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Preface 

One of the most interesting questions in contemporary biology is the 

evolution of developmental processes. Studies of developmental evolution, 

on one hand, connect to the molecular and cellular mechanisms of 

organismal development, and on the other hand, to the temporal and spatial 

dynamics of the relationship between phenotypes and genotypes in 

evolution. The intellectual interest toward development and its evolution is 

as old as the theory of evolution itself, but our perception and understanding 

of developmental evolution has changed a lot over time. Owing to the 

breakthroughs of molecular genetics during the past decade, we have 

experienced the most fruitful excursion into the realm of developmental 

evolution at any time in history. But the oldest tool for studying the 

mechanism of development—experimental embryology—remains as a vital 

part for this adventure. 

To understand the evolution of developmental pathways, one has to 

understand developmental pathways in different organisms first. 

Experimental embryology is an essential tool for understanding 

developmental pathways in a comparative framework. The reason is two-

fold. First, development can be described in terms of cellular behavior. In 

development, the role of cellular behavior is not trivial. On the contrary, it is 

the centerpiece of the developmental process. When we think about 

development, from cell-cell interaction to morphogenesis, we are in reality 

talking about what a cell does in an embryo. The operational unit of 

experimental embryology is the cell. In those days before the coming of 
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genetics, experimental embryology was the only way to reveal the 

mechanisms of development. Numerous examples have shown that the 

results of experimental embryological studies can be used to reconstruct a 

reasonably accurate description of cellular behavior in development. Second, 

no matter how powerful modern developmental genetics is, its power is 

limited to a few model organisms. To understand developmental evolution, 

comparative studies of developmental mechanisms in a phylogenetic 

framework is essential. But the limitation of molecular genetic analysis to a 

few distantly related ‘representative’ species makes it quite difficult to 

perform an informative comparative analysis of developmental mechanisms 

by using molecular genetic data alone. It is indisputable that experimental 

embryology is the most powerful tool for the experimental study of 

development in organisms that are out of the reach of molecular genetics. 

Hence, the use of experimental embryology can increase the breadth of 

taxonomic representation in the comparative analysis of development. 

This is not to say that experimental embryology is an all-

encompassing tool for the study of developmental evolution. It has a lot of 

shortcomings that come along with its advantages. For example, it can not 

tell us about the genes and genomic events underlying the cellular behavior 

of our interest, which is, I believe, the nexus to bridge between 

developmental biology and evolutionary biology. A better understanding 

toward a given subject is accomplished by contrasting and integrating the 

different images we perceive when adopting different viewpoints. So is it the 

case for the comparative study of developmental evolution. Molecular 

genetic and experimental embryological techniques should be used in a 
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complementary manner in the comparison of developmental mechanisms in 

different organisms. At another level, methods of developmental biology and 

methods of evolutionary biology should also be used side-by-side to picture 

the evolutionary dynamics of the networks of genes, cells and organisms in 

space and time. But before all these integrations, one has to find an 

interesting developmental phenomenon first. Comparative experimental 

embryology may be a good place to start. Following the principle that I laid 

out above, I present a case study using the comparative experimental 

embryological approach to demonstrate the effectiveness and limitations of 

this approach. 

In this dissertation, I will present the investigation of a highly 

dynamic but simple developmental system—the lateral portion of the 

segmental ectoderm of the leech. Segmented ectoderm of the leech 

originates from four pairs of ectoteloblasts. Fate mapping studies have 

revealed that the lateral ectoderm of the leech is composed of the more 

ventral ‘O’ lineage, which is derived from the ‘O’ teloblast, and the more 

dorsal ‘P’ lineage, which is derived from the ‘P’ teloblast. Teloblasts 

undergo asymmetric cell divisions and give rise to strings of blast cells. Each 

blast cell then repeatedly gives rise to the same set of pattern elements. A 

segmentally homologous pattern of tissue is thus generated.  Experimental 

studies in the leeches Helobdella and Theromyzon have revealed that the O 

and P lineages are developmentally equipotent and are conditionally 

specified to their definitive fates by a set of cell-cell interactions. 

Comparative studies of the developmental morphology in clitellate annelids, 

the subgroup of annelids that the leeches belong to,  have shown that the cell 
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lineage patterns and the fate maps of the teloblast lineages are highly 

evolutionarily conserved among clitellate annelids. In this study, I will 

demonstrate that given the evolutionary conservation of its ontogeny and 

morphology, the cell-cell interactions that are involved in the development 

of the O and P portion of the segmental ectoderm are in fact very flexible in 

evolutionary terms. 

In Part I, I will demonstrate that different developmental pathways are 

used to construct serially homologous pattern elements in the lateral portion 

of segmental ectoderm in different segments of the leech Helobdella 

robusta. In the midbody segments, a segmental repeat of the O and P pattern 

elements arises from a pair of distinct blast cells of the O and P lineages. But 

in the rostral segments, the same set of pattern elements arises from a single 

blast cell of the OP lineage, which is produced by the OP proteloblast (i.e. 

the precursor of the O and P teloblasts). Furthermore, each granddaughter 

cell of the blast cell arising from the OP lineage gives rise to a set of pattern 

elements that is serially homologous to the descendants of one or two O and 

P sublineages. Hence, one can establish a serial homology in cellular identity 

between the OP sublineages and the O and P sublineages. I will also describe 

a set of ablation experiments that are used to detect the cell-cell interactions 

that are involved in cell fate specification of the various OP sublineages. The 

experimental results from the OP lineages of the rostral segments will be 

compared with the comparable experimental results from the O and P 

lineages of the midbody segments; together, these findings indicate that the 

OP lineage and the O and P lineages are not only different in their cell 

lineage patterns but also in their pattern of cell-cell interactions. The 
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differences between the OP lineage and the O and P lineages and the 

possible mechanisms that are involved in the patterning of the OP lineage 

will be discussed. The evolutionary scenarios that can lead to the 

diversification of axial patterning pathways in serially homologous segments 

will be evaluated and discussed at the end of Part I. 

In Part II, I will compare the patterning mechanism of the O and P 

lineages of the midbody segments in different laboratory strains of the leech 

genus Helobdella. The O and P lineages of the leech are an equivalence 

group, and I will concentrate on the variation in the symmetry-breaking 

pathway of the O/P equivalence group in different leech strains. It was 

previously shown in a strain from California that the symmetry breaking 

process in the O/P equivalence group involves an interaction with the most 

dorsal ectodermal lineage, the Q lineage. The blast cells in the O/P 

equivalence group that are in contact with the Q lineage adopt the more 

dorsal P fate, while the blast cells that are not in contact with the Q lineage 

adopt the more ventral O fate. In this study, I will show that there is a 

pathway that acts redundantly with the Q-lineage dependent pathway in a 

strain from Texas. I will also describe combinatorial ablation experiments 

which identify the mesodermal lineage as the likely source of this redundant 

signal. The evolution implication of this finding will be discussed. 

As pointed out earlier, the experiments described here are the initial 

step toward an integrative study of developmental evolution. In discussing 

my findings, I devote a significant amount of discussion to highlight the 

significance of these findings in relation to other areas in evolutionary 
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biology and developmental biology, and to suggest how the integrative 

approach can be used to further extend our understanding of fundamental 

biological phenomena that are related to these findings. My readers may find 

my suggestions far-fetched. Indeed, it is my intention to provoke my own 

scientific imagination through these meditations. I sincerely hope the readers 

can forgive my loose speculations in these discourses. 

Finally, I would like to offer a personal perspective for what I have 

done in the past six years. The foremost question is “Why embryos?” There 

are plenty of ways to study development and evolution. Why do I emphasize 

embryological experimentation so much? Behind those ‘official’ reasons I 

listed in the beginning, there is also a very personal motivation. My 

obsession with embryos can be traced all the way back to my late teen years. 

I can still recall the excitement of watching for the first time starfish eggs 

dividing, undergoing gastrulation, and starting swimming in a mere 30-hour 

duration . No doubt, I stationed myself in front of the stereomicroscope for 

30 hours without a blink of the eye. After that 30-hour insomnia, I have been 

wandering around and searching for something that I want to devote myself 

to in biology, and I finally found it in where everything starts—the embryo. 

Could there be a better thing to do? I don’t think so. 

I would like to thank my advisor, Marty Shankland, for introducing 

me to the world of leech experimental embryology. His guidance is a very 

important part of my learning process toward becoming an independent 

scientific investigator. His input can be found throughout this dissertation. 

But more importantly, he provides a good role model for my becoming a 
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scientific investigator. I also thank Alexa Bely, Françoise Huang, and David 

Weisblat for sharing unpublished data on molecular phylogeny of the 

laboratory glossiphoniid leeches and experimental embryology in different 

leech species. Without their contributions, there would not be a good 

comparative framework for the discussions of the experimental results in 

different geographical strains. Finally, I thank my friends, my family, and 

particularly Yu-Chung Cheng for being very supportive for so many years 

and also for their forgiveness toward my not being there with them in the 

past few years. 
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Developmental origins and the cell lineage patterns of segmental 

ectoderm are evolutionary conserved in clitellate annelids. Recent 

comparative studies have shown that developmental pathways can be highly 

variable even if their morphological end product is evolutionarily conserved. 

To see whether this kind of evolutionary dissociation can be applied to 

segmentally homologous ‘modules’ in the same individuals, I compared 

axial patterning pathways in different segments of the leech Helobdella 

robusta. Distinct cell lineage origins of homologous O and P pattern 

elements in the ectoderm of the rostral segments and the midbody segments 

were previously revealed by lineage tracer injection experiments. In the 

rostral segments, these pattern elements arise from a single OP lineage. In 

the midbody segments, these pattern elements arise from separated O and P 
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lineages. In the leech, the O and P lineages of the midbody are the members 

of the O/P equivalence group and are conditionally specified by cell-cell 

interactions. Ablation experiments revealed that the cell-cell interactions 

involved in the development of the OP lineage are different from those in the 

O/P equivalence group, despite the morphological similarity of their 

descendant tissues. These data suggest that serially homologous structures in 

different segments of the same individual can develop via distinct 

developmental pathways. 

To further explore the dissociability of developmental pathway and its 

morphological outcome in an evolutionary context, symmetry-breaking 

pathways in the O/P equivalence group of the midbody segments were 

compared in three closely-related laboratory strains of Helobdella. It was 

found that the mesoderm, the M lineage, and the dorsal ectoderm, the Q 

lineage, are redundantly involved in symmetry breaking of the O/P 

equivalence group in one particular leech strain, while the Q lineage is both 

necessary and sufficient for symmetry breaking of the O/P equivalence 

group in a second strain. Results from this comparative study of the 

symmetry breaking pathways in closely related leech strains suggest that 

redundancy may play an important role in the evolution of developmental 

pathways. Additional evolutionary implications of these findings will be 

discussed. 
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Part I 
 

Cell-Cell Interactions in the Patterning of the OP 
Lineage of the Rostral Segments of the Leech 

Helobdella robusta* 

                                                 
* Part I is an expanded and updated version of a previously published article 
(Kuo and Shankland, 2004). 
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INTRODUCTION  

Segmentation is a successful strategy in body plan construction in 

three major phyla: arthropods, chordates and annelids. In segmented 

animals, segments are characterized as repeating morphological units that 

share the same “ground plan” aligned along the anteroposterior axis. Serial 

homology refers to the existence of comparable pattern elements in different 

segmental units of the same individual. It is generally the case that serial 

homology is a result of the iterated actions of the same set of patterning 

mechanisms in different morphological compartments. For example, the 

segmental pattern of insects and possibly other arthropods is established by 

the iterated deployment of a developmental mechanism called the segmental 

polarity pathway (Martinez-Arias, 1993; Patel, 1994). 

As discussed by Wray and Abouheif (1998), developmental pathways 

and morphological homology can dissociate in different evolutionary 

lineages. In the vulval development of different nematode species, distinct 

modes of cell-cell interaction are used to construct the same conserved cell 

lineage pattern and morphology (Sommer, 1997). This implies that a 

developmental process can undergo evolutionary change (i.e. between-

species diversification) without an obvious alteration of its morphological 

outcome. Evolutionary change in the developmental underpinnings of a 

conserved morphological outcome is usually assumed to be under little or no 

selective pressure compared to developmental changes that directly impact 

the final morphology (True and Haag, 2001), and hence represent a type of 

evolutionary flexibility similar in principle to the accumulation of silent 
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mutations in the genetic code. Since serial homology is likewise defined by a 

similarity in morphological pattern, serially homologous patterning 

mechanisms might also be amenable to this sort of evolutionary dissociation. 

There is some evidence that serially homologous morphologies can 

arise from segmentally differentiated developmental mechanisms. In the 

segmental development of the crustacean Diastylis, identical cell 

arrangements can be generated in different segments by distinct cell lineage 

histories (Dohle and Scholtz, 1988). However, the role of cell lineage in the 

segmental patterning of the crustacean is unknown, and it has been argued 

that the segment polarity pathway plays a central role by a mechanism that is 

not dependent on cell lineage (Scholtz et al., 1994). Another example 

involves the development of Drosophila head segments, in which the 

segment polarity pathway is modified substantially relative to trunk 

segments (Gallitano-Mendel and Finkelstein, 1997). Unfortunately, this 

latter case is weakened by the fact that the homology between head segments 

and trunk segments of insects is highly controversial (reviewed in Rempel, 

1975). The difference between head and trunk segments could have arisen 

by an imperfect co-optation of the ancestral trunk patterning mechanism into 

an originally unsegmented head region rather than the diversification of 

homologous segments. 

In the insects, the head segments and the trunk segments are so 

morphologically dissimilar that serial homology between these two types of 

segments can not be inferred based on solely morphology. Evolutionary 

origin of the insect head segments is an essential factor for inferring serial 
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homology between these two types of segments.  In the leech Helobdella 

robusta, the segmental ectoderm and mesoderm are highly homonomous. 

Thus, morphological information alone is sufficient to infer serial homology 

among body segments of the leech. I take advantage of this high degree of 

segmental homonomy to further investigate the dissociation of 

developmental pathways and morphological outcome in serial homology in 

the leech. 

The segmented ectoderm and mesoderm of the leech originate from 

five bilaterally symmetric pairs of teloblastic stem cells (Figure 1; reviewed 

in Shankland and Savage, 1997). Each of the four ectodermal teloblast 

lineages and the one mesodermal teloblast lineage produces a distinct set of 

highly stereotyped differentiated descendants. Each teloblast undergoes 

repeated rounds of asymmetric cell division and gives rise to a string of 

primary blast cells that is termed a ‘bandlet’. Two ectodermal teloblasts, O 

and P, and the mesodermal teloblast, M, each gives rise to a single class of 

primary blast cell that is named by the same letter as the progenitor teloblast 

in lower case (i.e. o, p and m). In the O, P and M lineages, each blast cell 

derived from the same teloblast generates the same set of pattern elements, 

and as a result, each blast cell clone corresponds to one segmental repeat in 

these lineages. On the other hand, the N and Q teloblasts generate two 

classes of primary blast cells in alternation and thus create a periodically 

repeated segmental unit consisting of two blast cell clones. 

The five bandlets on each side of the embryo merge to form right and 

left germinal bands. In each germinal band, the transverse arrangement of 
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the four ectodermal bandlets represents the future dorsoventral axis, in 

which the n, o, p, and q bandlets are arranged from ventral to dorsal 

respectively. The left and right germinal bands progressively move toward 

the ventral side of the embryo where they fuse into a germinal plate that 

develops into the segmented trunk of the adult animal.  

The mechanisms of cell fate specification in the teloblast lineages 

have been studied with extensive ablation experiments in glossiphoniid 

leeches of the genus Helobdella (Weisblat and Blair, 1984; Zackson, 1984). 

