed in 
the macromeres (2ABCD). B1&B2) At the 3q stage, all cells of the embryo have a low 
level of cytoplasmic staining. Less abundant centrosomal staining is observed in 3abc. 
Strong cytoplasmic expression is observed in 2d and 3d. C1&C2) After the birth of 4d, 
low level cytoplasmic staining is observed in all cells of the embryo with strong 
expression in the dorsal lineage cells.  
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Figure B.3: IoSuH expression pattern in cleavage stage Ilyanassa embryos as 
determined from in situ analysis. A1, B1, C1) Cartoons summarizing IoSuH 
expression at different stages. A1-3) At the 2q stage, low level cytoplasmic staining is 
observed in all cells of the embryo. Centrosomal expression is observed in 3A and 3B 
macromeres. Perinuclear staining is observed in 3C and 3D macromeres with much 
more abundant expression in 3D (see A3). Less abundant centrosomal staining is 
observed in the micromeres. More abundant cytoplasmic staining is observed in 2d. B1-
2) At the 3q stage, low level cytoplasmic staining is observed in all cells of the embryo. 
Centrosomal staining is observed in all cells of the embryo except for the macromeres 
and the 1q cells. Strong cytoplasmic staining is observed in 2d and 3d. C1-3) After the 
birth of 4d, low level cytoplasmic staining is observed in all cells of the embryo. 
Centrosomal staining is observed in 3a and 3b. Strong cytoplasmic staining is observed 
in the D lineage cells. 
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APPENDIX C: NOTCH PATHWAY ANTIBODY DATA 
 
 

Summary 

In Chapter 2, I present data implicating a role for Notch signaling in cell fate 

specification in Ilyanassa. In Appendix A, I present sequence data obtained from cloning 

several members of the Notch signaling pathway including Notch and Suppressor of 

Hairless (SuH). In Appendix B, I provide transcript expression data for Notch pathway 

members including Notch and SuH. Here I provide protein expression data for Notch and 

SuH through the use of antibody staining. 

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA) or collected from Bar Harbor, Maine or from Roberts 

Landing in Alameda County, California. Adult snails were maintained and embryos 

collected and reared as previously described (Gharbiah, Cooley et al. 2009). 

 

Immunohistochemistry 

Fixation and Immunohistochemistry was performed as described elsewhere (Lambert and 

Nagy 2001) with the following alterations: Embryos used for anti-Notch (1:200, M-134, 

Santa Cruz Biotechnology) and anti-Suppressor of Hairless (SuH) staining (1:200, d-300, 

Santa Cruz Biotechnology) were fixed for 15-30 minutes in PEM or 3.7% formaldehyde 

at RT. Prior to blocking, animals were incubated in 3% hydrogen peroxide in MeOH for 
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10 minutes and washed three times over 15 minutes with PBTw. After secondary 

antibody incubation (anti-rabbit HRP antibody), some embryos were stained with DAPI 

(Molecular Probes) for DNA for 30 minutes at RT. Embryos were washed again three 

times over 30 minutes with PBTw and mounted in 80% glycerol+4% n-propyl gallate in 

PBS. 
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Figure C.1: Notch and SuH antibody expression in the embryo and larva of 
Ilyanassa. A1) 3q stage embryo with Notch antibody HRP staining. All cells of the 
embryo have ubiquitous expression in the cytoplasm. 3c and 2d have stronger expression 
localized to a sub-cellular structure. A2) Larval HRP staining with Notch antibody 
showing exclusive and abundant staining in the larval kidneys. A3&A4) Higher 
magnification of Notch antibody expression in kidneys in A2. B1) SuH antibody HRP 
staining in a 3q stage embryo. SuH localizes to an unknown sub-cellular structure in all 
cells. B2) Larval HRP staining with SuH antibody showing abundant staining in the 
larval kidneys. B3&B4) Higher magnification of SuH antibody expression in the kidneys 
in B2. 
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APPENDIX D: EN ANTIBODY DATA 
 
 
Summary 

In Chapter 2, I present data implicating a role for Notch signaling in cell fate 

specification in Ilyanassa. In Chapter 2, I use an EN antibody as a marker for shell fate 

specification. Here I provide data on the pattern of EN expression during larval 

development. 

 

Materials & Methods 

Snail Husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine Biological 

Laboratory (Woods Hole, MA) or collected from Bar Harbor, Maine or from Roberts 

Landing in Alameda County, California. Adult snails were maintained and embryos 

collected and reared as previously described (Gharbiah, Cooley et al. 2009). 

 

Immunohistochemistry 

Fixation and Immunohistochemistry was performed as described elsewhere (Lambert and 

Nagy 2001) with the following alterations: Embryos used for anti-engrailed (1:1, 4D9, 

DHSB) were fixed for 15-30 minutes in PEM or 3.7% formaldehyde at RT. Prior to 

blocking, animals were incubated in 3% hydrogen peroxide in MeOH for 10 minutes and 

washed three times over 15 minutes with PBTw. After secondary antibody incubation 

(anti-mouse HRP antibody) embryos were washed with PBTw and mounted in 80% 

glycerol 4% n-propyl gallate in PBS. 
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Figure D.1: EN expression in the developing larvae of Ilyanassa.  EN expression is 
observed at the end of the second day to the end of the fourth day of development. A) 
Lateral linear expression on the left and right side of the larva are observed after two 
days of development. B-H) This lateral linear expression becomes more abundant and 
the furthest lateral edges of EN stained cells begin to move closer together in a “U” or 
horseshoe-shaped pattern. I-M) By the end of day 3 EN staining is observed in a circular 
pattern in the developing shell gland. J) Posterior view of animal imaged in K. L) 
Posterior view of animal imaged in M. 
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