It was found that cell interactions play a major role in the specification of the 

O and P lineages (Weisblat and Blair, 1984; Shankland and Weisblat, 1984; 

Zackson, 1984; Ho and Weisblat, 1987; Huang and Weisblat, 1996). The o 

and p blast cells—which are distinguished by their respectively dorsolateral 

and ventrolateral positions within the germinal band—represent an 

“equivalence group” (i.e. equipotent cells that choose distinct developmental 

fates according to external instructions and/or interactions within the group), 

and are often referred to collectively as ‘o/p’ blast cells. Experimental 

studies reveal that the specification of O and P fates in the O/P equivalence 

group involves a P fate-inducing signal from the q bandlet (Huang and 

Weisblat, 1996), an O fate-inducing signal from a provisional epithelium 

derived from micromeres (Ho and Weisblat, 1987), and inhibitory 

interactions between the adjacent o and p bandlets (Shankland and Weisblat, 

1984; also see Part II). The molecular basis of these interactions is unknown. 

Studies of O/P fate specification have, to date, been restricted to the 

midbody and caudal segments that form the bulk of the leech body plan. The 
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rostral body segments arise by a distinct pattern of cell divisions. The O/P 

teloblasts are generated by the symmetric division of their precursor, the OP 

proteloblast. The OP proteloblast undergoes several rounds of asymmetric 

cell division to produce ‘op’ primary blast cells prior to this symmetric 

division (Figure 2A). Cell lineage analysis in the closely related species H. 

triserialis (Shankland, 1987d) revealed that the op blast cells contribute to 

the formation of the rostral segments, and that each of these blast cells gives 

rise to a set of descendant pattern elements that is serially homologous to the 

sum of pattern elements derived from one o primary blast cell and one p 

primary blast cell in the midbody or caudal segments. As pointed out by 

Shankland (1987d), different genealogical patterns are utilized by the OP 

lineage in the rostral segments and by the O/P lineages in the midbody 

segments to generate the same set of pattern elements—in other words, there 

is a dissociation of developmental process and morphological pattern, the 

final outcome of development. 

To further explore how the mechanism that generates the O and P 

descendant cell fates in the rostral segments differs from that in the midbody 

segments, I here investigate the roles of interactions between the four op 

tertiary blast cells (i.e. the granddaughter cells of the op primary blast cell) 

and the interaction with the Q lineage in the patterning of the OP lineage. 

First, I describe the pattern and timing of early blast cell divisions in the OP 

lineage. Second, I confirm that the previously described fate map of the OP 

lineage in H. triserialis (Shankland, 1987d) is conserved in H. robusta. 

Third, with cell ablation experiments, I characterize the cell interactions 
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involved in fate specification of the O-type and P-type sublineages within an 

op blast cell clone. Fourth, I examine the role of o and p bandlets in the 

development of the OP lineage. Fifth, I determine whether the Q lineage 

plays a role in the development of the OP lineage. My results indicate that 

the OP and O/P lineages are developmentally independent units and that the 

differences between the developmental mechanisms employed by the OP 

lineage and in the O/P lineages are significant. In both the developmental 

potential of individual blast cells and the pattern of cell-cell interactions, 

these two independent pathways display a number of distinct characteristics. 
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MATERIALS AND METHODS 

Animals 

Embryos of H. robusta were taken from a breeding colony established 

with animals collected from Shoal Creek in Austin, Texas. A second colony 

of H. robusta which was established with individuals collected from 

Sacramento, California, is used in the Q-lineage ablation experiments. The 

maintenance of the laboratory leech colony was as described in Seaver and 

Shankland (2000). The embryos were cultured at 23°C in a buffered saline 

medium supplemented with antibiotics (0.05 mg/ml tetracycline, 100 

units/ml penicillin, 100 units/ml streptomycin). Staging and nomenclature of 

the leech embryo in this study follow Stent et al. (1992). 

 

Nomenclature of Nervous System Pattern Elements 

The nomenclature for many of the neurons in the nervous system of 

the leech has been traditionally based on their clonal origin (Kramer and 

Weisblat, 1985). But neurons in the OP lineage have a different clonal origin 

from their serially homologous counterparts in the O/P lineages. For 

convenience in comparison, I have here adopted the nomenclature that is 

already in use for the O/P lineages (Shankland, 1987b,c) when referring to 

homologous cells in the OP lineage. 

 

Fate Map Analysis 

In stage 7 embryos, the junction of the op4 clone, the most posterior 

op blast cell clone, and the anterior ends of the o and p bandlets resembles a 
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“Y”, and serves as a reliable landmark for visual identification of blast cells 

in the germinal band of mid-stage 7 embryos (Figure 2A,C). I chose the op4 

clone as the subject of experimental analyses in order to optimize cell 

identification. 

To label the op4 clone distinctly, I used a double-labeling strategy. 

The op4 primary blast cell was labeled by pressure injecting the OP 

proteloblast with a 1:2 mixture of 100 mg/ml tetramethylrhodamine dextran, 

lysine fixable, (Molecular Probes) and 4% Fast Green (Sigma) in 0.2 M KCl 

shortly before the birth of the op4 blast cell. Within one hour after the 

formation of the O/P teloblasts, both O/P teloblasts were pressure injected 

with a 1:1 mixture of fluorescein dextran, lysine fixable, (Molecular Probes) 

(100 mg/ml in 0.2 M KCl) and 4% Fast Green in 0.2 M KCl. Therefore, only 

the descendants of the op4 primary blast cell were exclusively labeled with 

tetramethylrhodamine dextran; the rest of the cells in the embryo were either 

unlabeled or double labeled with both tetramethylrhodamine dextran and 

fluorescein dextran. 

To label individual progeny of the op4 blast cell, the cell in question 

was iontophoretically injected with tetramethylrhodamine dextran (100 

mg/ml in 0.2 M KCl) as described by Shankland (1987b). I did not perform 

iontophoretic injection of the op4 blast cell itself due to the difficulty of 

visualizing this cell prior to its first division because of its deep location. 

After dextran injections, embryos were cultured in buffered saline to 

allow further development. At stage 9, the embryos were paralyzed in a 

solution containing 4.8 mM NaCl, 1.2 mM KCl, 10 mM MgCl2, and 8% 
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ethanol, then fixed in a 1:1 mixture of 8% formaldehyde (Pella) and HEPES 

buffered saline (50 mM HEPES, 150 mM NaCl, pH 7.4). Fixed embryos 

were counterstained with 2.5 µg/ml Hoechst 33258.  

 

Laser Ablations 

After the cell labeling procedure, the embryos were allowed to 

develop until a desired stage for laser ablation. Laser ablation is performed 

in the manner described by Seaver and Shankland (2000). In short, living 

embryos were positioned under a 40X water immersion objective on a 

compound microscope, and the target cell was visualized and identified with 

transmitted illumination prior to irradiation with an incident laser 

microbeam.  

 

Ablation of Teloblasts 

The ablation of teloblast was done by pressure injection of an 1:3:4 mixture 

of 0.83 mg/ml Ricin A chain solution (Sigma),  100 mg/ml fluorescein 

dextran, lysine fixable, (Molecular Probes) in 0.2 M KCl and 4% Fast Green 

in 0.2 M KCl into the target teloblast. Ricin A chain prevents cell division of 

the injected teloblast by inhibiting its translation. Fluorescein dextran in the 

injectant mixture is used to insure that the injected teloblast stops blast cell 

production following the injection. If any fluorescein positive progeny were 

detected in an embryo, the embryo was discarded.
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RESULTS 

Normal Development of the OP Lineage 

Formation of the tertiary blast cells 

The number of op blast cells produced by the OP does not appear to 

be evolutionarily conserved. Four op blast cells are reported in the leech 

Helobdella triserialis (Bissen and Weisblat, 1989) and the oligochaete 

Tubifex hattai (Goto et al. 1999); five op blast cells are reported in the leech 

Theromyzon tessulatum (Sandig and Dohle, 1988); and five or six op blast 

cells are reported in the oligochaete Tubifex tubifex (Penner, 1924). I 

characterized the number of op primary blast cells and the timing of their 

birth in H. robusta by injecting OP proteloblasts with rhodamine dextran at 

various time points, and then injecting the two O/P teloblasts with 

fluorescein dextran immediately after their formation (n = 37). The number 

of segmental repeats, which represents the number of primary blast cells 

(each primary op blast cell gives rise to one segmental repeat, see below), 

labeled with only rhodamine was counted in older embryos. These data 

suggest that each OP proteloblast invariably gives rise to four primary op 

blast cells (Figure 2A). The first op blast cell (op1) is produced 

approximately 2 hours after the birth of the OP proteloblast. Following the 

birth of the op1 blast cell, subsequent cell divisions give rise to the op2, op3 

and op4 blast cells at intervals of approximate 1.5 hours. The symmetric 

division of the OP proteloblast into the two O/P teloblasts takes place 1-1.5 

hours after the formation of the op4 blast cell. 
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I next followed the cell divisions within the op4 blast cell clone by 

examining the morphology of the clone at one-hour intervals (n = 27). The 

averaged timing of early divisions of the op4 blast cell clone is given below. 

The primary op4 blast cell divides along its anterior-posterior axis 

approximately 30±1 hours after its birth, and gives rise to two equal-sized 

daughter cells: an anterior secondary blast cell, op4.a, and a posterior 

secondary blast cell, op4.p. The next division occurs more or less 

simultaneously for both the op4.a cell and the op4.p cell when the clonal age 

is approximately 41±1 hours. Both cell op.a and cell op.p divide 

symmetrically along the anteroposterior axis. The anterior daughter of the 

op.a cell is named op.aa and the posterior daughter is named op.ap. In 

parallel, the anterior daughter of the op.p cell is named op.pa and the 

posterior daughter is named op.pp. The cell lineage leading to the formation 

of these four tertiary blast cells is depicted in Figure 2B. 

The sequence of cell divisions among the four tertiary blast cells is in 

an invariant order of op.pa-op.ap-op.aa-op.pp, with an approximately one-

hour interval between each division. The first of these divisions occurs at 

approximately 48±1 hours of clonal age. The divisions of the tertiary blast 

cells take place with a similar geometry in that each of these cells gives rise 

to two mediolaterally arranged and roughly equal-sized daughter cells. 

Although the division pattern of the blast cells op1-op3 was not studied 

in detail, my anecdotal observations suggest that they divide in a manner 

similar to op4. 
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An op clone is serially homologous to the sum of an o clone and a p 

clone 

To determine the descendant fate map of the OP lineage in H. robusta, 

I examined the morphological components of labeled op4 clones in older 

embryos. In stage 9 embryos, the op4 clone spans the boundary of the fourth 

rostral segment (R4) and the first midbody segment (M1), and consists in 

large part of neuron clusters in the ventral nerve cord ganglia, peripheral 

neurons, and epidermal tissues (Figure 3). These OP-derived pattern 

elements appear to be segmentally homologous to the O and P pattern 

elements in the midbody segments (see below; Figure 5). Like the o and p 

blast cell clones of the midbody (Shankland, 1987b,c), the op4 clone 

straddles the boundary of two anatomically defined segments but is in fact 

only one segmental repeat in length. Although the cellular composition of 

the op1-op3 clones was not characterized in as great detail, the overall 

composition of these more rostral op clones is overtly similar to that of the 

op4 clone. 

 

Fate maps of individual tertiary op blast cells 

To ascertain the fates of the tertiary op blast cells during normal 

development, I iontophoretically injected each individual tertiary blast cell 

in the op4 clone with fluorescent lineage tracer and scored its fluorescently 

labeled descendants in the stage 9 embryo, at which time the majority of 

tissues have undergone terminal differentiation. As detailed below, each 

tertiary op blast cell gives rise to a clone of differentiated descendants that is 
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morphologically indistinguishable—except for its segmental location—to 

either one cell or a pair of cells in the O/P lineages of the midbody. For 

reference, the early o and p blast cell divisions are depicted in Figure 5A. 

The developmental fates of the tertiary blast cells determined here for H. 

robusta are consistent with the previous brief description from H. triserialis 

(Shankland, 1987d). 

I observed that the developmental fate of an op4.aa cell is equivalent 

to the sum of the fates of an o.aa cell and a p.aa cell in the midbody 

segments. At stage 9, a labeled op4.aa cell consistently gives rise to the CR 

neuron cluster in the R4 neuromere of the ventral nerve cord; and the LD2 

neuron, the oz2 neuron, the pz7 neuron, and a lateral patch of squamous 

epidermis in the periphery of the R4 segment (n = 4) (Figure 4A). The CR 

neuron cluster, the oz2 neuron and the LD2 neuron are the descendants of 

the o.aa cell in midbody segments (Figure 4B), and the corresponding region 

of the epidermis and the pz7 neuron are derived from the p.aa cell in a 

midbody segment (Figure 4C). In the midbody segments, the p.aa cell also 

gives rise to the pz1-3 central neurons (Shankland, 1987b). I could not 

determine whether homologous neurons are present in the op.aa clone since 

the presence of the fluorescently labeled CR neuron cluster would obscure 

any counterparts of the pz1-3 neurons due to their overlapping localization. 

The composition of labeled op4.ap clones indicates that the 

developmental fate of the op4.ap cell is equivalent to that of a p.ap cell in the 

midbody segments (Figure 4D,E). The op4.ap clone invariably gives rise to 
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the pz5 peripheral neuron and a pz6/LD1 peripheral neuron in the M1 

segment, and an elongated overlying stripe of epidermis (n = 3). 

Cell op4.pa invariably gives rise to the PV neuron cluster in the R4 

neuromere, the AD neuron cluster and medial packet glia in the M1 

ganglion, and the oz1 peripheral neuron, cell floret 2 (and associated tubule), 

and a patch of epidermis in the M1 segment (n = 4) (Figure 4F). These 

structures are serially homologous to an o.ap descendant clone in midbody 

segments (Figure 4G). It should be noted that even though the rostral 

segments do not possess a definitive nephridium, there are mesodermal 

structures that appear to be serially homologous to the nephridium in the 

rostral segments (Martindale and Shankland, 1988). The op.pa-derived 

tubule cells associated with cell floret 2 in M1 and more rostral segments 

appear to be serially homologous to the o.ap-derived distal nephridial tubule 

cells seen in more posterior midbody segments. 

The op4.pp cell consistently gives rise to the WE neuron cluster and 

the pz4 neuron in the M1 ganglion, and to the pz6/LD1, pz9, and pz10 

peripheral neurons and cell florets 1 and 3 in the M1 segment (n = 8). These 

pattern elements are comparable to the pattern elements derived from the p.p 

cell in a midbody segment (Figure 4H,I). 

For convenience in comparison, I will categorize the tertiary op blast 

cells into two different classes, O-type and P-type, based on that cell in the 

midbody segments to which they are serially homologous (Figure 5). 

Clearly, the op.pa cell is an O-type cell, and the op.ap and op.pp cells are P-

type cells. The classification of the op.aa cell is more ambiguous since it 
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produces pattern elements homologous to both o.aa and p.aa sublineages. 

However, I will herein refer to op.aa as an O-type cell due to (1) the greater 

number of its o.aa pattern elements and (2) the behavior of its descendant 

lineage in experiments described below. 
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Development of ‘Isolated’ Tertiary Blast Cells 

To determined whether the fate specification of each individual 

tertiary op blast cell requires interaction with the other members of its 

primary blast cell clone, I ‘isolated’ the cell by ablating its anterior and 

posterior neighbors with laser pulses at stage 7, and then scored the pattern 

of fluorescently labeled descendants produced by the ‘isolated’ cell at stage 

9. When the ‘isolated’ cell changes its developmental fate in comparison to 

its normal fate, it signifies developmental regulation of the ‘isolated’ cell 

and suggests that the fate of this cell is conditionally specified during normal 

development. Dextran injection of the OP proteloblast labels roughly half 

the ipsilateral ectoderm, and as a result it is difficult to identify certain 

pattern elements in areas with densely overlapping labeled cells. To avoid 

such problems in the identification of pattern elements, only pattern 

elements that were routinely identifiable were scored. Among the pattern 

elements chosen for scoring, the CR neuron cluster and the LD2 neuron are 

op.aa descendants; one of the pz6/LD1 neuron pair is an op.ap descendant; 

the PV and the AD neuron clusters are op.pa descendants; and the WE 

neuron cluster, the other member of pz6/LD1 neuron pair, the pz10 neuron, 

cell floret 1 and cell floret 3 are op.pp descendants. Thus, each op tertiary 

blast cell lineage is normally represented by at least one pattern element that 

can be reliably scored. 
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O-type cells develop normally in the absence of other cells in the op 

blast cell clone 

As shown in Table 1, none of the ‘isolated’ op4.aa clones gave rise to 

any labeled descendants that were overtly inconsistent with the normal op.aa 

fate (Figure 6A; Table 1). I obtained a similar result in the op4.pa ‘isolation’ 

experiment (Figure 6B; Table 1). Also, when either one or both of the P-type 

cells were ablated, no developmental regulation was detected among the 

surviving cells (Table 2). Thus, it appears that normal fate specification of 

the O-type tertiary blast cells does not require the continued presence of the 

other op-derived cells. 

 

‘Isolated’ P-type cells display developmental regulation 

As shown in Table 1, ‘isolated’ op4.ap cells underwent regulation in a 

variable manner. While cell op.ap normally generates only one of the eight 

pattern elements scored in Table 2, when ‘isolated’ from the remainder of its 

clone, this cell can generate any of these pattern elements. Moreover, the 

frequency with which an ‘isolated’ op.ap cell generates a given pattern 

element ranged from 24-53%, and the exact subset of pattern elements 

varied from one experiment to the next. Because op4.ap does not normally 

contribute any descendants to the ganglia of the ventral nerve cord, the 

frequent presence of op4.ap descendants in the ganglion in these experiments 

(Figure 7A) clearly indicates a significant transformation in the 

developmental fate of the ‘isolated’ op4.ap cell. 
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An ‘isolated’ op4.pp cell can likewise express a range of 

developmental fates in excess of its normal fate. In addition to certain of 

their normal fates, ‘isolated’ op4.pp clones expressed a variable combination 

of O-fate elements and/or unidentifiable cell clusters that are not present in 

normal development (Figure 7B; Table 1). 

The regulative behavior of the ‘isolated’ P-type blast cells indicates 

that these cells have the potential to adopt a partial O fate in addition to their 

normal P fate. Given the mechanism of O/P fate specification in the 

midbody and caudal segments, these results were not expected. In those 

segments, the P lineage is largely unaffected by cell deletions in the O 

lineage, whereas cell deletions in the P lineage can produce partial or 

complete transfating of the O lineage to the P fate (Weisblat and Blair, 1984; 

Shankland and Weisblat, 1984). The degree of autonomy exhibited by O-

type and P-type sublineages differs greatly in the OP lineage of the rostral 

segments compared to the O and P lineages of the midbody and caudal 

segments. 
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The Role of Cell-Cell Interactions between O-type and P-type 

Cells in the Fate Specification of OP Sublineages 

The results from the ‘isolation’ experiments indicate that normal fate 

specification of a P-type blast cell in the OP lineage requires the presence of 

the other sublineages within the primary blast cell clone, implying that 

interactions between the P-type cells and the other tertiary blast cells might 

be responsible for their fate restriction in normal development. Given the 

linear arrangement of alternating O-type and P-type cells in the op clone, it 

seems that such interactions might involve repressive signals originating 

from the adjacent O-type cells. 

To see whether the O-type cells are responsible for restricting the 

developmental potential of P-type cells, the O-type cells op4.aa and op4.pa 

were deleted in unison and the fate of the remaining two P-type cells was 

examined. I found that the two P-type cell clones together were capable of a 

nearly complete replacement of the missing O fate elements (Table 3). 

I further examined the role of each of the two O-type cells in the 

development of the op clone by ablating them individually. In op4.aa 

ablation experiments, I found that op.aa pattern elements were absent, while 

the other OP sublineage pattern elements were present, in all but one out of 

19 cases (Table 3). The presence of a complete set of op.aa pattern elements 

in the one remaining embryo could have resulted from a failure in cell 

ablation rather than a regulation of cell identity. These results suggest that 

the op.pa cell is capable of restricting the op.ap cell to its normal fate in 

absence of the op.aa cell. 
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The role of cell op.pa was investigated by its ablation. The outcome of 

this experiment depended upon a phenomenon known as “bandlet slippage”, 

a widening of the gap caused by the ablation of a blast cell such that the 

fragment of the bandlet posterior to the gap moves toward the posterior end 

of the embryo by an integral number of segments (Shankland, 1984). In 

embryos that displayed bandlet slippage following the ablation of op.pa, 

normal op.aa and op.ap pattern elements were located anterior to the gap and 

seemingly normal op.pa and op.pp pattern elements were located posterior to 

the gap (Figure 8A,B). Because the only uniquely labeled cell posterior to 

the gap was the op4.pp cell, the op.pa pattern elements observed in these 

experiments were almost certainly derived by regulation of the op4.pp cell. 

They could not have arisen from the more posterior o or p blast cell lineages, 

since the latter cells were co-labeled with rhodamine and fluorescein. It 

should be noted that the op4.pp cell never regulated to give rise to either 

op.aa or op.ap pattern elements in any of these cases. 

On the other hand, in most of the op.pa-ablated embryos that did not 

display bandlet slippage, the op.pa pattern elements were missing while the 

op.aa, op.ap and op.pp pattern elements remained intact  (Figure 8C,D). It 

appears that cell op4.pp regulated to generate the op.pa+op.pp fates when 

bandlet slippage caused it to lie at some distance away from the op.aa and 

op.ap cells, whereas this developmental regulation usually failed to happen 

when this cell remained in its original close proximity to the op.aa and op.ap 

sublineages. 
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Inter-Segmental Interactions Are Not Required for Normal 

Development of the OP Lineage 

To see whether the O and P lineages are required for normal 

development of the OP lineage, differentiated pattern elements arising from 

the OP lineage was scored in embryos in which the O and P lineages were 

ablated. The OP proteloblast was injected with rhodamine dextran lineage 

tracer immediately before the birth of the op4 cell. Immediately following 

the asymmetric division of the labeled OP proteloblast into two O/P 

teloblasts, these two teloblast were ablated by injection of ricin A chain. In 

all operated embryos (n = 13), the op4 cell appears to develop normally 

(Figure 9). All the O and P pattern elements selected for scoring were 

present, and no ectopic pattern element was found. Compared to the normal 

op4 clone, the only noticeable change in the stage 9 morphological pattern of 

the op4 clone in the operated embryo was a posteriorly expanding squamous 

epidermis. The expansion of epidermis is frequently observed in teloblast 

ablation experiments, and it is generally regarded as implying that the 

existing epidermis spreads out to fill in the gap caused by the ablation of 

other teloblast lineages instead of being evidence that the surviving cells 

undergo developmental regulation. (Blair and Weisblat, 1984). 

Next, I ablated the op3 cell and the O/P lineages to see how the 

‘isolated’ op4 cell develops. The OP proteloblast was injected with lineage 

tracer before the birth of the op3 cell. The O/P lineages were ablated with the 

injection of  ricin A chain into the O/P teloblasts immediately after their 

birth, and the op3 cell was ablated with laser microbeam irradiation as soon 
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as the op3 cell moves close to the surface of the embryo and becomes visible 

under the microscope. At this moment, the division of op3 into op3.a and 

op3.p is about to take place. Similar to the results of O/P ablation, the stage 9 

pattern elements arising from the ‘isolated’ op4 clone appear to be normal (n 

= 5). 

Together, these two experiments suggest that an op blast cell clone 

can develop normally in the absence of its anterior and posterior neighbors. 

They also suggest that the O/P lineages of the midbody segments are not 

required for normal development of the OP lineage of the rostral segments. 
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Interactions with the Q Lineage Are Not Required for Normal 

Development of the OP lineage 

In the O/P equivalence group of the midbody segments, an interaction 

with the q bandlet is involved in the normal fate specification of the P 

lineage (Huang and Weisblat, 1996). By contrast, the linear arrangement of 

tertiary op blast cells insures that both O-type cells and P-type cells are in 

contact with the q bandlet, and makes it rather unlikely that mere contact 

with the q bandlet directly dictates the choice of O vs. P fates in the OP 

sublineages. However, the q bandlet could still be involved via some other 

mechanisms, such as differential responsiveness of the O-type and P-type 

cells to signals from the q bandlet.  

It was previously shown that bilateral ablation of the left and right Q 

teloblasts is required for eliminating the effect of Q lineage on the O/P 

equivalence group in the midbody segments (Huang and Weisblat, 1996). 

When only one q bandlet is ablated, the remaining q bandlet can contact its 

contralateral p bandlet at the posterior end of the animal cap in stage 6-8 

embryos where the left and right germinal bands emerge. This brief contact 

with the contralateral q bandlet was shown to be sufficient to specify the p 

bandlet in the germinal band in which the ipsilateral q bandlet is absent. 

To test whether the q bandlet is involved in the specification of P fate 

in the OP lineage, the Q lineages were bilaterally ablated. Following the 

ablation of the Q teloblasts, the OP proteloblast was then labeled with 

rhodamine dextran lineage tracer. The two O/P teloblasts were then injected 

with fluorescein dextran immediately after their birth. As a result, the OP 
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lineage is labeled with only rhodamine dextran while the O+P lineages are 

labeled with both rhodamine and fluorescein. The operated embryos were 

then fixed, dissected and examined at stage 9. 

In all operated embryos, the absence of the Q lineage appears to have 

very little influence on the development of the OP lineage (Figure 10A,B). 

Sixty op clones from 31 embryos were scored. The OP-derived pattern 

elements in the ventral nerve cord (i.e. CR, PV, AD and WE clusters) were 

found present in all labeled op clones. In the peripheral nervous system and 

epidermis, certain pattern elements were found occasionally missing. The 

LD2 neuron (an O pattern element) was found missing in 1 out of 60 op 

clones. The pz6/LD1 neuron pair (a P pattern element) was found missing in 

1 out of 60 op clones. The pz10 neuron (a P pattern element) was found 

missing in 2 out of 60 op clones. Cell floret 3 (a P pattern element) was 

found missing in 1 out of 60 op clones. Given the fact that the ablation of the 

Q lineage could disrupt morphogenesis of the dorsal ectoderm and that the 

missing pattern elements in these experiments are normally located in the 

more dorsal region of segmental ectoderm, the occasional absence of pattern 

elements in the peripheral nervous system and the epidermis may be caused 

by the disruption of morphogenesis rather than developmental regulation. 

It should be pointed out that, in the midbody segments of these 

embryos, the O and P pattern elements arising from the O/P teloblasts were 

both found to be present (Figure 10A,B). This result is contradictory to what 

Huang and Weisblat (1996) observed. In their experiments, the two 

ipsilateral O/P lineages both adopted the O fate following the bilateral 
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ablation of the Q lineage. Since my experiments and those of Huang and 

Weisblat (1996) were done in different strains of H. robusta of different 

geographical origins, it is possible that the differences in the response of the 

O/P lineage to the ablation of the Q lineage is due to evolutionary 

divergence of patterning mechanism in these two H. robusta strains. 

To see whether the Q lineage is in fact involved in the normal 

development of the OP lineage in H. robusta from Sacramento, California, 

the Q teloblasts were bilaterally ablated immediately after their birth, and 

one of the OP proteloblasts was injected with rhodamine dextran lineage 

tracer. Immediately following the division of the labeled OP proteloblast 

into two O/P teloblasts, each of the two O/P teloblasts was injected with 

fluorescein dextran lineage tracer.  If the Q lineage is not required for the 

normal development of the OP lineage but is required for that of the O/P 

lineages in H. robusta from Sacramento, California, the OP lineage of the 

rostral segments should give rise to both O and P pattern elements while the 

O/P lineages of the midbody should only give rise to O pattern elements. In 

the 6 stage-9 embryos examined, the rostral segments contains O and P 

pattern elements, and the midbody segments contain only O pattern elements 

(Figure 10C,D). By contrast, when the same experimental procedure was 

performed in H. robusta from Austin, Texas, both rostral and midbody 

segments contain a complete set of O and P pattern elements (Figure 

10A,B). This suggests that the P-type sublineages in the OP lineage of the 

rostral segments does not require the Q lineage for its normal specification 

in both H. robusta strains, but the pathways involved in the specification of 
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the P lineage of the midbody segments are quite different in these two 

strains. In Part II, the variation of patterning mechanism of the O/P lineage 

in different strains of Helobdella will be further investigated. 
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DISCUSSION 

To understand how serially homologous structures can arise from 

distinct developmental pathways, I investigated the role of cell-cell 

interactions between the O-type and P-type sublineages and cell-cell 

interactions between the OP lineage and the Q lineage in the patterning of 

the rostral segments of the leech H. robusta, and compare those interactions 

with the O/P patterning mechanism seen in midbody segments of the leech. 

In the midbody, the presence of the P lineage promotes the O fate and 

represses the P fate in the adjacent O lineage (Weisblat and Blair, 1984; 

Shankland and Weisblat 1984; Zackson, 1984; Huang and Weisblat, 1996; 

also see Part II). In contrast, the predominant interactions that I observe in 

the OP lineage of more rostral segments seem to involve repressive signals 

that emanate from the O-type sublineages and that restrict the fate of the P-

type sublineages. Additionally, I showed that Q lineage is not required for P 

fate specification in the OP lineage of the rostral segments while it was 

shown that the Q lineage is involved in the specification of the P fate in the 

O+P lineages of the midbody segment (Huang and Weisblat, 1996; also see 

Part II). The dissimilarity in the process of cell fate specification suggests an 

evolutionary diversification in the developmental pathways that generate the 

O/P cell fates in different segments of the leech. 
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Distinct Cell-Cell Interactions in the Development of Serially 

Homologous Cell Lineages 

In a midbody segment, the progenitors of the O and P pattern 

elements, i.e. a pair of o/p blast cells, originate from two separate O/P 

teloblasts. The evidence for interaction between the o/p blast cells comes 

from experiments in which one of the two O/P lineages is ablated: if the p 

bandlet is ablated the neighboring o bandlet switches to the P fate; while if 

the o bandlet is ablated the p bandlet retains its normal P fate. This is 

generally interpreted as meaning either (1) that the p bandlet sends a signal 

that induces O fate in the o bandlet (Weisblat and Blair, 1984; Shankland 

and Weisblat, 1984; Zackson, 1984), or (2) that the p bandlet physically 

prevents a P-inducing signal produced by the q bandlet from reaching the o 

bandlet (Huang and Weisblat, 1996). Although these two models appear to 

be quite different from each other, they are not mutually exclusive. The p 

bandlet might play dual roles as an O-fate inducer and also as a barrier to P-

fate inducing signals from the q bandlet. 

The role of the O lineage in the specification of the P lineage is less 

well understood. In the past, no experimental manipulation has demonstrated 

the involvement of the O lineage in the specification of the P lineage. 

However, in Part II, I will present experimental evidences suggesting that 

the O lineage and the Q lineage have a redundant role in the specification of 

the P lineage and that the involvement of the O lineage is a newly evolved 

developmental pathway and is specific to this particular leech strain used in 

this study. 
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In a rostral segment, the O and P pattern elements homologous to 

those seen in the midbody segments arise from a single op blast cell, a 

daughter of the OP proteloblast (Shankland, 1987d). Each of the four tertiary 

op blast cells is equivalent in fate to a set of one or two specific O and/or P 

sublineages. Based on their serial homology to the O and P sublineages in a 

midbody segment and their responses to ablation experiments, I have 

divided the op tertiary blast cells into two groups, namely O-type cells and 

P-type cells. 

By ablating all but one of the four tertiary blast cells in an op blast cell 

clone, I found (1) that fate specification of each of the two O-type cells 

appears to be independent of any other OP sublineage, and (2) that a P-type 

cell generally adopts both O and P fates when the rest of the OP sublineages 

are removed. Next, I deleted just the two O-type cells and found that the two 

surviving P-type cells compensated by producing O fates in addition to P 

fates, resulting in a nearly normal set of O and P pattern elements. Taken 

together, these data suggest that signals derived from the O-type cells 

repress O fate in the P-type cells of the rostral segments. In contrast, the 

interactions between the P lineage and the O lineage in the midbody 

segments can be bi-directional. 

The rostral and midbody segments appear to differ not only in the 

directionality of the cell interactions but also in the kind of regulation. The 

O-to-P transformation reported in the O/P equivalence group of the midbody 

segments is replacement regulation—e.g. a regulating cell abandons its 

normal O fate and adopts a P fate instead (Shankland and Weisblat, 1984). 
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In contrast, the developmental regulation seen in P-type cells of the op clone 

appears to be compensatory—i.e. the regulating cell actually expands upon 

its normal P fate to compensate in part or in whole for the loss of the O-type 

cells. 

In addition to these functional differences in the cell-cell interactions 

involved in the specification of O and P fates, there is also a significant 

difference in the spatial orientation of such signals in rostral segments and 

midbody segments. In an op blast cell clone, the O-type and P-type cells are 

arranged linearly along the anteroposterior axis of the germinal band in an 

alternating pattern (Figure 5A). As a result, the interactions between O-type 

cells and P-type cells would appear to take place along the anteroposterior 

axis in these segments. My present results represent the first experimental 

demonstration of any fate-specifying interactions oriented along the 

anteroposterior axis between blast cells of the leech germinal band (see 

Seaver and Shankland, 2000, 2001; Shain et al., 2000). By contrast, the cell-

cell interactions in the O/P equivalence group of the midbody segments take 

place along the dorsoventral axis. The repressive interaction between the O-

type and P-type cells in the rostral segments is not only reversed with respect 

to the O and P fates, but also manifests a 90° rotation from the dorsoventral 

axis to the anteroposterior axis.  

In addition to the differences in the O-P interactions, the role of Q 

lineage may be very different in these two cell lineages. The most important 

factor involved in specification of P fate in the O/P lineages of the midbody 

segments is the contact with the Q lineage (Huang and Weisblat, 1996; see 
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also Part II). It appears that ablation of the Q lineage does not affect normal 

development of the OP lineage. Given the linear arrangement of the four 

tertiary op blast cells and these significant differences in the interactions 

between the O-type and P-type sublineages in the OP and the O/P lineages, 

it is not surprising that Q lineage is not involved in fate specification of the 

OP lineage. However, it was also seen that the bilateral ablation of the Q 

lineage does not alter developmental fate of the O/P lineage. This result is in 

contradiction to a previously published experimental study (Huang and 

Weisblat, 1996). As the data presented here will show, this contradiction is 

due to the different leech strains are used in this study and in Huang and 

Weisblat (1996). I will further explore the fate specification mechanisms of 

the O/P lineage in different leech strains in Part II. The following discussion 

will be restricted to what is relevant to the OP lineage. 

In the leech strain used in this study, two independent pathways are 

redundantly involved in patterning of the O/P lineage. One pathway involves 

the contact with the Q lineage, and the other involves the M lineage (see Part 

II). It is possible that the M lineage may play a role in patterning the 

overlying OP lineage. Unfortunately, it is impossible to use ablation 

experiments to determine the role of the M lineage in the patterning of the 

OP lineage of the rostral segment because ablation of the M lineage severely 

disrupts morphogenesis of the entire segmental ectoderm and makes it 

impossible to score stage 9 pattern elements derived from the OP lineage. 

Effects of the ablation of the Q lineage on the development of the OP 

lineage were also observed in H. robusta from Sacramento, California. It 
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seems that, similar to the OP lineage of the other strain of H. robusta from 

Austin, Texas, the Q lineage is not required for normal fate specification of 

the OP lineage in this leech strain. Unlike the complicated and redundant P-

fate specification mechanism in the O/P equivalence group of H. robusta 

from Austin, Texas, the P fate is specified by a contact with the Q lineage 

alone in this leech strain. The absence of developmental regulation in the OP 

lineage responding to the ablation of the Q lineage in H. robusta 

(Sacramento) further supports the argument that distinct pathways are 

responsible for generating the serially homologous O and P pattern elements 

in the rostral segments and the midbody segments. 

Although it is clear that the OP lineage of the rostral segments and the 

O/P equivalence group of the midbody segments are patterned by different 

mechanisms in these two H. robusta strains, these data are insufficient for 

determining whether the OP lineages in these two H. robusta strains are 

patterned by the same mechanism. Although the cell lineage pattern and the 

fate map of the OP lineage are conserved among Helobdella species, it is 

possible that distinct mechanisms are used in the pattern formation of the OP 

lineage in different strains of H. robusta. A similar set of experiments as 

presented above is required for determining the exact patterning mechanism 

of the OP lineage in each individual strain. 
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Mechanisms for OP Sublineage Patterning 

I have shown that normal fate specification of the P-type cells depends 

on an O-fate repressing signal from the O-type cells of that same clone. I 

further examined this phenomenon by deleting single O-type cells. It should 

be noted that a P-type cell is normally in contact with one anterior and one 

posterior O-type cell. In one experiment, it was shown that the ablation of 

cell op.aa has no effect on normal fate specification of the P-type cells in 

that same op clone—including its immediate neighbor op.ap—when the 

more posterior O-type cell, op.pa, is still present (Table 3). Similarly, 

developmental regulation was never detected for cell op.ap when its 

posterior neighbor op.pa was ablated and its anterior neighbor op.aa left 

intact. It appears that the interactions between op.ap and its two O-type 

neighbors are redundant and that a signal from either O-type cell is sufficient 

to restrict op.ap to its normal fate. 

These data suggest that proper specification of the other P-type cell, 

op.pp, is somewhat more complicated. I have shown that an ‘isolated’ op.pp 

cell regulates when the other members of the op blast cell clone are ablated. 

But it is not known whether op.pp regulates when only the O-type cells 

op.aa and op.pa are ablated. In the latter experiment, it could be that both 

op.ap and op.pp regulate or that one of them regulates while the other one 

does not. If both op.pp and op.ap undergo regulation in response to the 

ablation of the two O-type cells, one might conclude that interaction with an 

O-type cell is the only factor required for proper fate specification of op.pp. 

But if op.pp does not regulate when both O-type cells are ablated, it would 
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suggest that an interaction with the other P-type cell, op.ap, is sufficient to 

specify the normal fate of the op.pp cell. Although the ablation of the P-type 

cell op.ap alone does not result in developmental regulation, it remains 

possible that op.ap acts together with the O-type cells to redundantly specify 

the normal fate of op.pp. 

Regardless of the exact source of the signal(s) that specify the normal 

fate of op.pp, the correlation between bandlet slippage and the 

developmental regulation of the op.pp progeny following the ablation of 

op.pa (Figure 8) suggests a position-dependent mechanism of cell 

interaction. In these experiments, the op.pp cell rarely exhibited 

developmental regulation unless separated from the remaining OP 

sublineages by a distance of more than one segment. It appears that the 

remaining OP sublineages can direct the proper fate specification of the 

op.pp cell over a short distance, possibly by a diffusible signal or by cell 

contact through filopodial extensions, as seen in Drosophila imaginal discs 

(Ramírez-Weber and Kornberg, 1999), but not over longer distances. In any 

case, one important conclusion to be drawn from these slippage experiments 

is that contact of cell op4.pp with the anteriormost o and p blast cell clones 

(which persists in these experiments) is not sufficient for its normal 

specification. Hence, the o and p blast cells (and their progeny) do not seem 

to generate the same repressive signals that emanate from the O-type cells 

within the op4 clone. The non-requirement of interactions with the o bandlet 

in the development of the P-type sublineage is further supported by the 
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observation that the ablation of O/P lineage does not appear to disrupt 

normal development of the op4 clone. 

In experiments in which the O and P lineages were ablated, 

development of the OP lineage appears normal. This confirms that the 

interactions with the O+P lineages and the interaction with the other op blast 

cell clones do not appear to be required for normal development of an op 

blast clone. Additionally, normal development of an op clone remained 

unaffected when both its anterior and posterior neighboring cell clones were 

ablated. These results support the notion that interactions between segments 

are not required for segmentation in the leech (Seaver and Shankland, 2000, 

2001; Shaun et al., 2000). 

Taken together, it appears that cell lineage dependent mechanisms 

might play a dominant role in the segmentation in the leech. As a segmental 

founder cell lineage, an op blast cell clone might be an ‘independent’ 

developmental unit which does not rely on external positional information to 

generate a segmental pattern. Unlike the absence of intra-clonal interactions 

in the O and P lineages of the midbody segments (Seaver and Shankland, 

2001), intra-clonal interactions are involved in the patterning of an op blast 

cell clone. However, intra-clonal interactions in the OP lineage are involved 

in the segregation of the O and P fates, not the creation of segmental pattern. 

This suggests that segmentation and the segregation of the O and P cell fates 

(i.e. dorsoventral patterning) are independent developmental processes in the 

leech. 
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It should be noted that my ablation approach has certain limits in 

detecting cell interactions. For instance, some interactions may occur so 

soon after the cell is born that they can not be disrupted by its ablation (see 

Goldstein, 1992). Thus it remains possible that the O-type cells are initially 

subject to developmental regulation, and that some early signal specifies O-

type cells before I can ablate their neighboring cells. The experiments 

presented here are also limited in resolving the mechanisms that establish 

individual cell identity among the P-type cells. Although a regulating P-type 

cell produces a small and highly variable set of O pattern elements that it 

does not normally give rise to, it nonetheless always gives rise to a complete 

set of P pattern elements that represent its normal fate. Thus, a cell lineage-

dependent mechanism may already have been involved in the partial 

specification of the P-type cell prior to its repressive interaction with the O-

type cells. It remains possible that a set of earlier cell interactions or some 

cell-autonomous mechanisms are involved in the creation of this lineage-

dependent tendency. 
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Mechanism for the Dissociation of Serial Homology and 

Developmental Pathway 

Leeches are placed together with the oligochaetes in a group called 

‘Clitellata’. Clitellate annelids are direct developers that share very similar 

embryological morphology (Anderson, 1966b, 1973). Intracellular lineage 

tracer injection analysis of an oligochaete, Tubifex, revealed a strikingly 

similar cell lineage pattern to that of the leech Helobdella (Goto et al., 

1999). But the O/P patterning mechanism in Tubifex is different from that of 

the leech. It appears that the Q lineage plays no role in specifying the P 

lineage in Tubifex—in contrast to the leech (Huang and Weisblat, 1996)—

whereas the presence of the P lineage is responsible for normal O lineage 

specification in both species (Arai et al., 2001, Huang and Weisblat, 1996; 

Shankland and Weisblat, 1984; Weisblat and Blair, 1984). Hence, despite an 

evolutionarily conserved morphology (e.g. cleavage pattern, germinal band 

formation, and fate map), it appears that the developmental pathway 

underlying O/P patterning can be dissociated from its morphological end 

product and has diverged significantly since the last common ancestor of the 

sludge worm Tubifex and the leech Helobdella. 

Evolution of developmental pathway without morphological change 

as seen in the O/P equivalence group of Tubifex and Helobdella is not 

uncommon. In the nematode genus Pristionchus, various sets of cell-cell 

interactions are used in the patterning of vulva of different species (Sommer, 

1997; Srinivasan et al. 2001). In Part II, I will show that this sort of 

developmental reorganization without morphological change takes place in 
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the O/P equivalence group of different geographical strains of Helobdella as 

well. The variability of O/P patterning mechanism observed at low 

taxonomic levels, such as species and breeding populations, signifies a high 

evolutionary plasticity of this developmental pathway. 

I have shown that a serially homologous morphological pattern in the 

rostral and midbody segments of the leech is generated by distinct patterns 

of cell lineage and cell interaction. The evolution of distinct developmental 

pathways in the rostral and midbody segments requires a reorganization of 

developmental pathways conceptually similar to that seen in the divergence 

of O/P fate specification pathways among annelid species. 

Reorganization of developmental pathways is facilitated by the 

dissociability of developmental pathway and its outcome. This dissociability 

is largely attributed to the modularly organized hierarchy of developmental 

pathways (Wagner and Altenberg, 1996; Kirschner and Gerhart, 1998; 

Eizinger et al., 1999; von Dassow and Munro, 1999; Mann and Carroll, 

2002). Since an op blast cell clone is not dependent upon the O/P lineages 

for its normal development, modular reorganization of developmental 

pathways could happen in the OP and O/P lineages independently. Although 

my data are not molecular, the serial homology of differentiated descendant 

cells between the OP lineage and the O and P lineages suggests that 

homologous descendants may be specified by the same set of cell identity 

selector genes. It might be the case that the upstream pathways that regulate 

the expression of selector gene are divergent in the rostral and midbody 

segments whereas the downstream pathways of selector gene expression 
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remain uniform in every segment. Taken together with the evolutionary 

plasticity in the patterning mechanism of the O/P equivalence group, the O/P 

cell fate specification mechanism in clitellate annelids might represent an 

extraordinarily flexible and robust developmental pathway. 
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The Evolution of the OP Lineage 

There are three possible scenarios of the evolution of the OP lineage 

in Clitellata. (1) The entire O+P portion arose from separate O and P 

lineages in the ancestral form, and the OP lineage was co-opted from its 

ancestral developmental role (non-segmental ectodermal fate) to the new 

role of the progenitor of anterior O+P segmental ectoderm in the more 

derived form (Figure 11A). (2) The entire O+P portion of the segmented 

ectoderm arose from a single OP lineage in the ancestral form, and the 

separate O and P lineages were appended to existing OP lineage in the more 

derived form (Figure 11B). (3) The OP lineage and the O+P lineages 

evolved independently from their pre-existing evolutionary precursors in the 

common ancestor of all living clitellates—which is most likely a polychaete 

worm (Figure 11C). For example, some polychaete worms have two distinct 

classes of segments: the primary segments which form simultaneously 

during early embryogenesis and become the anteriormost segments in the 

adult worm, and the secondary segments which form progressively by 

posterior addition to the primary segments during metamorphosis 

(Anderson, 1966a, 1973). It is possible that the more anterior OP and more 

posterior O+P lineages are derived from the primary and the secondary 

segments respectively. 

Based on a rigorously established phylogenetic framework, one can 

test these hypotheses with comparative data of the developmental fate of the 

op cells among clitellate annelids. From recent molecular phylogenetic 

studies, we have gained some new insights into the phylogenetic 
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relationships of the clitellate annelids. Clitellata is now seen as a derived and 

monophyletic branch of Polychaeta (Kojima, 1998; McHugh, 1997, 2000; 

Bleidorn et al., 2003). Within Clitellata, the leeches represents a 

monophyletic group derived from the oligochaetes (McHugh, 2000; Siddall 

et al., 2001). A sketch of annelid phylogeny is shown in Figure 11D. 

It was proposed that the cleavage program that leads to the formation 

of four pairs of ectoteloblasts and one pair of M teloblasts, as seen in 

glossiphoniid leeches and some oligochaetes, represents the ancestral mode 

of development in clitellate annelids, and that modifications of this ancestral 

cleavage program are likely to be an adaptation to the reduced egg size 

(Anderson, 1966b, 1973; Dohle, 1999). Since the OP proteloblast produces a 

number of small cells in both Tubifex and glossiphoniid leeches, production 

of these small cells may be a component of the ancestral clitellate cleavage 

program. 

Even though these small cells might be present in the last common 

ancestor of the clitellates, it is not known whether these ‘op’ cells in the 

basal clitellate annelid contribute to the segmented ectoderm as seen in 

Helobdella. Fate map of the OP lineage that is produced by cell lineage 

tracer labeling is absent in all other clitellates than Helobdella (but the 

mapping of the OP lineage descendants is underway in Tubifex, T. Shimizu, 

personal communication). If the op blast cells adopt a non-segmental 

ectodermal fate in most clitellate taxa, the hypothesis that the OP lineage 

was co-opted to segmental ectoderm will be better supported than the other 

two alternative hypotheses. 
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Variable number of op cells in different species (4 and 5 in Helobdella 

and Theromyzon respectively; 4 and 5-6 in two different Tubifex species) 

provides another layer of complexity in determining the ancestral state of the 

OP lineage by using comparative data of OP lineage development. It is 

possible that some of the op cells give rise to segmental ectoderm while the 

others to non-segmental ectoderm. A non-segmental ectodermal fate of the 

supernumerary op cells may be a secondarily evolved character rather than a 

retention of the ancestral state. 

As mentioned earlier, Clitellata is an evolutionary branch derived 

from a sublineage of Polychaeta. It is reasonable to assume that the 

polychaete taxon which is most closely related to the clitellates has a similar 

ectoteloblast configuration to that in the basal clitellates. In several 

cytological observations on the early development of the polychaetes at the 

turn of last century, it was observed that 2d micromere (the homologous cell 

of the DNOPQ cell in the glossiphoniid leeches, the precursor of the 

ectoteloblasts) gives rise to a variable number of teloblast-like cells in 

different species (Wilson, 1892; Mead, 1897; Child, 1900; Treadwell, 1901). 

However, the accuracy of such observations was hindered by many technical 

limitations. As commented by Mead (1897), it is very difficult to establish 

the homology between a teloblast-like cell in the polychaete and each 

individual teloblast in the clitellate. To establish this homology, one needs to 

know what a specific teloblast-like cell actually develops into by performing 

cell lineage tracer injection experiments. But at this moment, there have been 
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no lineage tracer labeling experiments to prove the existence of teloblast-like 

cells in the polychaetes, and to clarify their number and developmental fates. 

In this section, I have briefly reviewed our current understanding of 

annelid development in relation to the reconstruction of the evolutionary 

history of the OP lineage. Although the data available are insufficient for 

this exercise, I have provided several testable evolutionary scenarios. In this 

perspective, future comparative studies of annelid development should merit 

our understanding of body plan evolution in the annelids. 
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PART II 
 
Evolution of the Symmetry-Breaking Mechanism 

of the O/P Equivalence Group in the Leech 
Helobdella 



 46

INTRODUCTION 

The O/P lineages in the segmental ectoderm of the leech are 

previously characterized as an equivalence group—a group of equipotent 

cells in which a cell chooses a specific fate from two or more potential 

options based on inductive signals from external sources and/or interactions 

within the group—in several experimental studies (Weisblat and Blair, 1984; 

Zackson, 1984; Huang and Weisblat, 1996). Vulval precursor cells (VPCs) 

of the nematodes are a classical example of the equivalence group. Cell-cell 

interactions involved in the patterning of VPCs in C. elegans have been 

thoroughly described. An inductive signal from the anchor cell and lateral 

inhibition between VPCs play pivotal roles in the patterning of the VPCs 

(reviewed in Horvitz and Sternberg, 1991; Kornfeld, 1997). Similar to the 

nematode VPCs, signals from non-O/P lineages (Ho and Weisblat, 1987; 

Huang and Weisblat, 1996) and interactions between the members of the  

O/P equivalence group (Weisblat and Blair, 1984; Zackson, 1984; 

Shankland and Weisblat, 1984) are involved in the patterning of the O/P 

equivalence group of the leech. 

In recent years, comparative experimental studies in a variety of 

nematode species reveal that the patterning mechanisms underlying the 

evolutionarily conserved morphology of the nematode vulva are highly 

variable (reviewed in Sommer, 2001). In certain evolutionary lineages, 

vulval patterning mechanisms can even change without altering cell lineage 

pattern (Sommer, 1997; Srinivasan et al., 2001). This type of evolution in 

the developmental pathway that generates little or no phenotypic effect is 
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dubbed as ‘developmental system drift’ and is generally considered to be 

selectively neutral (True and Haag, 2001). The variability of developmental 

pathways in the neutral drift process is permeated by the hierarchical and 

modular organization of developmental pathways that allows the co-optation 

of new ‘modules’ to a pathway and the disconnection of existing ‘modules’ 

from it (Wagner and Altenberg, 1996; Kirschner and Gerhart, 1998; Eizinger 

et al., 1999). The complexity and organization of a developmental hierarchy 

may be a key factor in determining the variability of that developmental 

pathway. Given the extraordinary variability in the vulval patterning 

mechanisms of nematodes, one might suspect that the patterning mechanism 

of this particular equivalence group is inherently highly amenable to such 

neutral evolutionary change. 

The first step toward understanding the evolutionary potential of the 

equivalence group is to examine the evolutionary variability of patterning 

mechanisms in other equivalence groups than nematode VPCs. Compared to 

the nematode VPCs, the O/P equivalence group of the leech has a relatively 

simple organization in which a pair of cells have two alternative cell fates to 

choose from. A comparative study of the O/P equivalence group in different 

leech species should yield insight into the variability of the patterning 

mechanism of this equivalence group. 

Relevant information about normal development of the leech is 

reviewed below (Figure 1; see also pp.4-5 for a more detailed description). 

The segmented ectoderm and mesoderm of the leech are derived from five 

bilateral pairs of teloblasts—four pairs of ectoteloblasts and one pair of 
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mesodermal teloblasts—that each develops into a definitive set of 

differentiated descendants. Through repeated asymmetric cell divisions, a 

teloblast produces a bandlet that is composed of a string of blast cells. A 

germinal band forms by the coalescence of bandlets arising from five 

ipsilateral teloblasts. In the germinal band, the four ectodermal bandlets are 

arranged along the dorsoventral axis transversely with the n bandlet 

ventralmost and the q bandlet dorsalmost, and the m (mesodermal) bandlet 

underlies the four ectodermal bandlets. The precursors of these three 

bandlets— N, Q, and M teloblasts—can be easily identified based on their 

position in the embryo. The remaining two ectoteloblasts are named O/P 

teloblasts because of their developmental equipotency (Weisblat et al., 

1984). The fate of an o/p bandlet is positionally specified in the germinal 

band. The more ventral o/p bandlet which is in contact with the n bandlet 

adopts the O fate, and the more dorsal o/p bandlet which is in contact with 

the q bandlet adopts the P fate. 

In the past two decades, experimental studies have identified several 

factors involved in O/P patterning. In experiments in which the P lineage 

was ablated, the O lineage ‘transfates’ into the P fate, but the P lineage does 

not transfate following the ablation of the O lineage (Weisblat and Blair, 

1984; Shankland and Weisblat, 1984; Zackson, 1984). This was interpreted 

as implying that the P lineage interacts with the O lineage to suppress P fate 

and induce O fate in the O lineage cells. An O-fate inducing signal from the 

micromere-derived provisional integument that covers the germinal band 

(Ho and Weisblat, 1987) and a P-fate inducing signal from the Q lineage 
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(Huang and Weisblat, 1996) were later identified experimentally, although 

in different Helobdella species. Huang and Weisblat (1996) proposed that 

the ‘interaction’ between the O/P pair occurs because the presence of the p 

bandlet prevents the o bandlet from physically contacting the q bandlet. In 

this model, the dorsal o/p bandlet receives the P-fate inducing signal from 

the adjacent q bandlet. This signal overcomes the O-fate inducing signal 

from the provisional integument and promotes P fate in the dorsal o/p 

bandlet. The ventral o/p bandlet receives the O-fate inducing signal from the 

provisional integument but not the P-fate inducing signal from the q bandlet. 

But the results from an experiment in which the p bandlet is ablated in the 

germinal band at a later stage support an active signaling between the o and 

p bandlets (Shankland and Weisblat, 1984). It should be noted that the roles 

of the p bandlet as an active inducer of the O fate and as a passive barrier to 

the P-fate inducing signal are not mutually exclusive, and it remains possible 

that the p bandlet plays both roles simultaneously. 

One potential problem of the model mentioned above is that it is 

assembled from data obtained in two distinct Helobdella species: H. 

triserialis (Weisblat and Blair, 1984; Shankland and Weisblat, 1984; 

Zackson, 1984, Ho and Weisblat, 1987) and H. robusta (Huang and 

Weisblat, 1996). Experimental studies on the development of the O/P 

equivalence in the past two decades were performed on several different 

species of clitellate annelids and sometimes yielded inconsistent results 

(Table 4; see below). In keeping with the evolutionary variability in 

nematode vulval development, one might suspect that such an inconsistency 
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is the result of evolutionary divergence in the patterning mechanism of the 

O/P lineage. The cell lineage patterns and the developmental fates of the 

teloblast descendants are remarkably conserved in the clitellate annelids. But 

lines of evidence suggest that the O/P patterning mechanism is similar to the 

vulval patterning mechanism of the nematodes in its evolutionary variability. 

For example, the sludgeworm Tubifex has a very similar cell lineage pattern 

and fate map to that of the glossiphoniid leeches (Goto et al., 1999), and yet, 

the O/P patterning mechanisms in Tubifex appears to be very different from 

that of the leech Helobdella  robusta (Huang and Weisblat, 1996; Arai et al., 

2001). Among glossiphoniid leeches, significant differences in the O/P 

patterning mechanisms were detected experimentally in Theromyzon and 

Helobdella (Keleher and Stent, 1990; F. Z. Huang and D. A. Weisblat, 

personal communication). Furthermore, variation of developmental pathway 

in different Helobdella species was found in the developmental regulation of 

a micromere lineage (Huang et al., 2002). Hence, the evolutionary 

conservation in morphology and cell lineage pattern does not necessarily 

imply the conservation of developmental pathways. Variability of the O/P 

patterning mechanisms at a lower taxonomic level, such as among 

Helobdella species, should be further studied experimentally. 

In this study, I experimentally examined the cell-cell interactions 

involved in the symmetry-breaking process of the O/P equivalence group in 

different laboratory strains of the leech Helobdella. In an equivalence group, 

the first step in the patterning process is to establish an asymmetry among 

the initially equivalent cells, and then the feedback interactions between the 
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members of the equivalence group can reinforce the cell identities that the 

cells acquire via the initial symmetry-breaking process. This symmetry 

breaking process can be a stochastic event, e.g. the determination of 

neuroblast in Drosophila, or a localized cell-cell interaction that serves as a 

positional cue, e.g. the inductive signal from the anchor cell in the patterning 

of VPCs in C. elegans (Greenwald and Rubin, 1992). In the leech, it appears 

that the interaction with the Q lineage can play the role of a symmetry 

breaker in the pattern formation of the O/P equivalence group. It was 

previously shown that the Q lineage plays a central role in the specification 

of the P lineage in the strain of H. robusta originating from Sacramento, CA 

(Huang and Weisblat, 1996). But here, I demonstrate that there is a 

significant difference in the response of the O/P lineages to the bilateral 

ablation of the Q lineages in two H. robusta strains of different geographical 

origins. In addition to the Q-lineage dependent pathway, an M-lineage 

dependent pathway is redundantly involved in the specification of the P fate 

in H. robusta from Austin, Texas. I also show that the O/P patterning 

mechanism in a third Helobdella leech from Galt, California—which is more 

distantly related to these two H. robusta strains than these two H. robusta 

strains are to each other—is largely similar to that in H. robusta from 

Sacramento, CA. These data suggest that the patterning mechanism of the 

O/P equivalence group, similar to that of the nematode VPCs, can evolve 

rapidly despite its high degree of evolutionary conservation in cell lineage 

and morphology.



 52

MATERIALS AND METHODS 

Animals 

Leeches of the genus Helobdella used in this study were taken from 

three separate breeding laboratory colonies with distinct geographical 

origins. The leeches originating from Sacramento, California (Shankland et 

al., 1992) are referred to as H. robusta (Sacramento), those from Austin, 

Texas as H. robusta (Austin), and those from Galt, California as Helobdella 

sp. (Galt). I was unable to obtain breeding individuals of H. triserialis, the 

leech species that has been used to generate a huge amount of experimental 

data, since the laboratory colonies of H. triserialis died out several years ago 

due to food supply shortage, and the wild population of H. triserialis has 

disappeared from its original collection site (D. A. Weisblat and S. T. 

Bissen, personal communication). 

Despite their very similar morphology, these leech laboratory strains 

display a substantial divergence in partial DNA sequence of the 

mitochondrial gene cytochrome c oxidase I (A. Bely and D. A. Weisblat, 

personal communication). The phylogenetic tree constructed from the 

sequence data is shown in Figure 12. Although the status of H. robusta 

(Austin) and  H. robusta (Sacramento) as geographical variants of the same 

species requires further evaluation, the leeches from Austin, TX are referred 

to as H. robusta here in order to conform with previously published 

literature. Both strains have been used in experimental and molecular studies 

of leech development that generate a significant amount of published data. 
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In addition to the differences in their mitochondrial genome 

sequences, these leeches are also different from each other in their 

developmental timing. The overall time duration of development from 

fertilized egg to hatched juvenile in each strain examined here is roughly the 

same, but differences in the length of each developmental stage are detected 

in leech strains of different geographical origins. The developmental timing 

in Helobdella sp. (Galt) is similar to that of H. robusta (Sacramento) (F. Z. 

Huang, personal communication). However, stage 7 in H. robusta (Austin) 

is ~24 hours longer than that in H. robusta (Sacramento). In turn, stage 8 H. 

robusta (Austin) is ~24 hours shorter than that in H. robusta (Sacramento). 

 

Culture and Staging of Embryos 

Embryos used in experimentation were taken from brooding animals 

and were cultured at 23˚C in a buffered saline medium (4.8 mM NaCl, 1.2 

mM KCl, 2.0 mM MgCl2, 8.0 mM CaCl2, 1.0 mM maleic acid, pH 6.0) 

supplemented with antibiotics (0.05 mg/ml tetracycline, 100 units/ml 

penicillin, 100 units/ml streptomycin). Staging and nomenclature of the 

leech embryo follow Stent et al. (1992). 

 

Injection of Cell Lineage Tracer and Ablation of Teloblast 

Cell lineage tracer labeling was done by pressure injecting the OP 

proteloblast or the O/P teloblast with a 1:1 mixture of 100 mg/ml 

tetramethylrhodamine dextran, lysine fixable or fluorescein dextran, lysine 

fixable (Molecular Probe, Eugene, OR) and 4% Fast Green (Sigma) in 200 



 54

mM KCl. Teloblast ablation was done as described earlier in the Materials 

and Methods of Part I. In short, the target teloblast was pressure injected 

with an 1:3:4 mixture of 0.83 mg/ml ricin A chain (Sigma), 100 mg/ml 

fluorescein dextran, and 4% Fast Green (Sigma) in 200 mM KCl. 

The operated embryos were raised separately in a 24-well culture dish 

and were fixed at stage 8 or 9 with a 1:1 mixture of 8% formaldehyde (Pella) 

and HEPES buffered saline (50 mM HEPES, 150 mM NaCl, pH 7.4) and 

counterstained with 2.5 µg/ml Hoechst 33258 at 4˚C overnight. The stage 8 

embryos were used for the examination of the cleavage pattern of the blast 

cell. The stage 9 embryos were dissected and mounted on slides for the 

examination of the differentiated pattern elements arising from the O/P 

lineage. 

 

Ablation of Micromere-Derived Epithelium 

The micromere-derived provisional epithelium was ablated by an 

‘irradiation’ technique. The procedure of irradiation was modified from Ho 

and Weisblat (1987) to accommodate the differences in developmental 

timing in different leech strains. The target micromeres (opq” and n’) were 

injected with fluorescein dextran lineage tracer immediately after their birth. 

Then, a 1:1 mixture of 100 mg/ml biotin dextran, lysine fixable (Molecular 

Probe, Eugene, OR) and 4% Fast Green (Sigma) in 200 mM KCl was 

pressure injected into the O/P teloblasts as a cell lineage tracer instead of 

fluorescent dextran in order to avoid unwanted photodamage of the O/P 

lineages.  In late stage 7/early stage 8 (52-58 hours after the formation of the 
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opq” micromere), an intense 485 nm beam was focused on the labeled 

epithelium through a 40X water immersion objective of a compound 

microscope. Roughly 24 to 30 hours following the irradiation procedure, the 

embryos were fixed, counterstained, and washed as described earlier. To 

visualize biotin dextran lineage tracer, fixed embryos were incubated in a 

saline butter containing 0.8% Triton X-100 and avidin-rhodamine complexes 

in room temperature for 2 hours and were washed extensively. 

 

Statistical Analysis 

The χ2 test was used to compare the results from combinatorial 

ablation experiments. Experiments that yielded variable outcomes were 

compared statistically to ascertain whether differences were likely to be 

explained by sampling error. Because the presumptive P lineage can express 

other types of cleavage pattern than the P type and the O/P mosaic, the 

degree of freedom is 2. The α value is set to P = 0.05 here. 
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RESULTS 

Normal Development of the O/P Equivalence Group 

In Helobdella, a blast cell from a teloblast lineage has a stereotypic 

cleavage pattern (Zackson, 1984; Shankland, 1987b,c). The definitive fate of 

a teloblast lineage is defined by a specific set of differentiated pattern 

elements arising from that lineage in older embryos. The cleavage pattern of 

a blast cell clone can usually predict its definitive fate although this 

prediction may fail in certain experimental conditions (Shankland, 1987a; 

also see below). Because molecular markers for specific cell fates in the 

teloblast lineages of the leech are currently unavailable, the cleavage pattern 

of blast cell clones in the stage 8 embryos and the differentiated pattern 

elements in the stage 9 embryos are here employed in the characterization of 

the fate of an o/p blast cell clone here. 

In a stage-7/8 germinal band, the presumptive o bandlet lies next to 

the most ventral ectodermal bandlet, the n bandlet, and the presumptive p 

bandlet lies next to the most dorsal ectodermal bandlet, the q bandlet. The 

blast cell clones in a given bandlet exhibit an anteroposterior gradient of 

clonal age. The older anterior blast cell clones exhibit cleavage patterns of 

the more advanced stages while the younger posterior blast cell clones 

exhibit cleavage patterns of the earlier stages. In its first division, a primary 

o blast cell divides asymmetrically to produce a significantly larger anterior 

daughter cell and a significantly smaller posterior daughter cell, and a 

primary p blast cell divides more symmetrically to produce two daughter 

cells of similar size along the anteroposterior axis (Figure 13A,B). The 
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subsequent cell divisions also exhibit lineage-specific patterns in the O and P 

lineages (Figure 13C,D). The size and the spatial pattern of the primary blast 

cell and its progeny are determined by the size and distribution of nuclei in 

the blast cell clone. The cleavage patterns of O and P lineages in normal 

development are overtly the same in the leech strains examined here. 

At stage 9, each O or P lineage derives into a definitive set of pattern 

elements that consists of parts of the ventral nerve cord, peripheral nervous 

system and epidermis (Figure 14). In the nerve cord, the O lineage gives rise 

to the crescent neuron cluster (CR), posteroventral cluster (PV), and 

anterodorsal cluster (AD), and the P lineage gives rise to three closely 

clustered neurons named pz1-3, a more medially located neuron pz4, and the 

wedge-shaped neuron cluster (WE). Only one of the bilateral pair of the pz4 

neuron survives in each ganglion, and the other pz4 dies (Shankland, 1987c). 

In the peripheral nervous system, the O lineage gives rise to three identified 

peripheral neurons: oz1, oz2 and LD2, and the P lineage gives rise to a 

number of identified neurons—the pz5, pz7, pz8, pz9 and pz10 neurons, and 

a pair of morphologically indistinguishable pz6/LD1 neurons. Among the 

epidermal pattern elements, two isolated patches of squamous epidermis, 

cell floret 2, and the nephridial tubule that is associated with cell floret 2 are 

derived from the O lineage, and cell florets 1 and 3, a part of cell floret 2 and 

dorsal lateral epidermis are derived from the P lineage. In general, the O 

lineage primarily contributes to the ventral nerve cord and ventrolateral 

epidermis and gives rise to a few peripheral neurons. In contrast, the P 

lineage contributes more to the peripheral nervous system and dorsolateral 
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epidermis and gives rise to fewer pattern elements in the ventral nerve cord 

when compared to the O lineage. 

Definitive developmental fates of the O and P lineages have been 

examined in glossiphoniid leech species other than the members of the genus 

Helobdella (e.g. Kramer and Weisblat, 1985; Torrence and Weisblat, 1986). 

The O and P pattern elements are the identical in all leech strains examined 

here and appear to be conserved among the glossiphoniid leeches. 
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Inter-Strain Variation in the Responses to the Bilateral Ablation 

of the Q lineage 

It was previously demonstrated that contact with the q bandlet is 

responsible for inducing P fate in the ventral O/P lineage in H. robusta 

(Sacramento) (Huang and Weisblat, 1996). To see whether the O/P 

patterning mechanism is conserved in closely related leech strains, the effect 

of the ablation of the Q lineage on the development of the O/P lineages was 

examined in embryos of different leech strains. 

As Huang and Weisblat (1996) demonstrated, in the unilateral Q 

teloblast ablation experiment, a transient contact with the q bandlet of the 

contralateral germinal band at the posterior end of the micromere cap is 

sufficient to specify an o/p blast cell to the P fate. To eliminate this 

interaction, the left and right Q teloblasts were ablated in all subsequent 

experiments in which ablation of the Q lineage is required.  

 

H. robusta (Austin) 

Following the bilateral ablation of the Q teloblasts, the OP 

proteloblast or the ipsilateral O/P teloblasts were then injected with 

fluorescent cell lineage tracer. The cleavage pattern of blast cell clones in the 

labeled o/p bandlets was scored in stage 8 (Figure 15A-D). In all 51 pairs of 

o/p bandlets examined, the more ventral bandlet, the presumptive o bandlet, 

shows a O-type cleavage pattern. In 32 out of 51 pairs of o/p bandlets 

examined, the more dorsal bandlet, the presumptive p bandlet, shows a P-

type cleavage pattern.  In the other 19 pairs of o/p bandlets, the presumptive 
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p bandlet expresses a more complicated pattern. In the latter group, the 

majority of individual blast cell clones in these presumptive p bandlets 

expresses a P-type cleavage pattern, but the blast cell clones in a number of 

more posterior segments express an O-type cleavage pattern. These posterior 

segments exhibited another anomaly that may have an influence on fate 

specification of the O/P lineages. In these segments, the m bandlet that is 

situated underneath the two ipsilateral o/p bandlets is in a more superficial 

position such that it compresses the apical-basal axis of the blast cells in the 

o/p bandlets and reduces the contact area between the consegmental o/p blast 

cell clones (Figure 16).  

In one particular case, an inversion of the o/p bandlets took place 

(Figure 15E,F). At the posterior end of the germinal band in this embryo, the 

presumptive o bandlet shifts from the more ventral O position to the more 

dorsal P position and assumes the position of the presumptive p bandlet, and 

the presumptive p bandlet does the reverse.  The blast cell clones located 

immediately posterior to the inversion site appear to have finished the first 

cell division. The blast cell clones in the bandlet that shifts from the O 

position to the P position retain their normal O-type cleavage pattern after 

the positional shift, and similarly, those in the presumptive p bandlet exhibit 

the P-type pattern after the positional shift. It appears that each of the o/p 

bandlet pair appears to be able to maintain its identity after a positional shift 

in the germinal band. Unfortunately, the inversion took place at such a 

posterior position that only a few positionally shifted blast cell clones were 

available for scoring. 
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To score the differentiated pattern elements derived from the O/P 

lineage, each of the two ipsilateral O/P teloblasts was injected with a 

different lineage tracer following the bilateral ablation of the Q teloblasts. 

Surprisingly, contrary to the cleavage pattern expressed by the presumptive 

p blast cell clones in stage 8 embryos, every presumptive P lineage gave rise 

to P pattern elements consistently while every presumptive O lineage gave 

rise to O pattern elements in stage 9 embryos (n = 25) (Figure 17A-D; Table 

5). 

This result is very different from that reported in H. robusta 

(Sacramento) in which the ipsilateral O/P lineages both adopt the O fate 

following the bilateral ablation of the Q teloblasts (Huang and Weisblat, 

1996; also see below) and suggests that different mechanisms are involved 

in O/P patterning in these two strains. Furthermore, the statistical 

inconsistency between the stage-8 cleavage pattern and stage-9 differentiated 

pattern elements expressed by the presumptive P lineage suggests that a 

complicated multi-step mechanism may be involved in O/P patterning in H. 

robusta (Austin). 

 

H. robusta (Sacramento) 

To further ensure that the observed difference in the responses of the 

O/P lineages to bilateral ablation of the Q lineages is due to differences in 

the O/P patterning pathways of these two strains—rather than a deviation of 

experimental procedures used in this study from that in Huang and Weisblat 

(1996)—bilateral ablation of the Q teloblasts was also performed in the 
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embryos of H. robusta (Sacramento). Following the ablation of the Q 

lineages, the O/P lineages were labeled with fluorescent lineage tracer. The 

cleavage pattern of the blast cell clones in the o/p bandlets was then scored 

in stage 8 embryos. As shown in Figure 15G, the cleavage pattern of the o/p 

bandlets in the embryos of H. robusta (Sacramento) is uniformly O-type 

following the bilateral ablation of the Q lineages (n = 10). 

To examine the differentiated pattern elements derived from the O/P 

lineage in stage 9 embryos of H. robusta (Sacramento), each of the two O/P 

teloblasts was injected with a different fluorescent cell lineage tracer. 

Among 17 O/P pairs examined, only O pattern elements were present, and 

the P pattern elements were completely missing. Furthermore, each pattern 

element was composed of cells arising from different the ipsilateral O/P 

lineages (Figure 17E-J; Table 5). This suggests that the differences in the 

response of the O/P lineages to the bilateral ablation of Q lineages between 

these two leech strains is due to the difference in their O/P patterning 

mechanisms rather than a technical issue. Unlike H. robusta (Austin), the 

cleavage pattern of the o/p blast cell clones and the pattern elements derived 

from the O/P lineage are overtly consistent with each other in the 

Sacramento strain. It appears that contact with the q bandlet is the 

predominant factor involved in the specification of the P fate in H. robusta 

(Sacramento) while a more complicated mechanism is involved in O/P 

patterning in H. robusta (Austin). 
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Helobdella sp. (Galt) 

To further explore the diversity of the O/P patterning mechanisms in 

Helobdella leeches, bilateral ablation of the Q teloblasts was performed in 

the more distantly related Helobdella sp. (Galt). The O/P lineages were 

labeled with fluorescent cell lineage tracer, and the cleavage pattern of the 

o/p blast cell clones was examined in stage 8 embryos. It was found that the 

o/p blast cell clones in the operated embryos uniformly express an O-type 

cleavage pattern (n = 24) (Figure 15H). The response of the O/P lineage to 

bilateral ablation of the Q lineages in Helobdella sp. (Galt) is thus largely 

the same as that in H. robusta (Sacramento). This suggests that a mechanism 

similar to that of H. robusta (Sacramento) is responsible for the specification 

of the P fate in the O/P lineage in Helobdella sp. (Galt). 
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Symmetry-Breaking Mechanism in the O/P Equivalence Group of 

H. robusta (Austin) 

O lineage can transform into P fate when the Q lineage is present 

Two distinct mechanisms may be responsible for generating normal 

O/P pattern in the embryos of H. robusta (Austin) following the bilateral 

ablation of the Q lineage: (1) interactions with cell lineages other than the Q 

lineages, or (2) a predisposition of cell fate in each O/P lineage. However, 

the presumptive P lineage can express O-type cleavage pattern in stage 7/8 

under certain circumstances, making it unlikely that the O/P cell fates are 

patterned by a cell-lineage dependent mechanism. 

To experimentally demonstrate conditional cell fate specification of 

the O/P lineages in H. robusta (Austin), each of the two ipsilateral O/P 

teloblasts was labeled with a different lineage tracer and one of the O/P 

teloblasts was then ablated. Pattern elements derived from the labeled cells 

were then scored in stage 9 embryos. It was found that, regardless of its 

position, the labeled O/P lineage consistently gives rise to P pattern elements 

in the segments where the other O/P lineage is ablated (n = 15) (Figure 18). 

Results of these experiments are comparable to the same experiments done 

in H. triserialis and H. stagnalis (Weisblat and Blair, 1984; Zackson, 1984). 

The ablation of the P lineage causes the O lineage to transfate into P fate 

while the ablation of the O lineage has no effect on the developmental fate of 

the P lineage. 
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The ‘lone’ O/P lineage can adopt the O fate when the Q lineage is absent 

In the above section, it was shown that, similar to the other Helobdella 

species, the O lineage can transfate when the P lineage is ablated in H. 

robusta (Austin). In H. robusta (Sacramento), transfating of the O lineage 

upon the ablation of the P lineage is proposed to be caused by a novel 

contact between the O lineage and the Q lineage (Huang and Weisblat, 

1996). 

To see whether the Q lineage is responsible for inducing the P fate 

when the P lineage is ablated in H. robusta (Austin), the bilateral Q 

teloblasts, the two left O/P teloblasts and one of the right O/P teloblasts were 

ablated, and the remaining one O/P teloblast was injected with lineage 

tracer. Cleavage pattern of the blast cell clones in the labeled o/p bandlet was 

examined in stage 8 embryos. In all operated embryos, the cleavage pattern 

of blast cell clones in the lone o/p bandlet is exclusively the asymmetric O 

type (n = 57) (Figure 19A). 

The labeled pattern elements derived from the ‘lone’ o/p bandlet were 

also examined in stage 9 embryos. In 5 out of 8 embryos, the o/p bandlet 

gave rise to O pattern elements exclusively (Figure 19B). In the remaining 3 

embryos, the o/p bandlet gave rise to O pattern elements in some segments 

and to P pattern elements in other segments (Figure 19C). None of these 

lone o/p bandlets gave rise to only P pattern elements throughout the entire 

28 midbody and caudal segments. Similar to the bilateral ablation of the Q 

lineages, there is a statistical inconsistency between the cleavage pattern of 
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the blast cell clones in stage 8 embryos and the differentiated pattern 

elements in stage 9 embryos in this set of experiments. 

Despite the statistical inconsistency between the cleavage pattern and 

the differentiated pattern elements expressed by the ‘lone’ O/P lineage, the 

developmental fate of the remaining O/P lineage in the above experiment in 

which the other O/P lineages are ablated together with the Q lineages is 

apparently different from that in the experiments in which only one O/P 

lineage is ablated. This suggests that the Q lineage is involved in specifying 

P fate in the presumptive p bandlet in H. robusta (Austin). But in addition to 

the Q-lineage dependent pathway, a redundant pathway may act in parallel 

to the Q-lineage dependent pathway in specifying the more dorsal o/p 

bandlet to the P fate in H. robusta (Austin). 

 

Characterization of the Q-lineage independent O/P patterning pathway 

To identify the source of the symmetry breaking signal, the M 

teloblast, the N teloblast, or the micromere-derived provisional integument 

was individually ablated together with the bilateral pair of Q teloblasts. 

These cell populations, in addition to the Q lineage, are those which 

surround the o/p bandlets in a normal germinal band and are thus the best 

candidates for the sources of signal in the Q-lineage independent O/P 

patterning pathway. The results of these combinatorial ablation experiments 

are summarized in Table 6. 
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The M lineage 

To see whether the M lineage is involved in the Q- lineage 

independent O/P patterning pathway, the cleavage pattern of blast cell clones 

in the o/p bandlets of stage 7/8 embryos was scored following the 

combinatorial ablation of the M lineage or the M and Q lineages. Stage-9 

pattern elements derived from the O/P lineages were not scored because 

ablation of the M lineage disrupts the later morphogenesis of the surviving 

ectodermal lineages. 

When the M lineage is bilaterally or unilaterally ablated, the cleavage 

pattern of the O/P lineages appears to be normal (Figure 20C,D; Table 6). In 

54 o/p bandlet pairs examined in operated embryos, 53 o/p pairs showed the 

normal cleavage pattern. In the remaining one o/p pair, both the presumptive 

o and p bandlets displayed a P-type cleavage pattern. In this embryo, both 

bandlets were in contact with the q bandlet at the posterior end of the 

germinal band. The same phenomenon was also reported in Huang and 

Weisblat (1996). These data suggest that the ablation of the M lineage alone 

does not create a consistent effect on the fate specification of the O/P 

lineages. 

Bilateral ablation of the M and Q teloblasts, however, has a profound 

effect on the cleavage pattern expressed by the o/p blast cell clones. Among 

the 12 pairs of o/p bandlets examined, blast cell clones exhibited the O-type 

cleavage pattern uniformly (Figure 20A,B). Similarly, in all embryos in 

which the right M teloblast and the two Q teloblasts were ablated, the two 
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o/p bandlets in the right germinal band both displayed the O-type cleavage 

pattern (n=12). 

Compared to the bilateral ablation of the Q teloblasts alone, the 

cleavage pattern of the presumptive P lineage is different from that in 

experiments in which the Q and M lineages are both ablated (χ2 = 24.00, P < 

0.0001). These data suggest that the mesodermal lineage plays a critical role 

in pattern formation of the O/P lineage when the Q lineage is absent. But 

when the Q lineage is present, the ablation of the M lineage does not have a 

significant effect of the cleavage pattern of the O/P lineages. This suggests 

that the Q lineage and the M-dependent pathway can act redundantly to 

generate normal O/P pattern. 

It should be noted that, following the ablation of the mesodermal 

lineage, each ectodermal bandlet, which normally overlays the mesodermal 

bandlet, becomes separated from other ectodermal bandlets in the more 

anterior area of the germinal band (Figure 20D). In the more posterior area 

of the germinal band, the ectodermal bandlets remain in contact with each 

other (Figure 20C). However, the separation of the o/p bandlet appears to be 

less severe in the embryos in which both the Q lineage and the M lineage are 

ablated (Figure 20B).  

 

The N lineage 

Since the combinatorial ablation of the M and Q lineages can induce 

the two ipsilateral O/P lineages to express O-type cleavage pattern, one 

might expect that the N lineage is not required for the Q-lineage independent 
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pathway. Indeed, the cleavage patterns of the blast cell clones in the right 

O/P lineages were not very different from those seen in the embryos whose 

Q lineages were bilaterally ablated in embryos whose two Q teloblasts and 

right N teloblast were ablated (χ2 = 3.28, P = 0.1945) (Table 6). In all 11 

operated embryos, the presumptive o bandlet displayed the O-type cleavage 

pattern. In 4 embryos, the presumptive p bandlet displayed the P-type pattern 

while the presumptive p bandlet displayed a mosaic of O- and P-type 

cleavage pattern in the remaining 7 embryos. In embryos in which the N 

lineage is unilaterally (n = 12) or bilaterally (n = 10) ablated and the Q 

lineages left intact, the cleavage pattern of blast cell clones in the o/p 

bandlets appears to be largely normal (Table 6).  

When both the N and Q teloblasts were bilaterally ablated, the 

cleavage pattern of the O/P lineage was highly variable. Among 20 pairs of 

o/p bandlets examined, 13 pairs exhibited unrecognizable cleavage patterns 

(Table 6). In these embryos, the o/p bandlets frequently failed to enter the 

germinal band, and the o/p bandlets ‘zigzag’ and wander around in the 

peripheral region of the micromere cap. In the remaining o/p bandlet pairs, 

the o/p bandlets can either exhibit duplicated O-type pattern (n = 3) or 

duplicated P-type pattern (n = 2). Normal cleavage pattern was observed in 

the other 2 o/p bandlet pairs. 

Based on the results of the experiments in which the bilateral Q 

lineages and the unilateral N lineage are ablated, it appears that the N lineage 

does not play an active role in the patterning of the O/P lineage. Because of 

the severe disruption of germinal band morphogenesis following bilateral 
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ablation of the N and Q lineages and the role of the M lineage in the 

specification of the P fate, the variety of observed cleavage patterns 

expressed by the O/P lineages may be caused by non-specific effects due to 

a disruption in the relative position of the o/p bandlets with respect to the m 

bandlets. 

 

Micromere-derived provisional integument 

Among the three cell lineages examined here, the micromere-derived 

provisional integument is the least likely candidate for the symmetry breaker 

in the O/P equivalence group because it covers each of the ectodermal 

bandlets in a germinal band uniformly. But it was previously shown that the 

micromere-derived epithelium is required for normal O fate specification in 

H. triserialis (Ho and Weisblat, 1987). To see whether the micromere-

derived epithelium plays a role in O/P patterning of H. robusta (Austin), the 

micromere-derived epithelium was ablated by the method described by Ho 

and Weisblat (1987) (see also Materials and Methods). In short, the 

micromeres that are the precursors of the epithelial cells that cover the o/p 

bandlets were injected with fluorescein dextran lineage tracer after their 

birth, and two days later in development an intense 485 nm illumination was 

focused on the labeled region to kill the labeled cells that cover the o/p 

bandlets. 

Unlike what was seen in H. triserialis, the ablation of micromere-

derived epithelial cells does not cause the underlying presumptive o blast 

cell clones to express the P-type cleavage pattern in H. robusta (Austin). 
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Instead, the cleavage pattern of the O/P lineages appears to be largely 

normal (n = 57) (Table 6). Furthermore, when the bilateral Q teloblasts and 

the micromere-derived epithelium were both ablated (n = 37), the cleavage 

pattern of the O/P lineage in these embryos is similar to those in the embryos 

whose bilateral Q teloblasts were bilaterally ablated (χ2 = 2.05, P = 0.3579) 

(Table 6). 
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DISCUSSION 

Studies in the variation of developmental pathways in closely related 

species or populations within the same species is a key to understanding how 

evolutionary process generates organismal diversity (Stern, 2000; Simpson, 

2002). Comparative experimental studies in nematode vulval development 

revealed that the patterning mechanisms of the nematode VPCs are highly 

variable among closely related species (Sommer, 2001). To further explore 

the evolutionary potential of equivalence groups, I experimentally 

investigated variation of the symmetry-breaking mechanisms of the O/P 

equivalence group in currently available laboratory strains of the leech 

Helobdella. The O/P equivalence group is evolutionarily conserved across 

the clitellate annelids in its morphology and ontogeny. Among the three 

strains studied here, a Q-lineage dependent pathway and an M-lineage 

dependent pathway appear to be redundantly involved in symmetry breaking 

of the O/P lineage in H. robusta (Austin). In the other two strains, the Q 

lineage alone appears to be sufficient for generating the O/P pattern in 

normal development. This ‘hidden’ variation in the pattern of cell-cell 

interactions in closely related leech populations suggests that the 

developmental pathway underlying the conserved morphology could in fact 

have a high rate of evolutionary change. This study also supports the notion 

that rapid turnover of developmental pathways underlying a conserved 

morphological pattern may be an important feature in the evolution of 

equivalence groups.
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O/P Patterning Mechanism in Helobdella 

 The primary goal of this study is to experimentally characterize the 

symmetry breaking mechanism in the O/P equivalence group of H. robusta 

(Austin), and compare the results obtained from this strain to those from H. 

robusta (Sacramento) and Helobdella sp. (Galt). H. robusta has become the 

primary species used in molecular analysis of leech embryogenesis in recent 

years. In addition to these two strains of H. robusta, important experimental 

studies on the embryogenesis of the leech have also been carried out in H. 

triserialis and Theromyzon rude in the past two decades. To understand the 

cellular and molecular basis of development, it is extremely important to 

integrate experimental embryology data and molecular analysis data into a 

coherent thesis. Evolutionary conservation in the cell lineage and fate map 

among glossiphoniid leech species has led some investigators to believe that 

the mechanisms of embryogenesis are largely conserved among leech 

species and to construct models of leech embryogenesis from data obtained 

from different species. However, the present findings caution against such 

generalizations. 

Recent advances in comparative analysis of development of closely 

related species and molecular phylogeny have brought us to appreciate the 

possibility of variation in developmental pathway underlying a seeming 

evolutionarily conserved morphological trait. In the leech Helobdella, such 

variations in developmental pathway have been identified in micromere 

lineages (Huang et al., 2002). Here, I will focus on the symmetry breaking 
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process in the pattern formation of the O/P equivalence group of the leech 

Helobdella. 

 

Redundant pathways in the specification of the P fate 

The O/P patterning mechanism of H. robusta (Sacramento) has been 

studied by Huang and Weisblat (1996). In short, they demonstrated that the 

presumptive p bandlet is induced to adopt the P fate by its contact with the q 

bandlet by showing that both members of the O/P pair adopt the O fate 

following the ablation of the Q lineage. My data suggest that the O/P 

patterning mechanism of H. robusta (Austin) is different from that of H. 

robusta (Sacramento). Two independent pathways appear to play redundant 

roles in patterning the O/P equivalence group in H. robusta (Austin). 

By comparing developmental fates of the O/P lineages in two 

different experimental combinations: (1) the surviving O/P lineage adopts P 

fate when one of the two ipsilateral O/P lineages is ablated, and (2) the 

surviving O/P lineage adopts O fate or a segmental mosaic of O and P fates 

when bilateral Q lineages and three O/P lineages are ablated, it is clear that 

the Q lineage is involved in the O/P patterning pathway. In addition to the 

Q-lineage dependent pathway, an M-lineage dependent pathway is also 

evident. Upon the ablation of the M and Q lineages, all o/p blast cell clones 

in both o/p bandlets uniformly express the O-type cleavage pattern. By 

contrast, the ablation of the M lineage or the Q lineage alone does not appear 

to have the same effect on the cleavage pattern of the O/P lineages in 

embryos of H. robusta (Austin). Taken together, these findings suggest that 
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the M lineage and the Q lineage act redundantly in the O/P patterning 

process. Furthermore, these data also suggest that, similar to H. robusta 

(Sacramento) (Huang and Weisblat, 1996), the default fate of the O/P 

lineage is the O fate. 

To sum, H. robusta (Austin) and H. robusta (Sacramento) share the 

following characteristics: (1) the default fate of the O/P lineage is the O fate, 

(2) the presumptive O and P lineages both have the developmental potential 

to adopt either O or P fate and are thus equipotent, and (3) the q bandlet can 

specify the o/p bandlet which is in contact with it to adopt the P fate. But 

these two strains differ in that, in addition to the Q lineage-dependent 

pathway, an M lineage-dependent pathway is sufficient to specify the P fate 

with variable efficacy in H. robusta (Austin), but not in H. robusta 

(Sacramento). 

To further understand the M lineage-dependent pathway and its 

evolution, molecular characterization of the O/P patterning mechanism is 

required. This study explicitly shows that a Q-lineage dependent pathway 

and an M-lineage dependent pathway are involved in the symmetry breaking 

of the O/P equivalence group of H. robusta (Austin). Only the Q-lineage 

dependent pathway of symmetry breaking is evident in H. robusta 

(Sacramento) and Helobdella sp. (Galt). However, it is possible that the 

differences between these strains are quantitative variation. The latter strains 

may have the same molecular mechanisms as H. robusta (Austin), but if so 

the M-lineage dependent signal is too weak to specify the P fate on its own. 
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This sort of quantitative variation, if present, can only be detected with 

molecular analysis, not the experimental approaches used in this study. 

 

The M lineage-dependent O/P patterning pathway 

In this study, it was revealed that the mesodermal lineage is required 

for the Q-lineage independent symmetry-breaking pathway that specifies P 

fate in the P lineage. Unlike the ectodermal lineages in which the early 

divisions of blast cell clones are along the anteroposterior axis, the primary 

m blast cell divides along the dorsoventral axis (Zackson, 1984), and the 

dorsal M sublineage may thus be the source of a signal that is involved in 

inducing the o/p blast cell clone above it to adopt P fate. 

Although these ablation experiments have their limitation in 

distinguishing a direct inductive interaction and an indirect passive 

interaction, careful examination of  the morphological effect created by 

experimental manipulation can yield some insights into the M lineage-

dependent pathway. As mentioned earlier, transfating of the O lineage in the 

O/P lineage ablation experiments (Weisblat and Blair, 1984; Shankland and 

Weisblat, 1984; Zackson, 1984) can be interpreted as either the P lineage 

actively sending an signal to induce O fate in the O lineage, or the P lineage 

passively preventing the O lineage from contacting the Q lineage and 

receiving the P fate inducing signal from the Q lineage. A similar problem of 

interpretation can be applied to the experiments presented here. In one 

scenario, the function of the o bandlet is merely to position the p bandlet to 

the dorsal side of the germ band, and the M lineage is the source of a 
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localized inductive signal which induces the P fate in the more dorsal o/p 

bandlet, but not in the more ventral o/p bandlet. In an alternative scenario, 

the o/p bandlets actively undergo lateral inhibition to specify their distinct O 

and P fates, and the M lineage potentiates the presumptive P lineage to 

receive the P-inducing signal from the presumptive O lineage. But there is 

no significant change in the relative positions of the m, o, and p bandlet 

observed in areas of the germinal band where the presumptive P lineage 

expresses the O-type cleavage pattern. Hence, it is likely that lateral 

inhibitory interactions between the presumptive O and P lineages are 

involved in the specification of P-type cleavage pattern. 

 Additionally, different types of cell interactions may be involved in 

the specification of cleavage pattern and the specification of the definitive 

cell fate. The uncoupling of cleavage pattern and definitive cell fate is 

supported by statistical inconsistencies between the cleavage pattern and the 

differentiated pattern elements in some experiments. In embryos in which 

the Q lineages are bilaterally ablated, the presumptive p blast cell clones can 

express the O-type cleavage pattern when the o/p bandlets are displaced by 

the intrusion of the underlying m bandlets in the posterior region of the germ 

band. In 37% of the o/p bandlet pairs scored, such a phenotype was present. 

But in the stage 9 embryos obtained from the same experimental procedure, 

there was not a single p blast cell clone that developed into O pattern 

elements. Similarly, in embryos in which the two Q teloblasts and three of 

the four O/P teloblasts are ablated, 100% of the remaining o/p blast cell 

clones appear to have a O-type cleavage pattern. But in stage 9 embryos 
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derived from the same experimental procedure, the only remaining O/P 

lineage gives rise to O pattern elements in some segments and to P pattern 

elements in other segments in 37.5% of the embryos. These data suggest 

that, even though the o/p blast cell clone may express an O-type cleavage 

pattern, its cell fate could be specified to the P fate by cell-cell interaction(s) 

that take place at a later stage of development. 

A similar sort of transfating was observed in the O lineage of H. 

triserialis. In these experiments, the p bandlet was ablated locally at a later 

stage, and hence the o bandlet had already been exposed to the p bandlet 

before the ablation took place. These o blast cell clones expressed the O-type 

cleavage pattern (Shankland, 1987a), but they eventually underwent a full or 

partial transfating in stage 9 embryos (Shankland and Weisblat 1984). It 

should be pointed out that in all three cases mentioned above, it is always the 

cell that expresses the O-type cleavage pattern that has the potential to 

differentiate into P-type pattern elements. 

To summarize, these data suggest that interactions between the 

ipsilateral O/P lineages are important for the determination of early cleavage 

pattern in the O/P lineage, but that the definitive fate of the O/P lineage may 

be specified by a distinct mechanism, such as the position of the o/p bandlet 

in relation to the m bandlet. Unfortunately, ablation of the M lineage leads to 

severe disruption of ectodermal morphogenesis and makes it impossible to 

score the stage-9 pattern elements. Hence, there is no way to experimentally 

demonstrate a role of the M lineage in the specification of the definitive 

developmental fates of the O/P lineage at this moment. 
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Cell fate specification and cell adhesion in the O/P lineage 

In the M lineage ablation experiments, a change of cell contact 

between ectodermal bandlets was observed. In the more posterior region of 

the germinal band, the four ectodermal bandlets are tightly packed to form a 

continuous layer. But in the more anterior region of the germinal band, the 

four ectodermal bandlets become separated from each other although the 

cleavage pattern of blast cell clones in each bandlet appears normal. The 

high stability of cleavage pattern expressed by the o/p lineage in the absence 

of a contact with any other teloblast lineage in later stages of development 

indicates that the developmental fates of the O and P lineages have been 

determined by this stage and that cell-cell interactions between different 

lineages are no longer required for normal fate specification of the O/P 

lineage at this stage. 

Compared to the M lineage ablation experiments, separation of the 

two o/p bandlets appears to be less severe in the embryos whose M and Q 

lineages are ablated. Since both O/P lineages adopt O fate in these embryos, 

it is possible that cell adhesion between homotypic cells are holding the two 

o/p bandlets. Following this same logic, a reduced cell adhesion between 

heterotypic cells might allow the ectodermal bandlets to become separated 

more readily in the M lineage ablation experiments. 

 

Intra-bandlet interactions 

It has been demonstrated that interaction between the blast cells in the 

same bandlet is not required for the segmental patterning in the O/P lineages 



 80

in H. robusta (Austin) (Seaver and Shankland, 2000, 2001). But the data 

presented here suggest that interactions along the anteroposterior axis 

between the blast cell clones in the same bandlet might be involved in the 

specification of the O fate and/or P fate in the O/P equivalence group. 

In one rare case in which an inversion of the o/p bandlets took place in 

an embryo in which the Q lineages were bilaterally ablated, blast cell clones 

in the ‘o’ bandlet and the ‘p’ bandlet maintained an O-type and a P-type 

cleavage pattern respectively after the positional exchange took place. 

Additionally, when the P lineage is ablated, the O lineage does not transfate 

immediately posterior to the site of the truncation of the P lineage. Instead, 

the transfating of the O lineage takes place several segments posterior to the 

site of the truncation of the P lineage. Together, these data may indicate that 

the descendants of the same teloblast might be able to adopt that cell fate 

from the more anterior blast cell clones which are at a more advanced stage 

of differentiation. However, the interaction between the blast cell clones in 

the same bandlet does not appear to be a major factor involved in the 

specification of cell fate in the O/P lineage since the effect appears to be 

local and is soon overcome by the dorsoventral position-dependent pathway. 

 

The role of micromere-derived epithelium in the O/P patterning 

pathway 

It was previously demonstrated that the micromere-derived epithelium 

that covers the o/p bandlets is required for the normal specification of O fate 

in H. triserialis (Ho and Weisblat, 1987). When epithelial cells of the 



 81

provisional integument derived from the opq” micromere are ablated in this 

species, the presumptive o blast cell clones express a P-type cleavage pattern 

and descendant fate. Such a change in the developmental fate of the 

presumptive O lineage is not seen in similar experiments performed in H. 

robusta. However, the absence of response in the O/P lineages to the 

ablation of micromere-derived epithelium in H. robusta does not exclude the 

possibility that the micromere-derived epithelium is involved in fate 

specification of the O/P lineages. It merely indicates that the relative 

significance of this interaction is different. 

It is possible that the difference in the developmental timing in H. 

triserialis and H. robusta may contribute to the difference in the response of 

the O/P lineage to the ablation of the micromere-derived epithelium. In H. 

triserialis, the first division of a primary blast cell of the O/P lineage takes 

place roughly 21 hours after its birth (Zackson, 1984; Shankland, 1987b, c). 

But in H. robusta (Austin), the first division of an o/p primary blast cell does 

not take place until 40~45 hours after its birth (D.-H. K., unpublished 

observation). This difference may have compromised the effectiveness of 

this ablation approach in studying the role of micromere-derived epithelium 

in fate specification of the O/P lineage in H. robusta. 

In order to detect the effect of the micromere-derived epithelium on 

fate specification of the o/p primary blast cell, the ablation of the micromere-

derived epithelium must be carried out before the identity of the primary 

blast cell is specified. However, if the ablation of micromere-derived 

epithelium is done too early, the epithelial cells derived from other 
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micromere lineages will spread out to fill up the gap created by the ablation 

of the fluorescein dextran-labeled cell clone, and the spreading of surviving 

micromere-derived epithelial cells may be able to reverse the effect induced 

by the ablation (Ho and Weisblat, 1987). Hence, the ablation of micromere-

derived epithelium must be done before the fate (i.e. cleavage pattern) of the 

O/P lineage is specified, but late enough to prevent the spreading of other 

surviving micromere lineage. In H. triserialis, the short first cell cycle of the 

o/p blast cell clone may create a window of time that allows the effective 

ablation of the micromere-derived epithelial cells. But considering the much 

longer first cell cycle of the o/p blast cell clone in H. robusta, the time 

segment in which the o/p blast cell is not yet specified and the time segment 

in which the surviving micromere-derived epithelial cells have not yet 

spread to the ablated region may not overlap at all. 

Additionally, even if such a window that allows effective ablation of 

the micromere-derived epithelium exists in H. robusta, considering the 

complexity of the O/P patterning mechanism in H. robusta (Austin), it is 

possible that redundant signals (such as intra-bandlet interactions between 

the o blast cell clones mentioned above) may be responsible for maintaining 

the O fate in the presumptive o blast cell clones in the limited area where the 

micromere-derived epithelium is ablated. 

In any case, the micromere-derived epithelium does not appear to be 

the symmetry breaker of the O/P equivalence group in the leech Helobdella 

although it may be involved in the process of cell fate specification in the 

O/P equivalence group once the initial symmetry is broken. Unlike the Q 
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lineage which contacts with the p bandlets specifically,  the epithelial cells 

derived from the micromeres cover both the o and p bandlets (Ho and 

Weisblat, 1987; Smith and Weisblat, 1994). In H. robusta (Sacramento) and 

Helobdella sp. (Galt), it is the Q lineage that provides the symmetry-

breaking signal by repressing the O fate in the P lineage (Huang and 

Weisblat, 1996), and in H. robusta (Austin), either the Q lineage or the M 

lineage can play this role.
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Evolution of O/P Patterning Mechanisms 

The role of redundancy in generating the diversity of developmental 

pathways 

Developmental fates of teloblast lineages and the cell lineage that 

leads to the formation of the teloblasts is evolutionarily conserved in 

clitellate annelids. In the species whose teloblast fate map has been 

determined by lineage tracer labeling experiments, the differentiated pattern 

elements arising from each teloblast are very similar (Weisblat et al., 1984; 

Storey, 1989; Goto et al., 1999). 

As previously noted, the pathway that generates this conserved pattern 

can be variable in different evolutionary lineages. For example, the cleavage 

programs of the O and P lineages in the earthworm Eisenia are comparable 

to that in the glossiphoniid leeches (Storey, 1989), but that in the 

sludgeworm Tubifex appears to be quite different from that in the 

glossiphoniid leeches and the earthworm (Arai et al., 2001). 

A more striking variability in the development of the teloblast 

lineages was revealed by experimental studies on the patterning of the O/P 

lineages. In  Tubifex, it appears that the O fate in the more ventral pluripotent 

O/P lineage is induced by the interaction with the more dorsal P lineage 

which is specified by a cell-lineage dependent mechanism (Arai et al., 

2001). Thus, the O and P lineages of Tubifex may not be an equivalence 

group. In the glossiphoniid leeches, many lines of experimental evidences 

suggest that the O/P lineages are an equivalence group. The Q lineage 

(Huang and Weisblat, 1996), the micromere-derived provision integument 
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(Ho and Weisblat, 1987), the interaction between the O/P lineages (Weisblat 

and Blair, 1984; Shankland and Weisblat, 1984; Zackson, 1984), and the M 

lineage (this study) have been demonstrated to be involved in pattern 

formation of the O/P lineages. But unlike in Helobdella, the fate of the O/P 

lineage in another glossiphoniid leech Theromyzon appears to be determined 

by its position in the germinal band rather than the interaction with Q 

lineage. Following ablation of one of the two ipsilateral O/P teloblasts, the 

fate that the surviving O/P lineage adopts depends on its position in the 

germinal band (Keleher and Stent, 1990)  Furthermore, bilateral ablation of 

the Q lineages in Theromyzon fails to affect the normal cleavage patterns 

expressed by the O and P lineages (F. Z. Huang and D. A. Weisblat, 

personal communication). 

Although these works mentioned above have shown that the O/P 

patterning mechanism is highly variable, one has yet to understand how 

these diverse mechanisms could evolve while continuing to generate a very 

similar end product. The first step toward understanding how the O/P 

patterning mechanism evolves is to compare the O/P patterning mechanism 

in closely related species or in different populations of the same species. In 

this study, I experimentally examined the factors involved in the patterning 

of the O/P lineage in all three existing laboratory colonies of the leech 

Helobdella. The phylogenetic pattern of the evolution of O/P patterning 

mechanism is shown in Figure 21. Based on the partial mitochondrial 

genome sequence data, these two leech strains from California are more 

distantly related to each other than the two H. robusta strains from 
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California and Texas respectively. The M-lineage dependent pathways and 

the Q-lineage dependent pathway are detected in the leech strain originating 

from Texas. In the other two leech strains from California, only the Q-

lineage dependent pathway is present, and this pathway appears to be 

evolutionarily conserved between these two more distantly related strains. 

The differences between the two more closely related H. robusta strains 

suggest that the M-lineage dependent pathway—or at least its relative 

importance in O/P patterning pathway—is an evolutionary novelty in an 

evolutionary lineage giving rise to the leech strain from Texas.  

The most important feature in the evolution of the O/P patterning 

mechanism in Helobdella is the presence of functionally redundant 

pathways. In H. robusta (Austin), the Q-lineage dependent pathway and the 

M-lineage dependent pathway appear to be functionally redundant. Each of 

them can generate a normal pattern in the O/P lineage independently 

although neither is fully penetrant on its own. Redundancy in developmental 

pathway plays an important role in allowing the evolutionary change of that 

developmental pathway to take place. The existence of redundancy creates 

an opportunity for a selectively neutral shift in developmental pathway, and 

can give rise to evolutionary novelty (True and Haag, 2001). For example, 

redundant pathways of vulval patterning as revealed by comparative studies 

on various geographical strains of the nematode Pristionchus (Srinivasan et 

al., 2001) may eventually give rise to distinct vulval patterning mechanisms 

that generate the same VPC cell lineage pattern in more distantly related 

diplogastrid nematodes (Sommer, 1999). Analogous to the vulval 
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equivalence group in diplogastrid nematodes, the redundancy in 

developmental pathway may pave the way for the diversification of the 

ancestral O/P patterning pathway into very different pathways as seen at a 

higher taxonomic level, such as that in Tubifex, Theromyzon, and 

Helobdella. 

‘Redundancy’ as described above provides a ‘neutral’ route toward 

evolutionary novelty (see True and Haag, 2001). But it does not necessarily 

imply that all developmental redundancies are selectively neutral. One can 

easily imagine that developmental redundancy can act as a ‘canalization’ 

agent—a stabilizing mechanism that buffers variation in genetic background 

and/or environmental fluctuation (Gibson and Wagner, 2000). Among-strain 

variation of the O/P patterning mechanism may be the product of an adaptive 

process acting at some level of selection that is not readily apparent from the 

data at hand. Our current understanding of the population genetics of the 

leech is insufficient for us to determine the role of adaptation and neutral 

drift in the evolution of O/P patterning mechanism. Furthermore, a general 

understanding of the evolutionary dynamics of developmental pathway and 

its phenotype in the ecological context has yet to be achieved. 

 

O/P equivalence group in Helobdella as a model system for population 

analysis of developmental evolution 

The key to the question of how the patterning pathway of the O/P 

equivalence group in Helobdella evolves may lay in the unique breeding 

system of the leech. Leeches are self-compatible hermaphrodites that are 
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capable of selfing, an extreme form of inbreeding. Considering the selective 

disadvantage of inbreeding, such a breeding system could only evolve as a 

trade-off to overcome a more immediate problem, such as the difficulty in 

finding another individual for mating (Ghiselin, 1969; Puurtinen and 

Kaitala, 2002). By drawing analogy from other animals that share a similar 

ecology and breeding system to that of the leech Helobdella, one may be 

able to gain some insights into the mode of genetic differentiation in leech 

populations. It should be noted that the nematode species of the genus 

Pristionchus, whose VPCs are similar to the O/P equivalence group in the 

evolutionary pattern of their developmental pathways (Srinivasan et al., 

2001), have two genders: male and hermaphrodite. Although the breeding 

systems of the nematode are not completely the same as the leech, both of 

them are capable of selfing. It is possible that selfing may be correlated to 

rapid evolutionary rates of equivalence group patterning pathways. 

It has long been acknowledged that the mode of breeding system has a 

significant effect on the differentiation of population genetic structure 

(reviewed by Charlesworth and Wright, 2001). A few self-compatible 

hermaphroditic “model organisms,” such as the nematode Caenorhabditis 

and the plant Arabidopsis, have been used to study the effects of selfing on 

the genetic variability in the population (e.g. Savolainen et al., 2000; 

Graustein et al., 2002). The most interesting of all are the basommatophoran 

snails (see Jarne and Delay, 1991), which have a similar habitat and breeding 

system to that of the leech Helobdella. Microsatellite loci in wild 

populations of these species usually display low within-population genetic 
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variation and high among-population variation as a result of high inbreeding 

rates due to selfing and frequent population bottlenecks due to habitat 

instability (e.g. Viard et al., 1997; Charbonnel et al., 2002; Trouvé et al., 

2003). These features in genetic structure also correlate to a high frequency 

of population subdivisions that eventually facilitate diversification by 

random drift or local adaptation (Wade and Goodnight, 1998). 

One should be cautious that the discussion above is based on a general 

similarity in the ecology and breeding system of the leech Helobdella and 

the freshwater hermaphroditic basommatophoran snails. Population genetic 

data of the leech  are completely absent at this moment, and hence it is not 

known how valid the above discussion is until further populational analysis 

of the leech is done. Additionally, the variation in the responses to 

experimental manipulation does not necessarily represent the actual genetic 

polymorphism. For example, genetic polymorphism of the O/P patterning 

pathway among different geographical strains may be quantitative (i.e. 

strength of the inductive signal from the M lineage in the case of the O/P 

symmetry-breaking mechanism) rather than qualitative, but the experimental 

methods used here can not distinguish an extreme quantitative variation 

from a qualitative difference. Also, the methods used here are not capable of 

detecting small quantitative variation within each geographical strain as 

well. 

Nevertheless, evolution of complex morphological traits and their 

developmental pathways remains to be among the most challenging and the 

least understood topics in evolutionary biology. Given that the above 
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hypothetical scenarios for the evolution of the O/P patterning pathway can 

be tested with population genetic data of genes involved in the O/P 

patterning pathway and comparative genomic data among different 

populations, the O/P equivalence group in the leech Helobdella has a 

potential to become a useful experimental system for studying genetic 

differentiation in small subdivided inbreeding populations and its effect on 

the evolution of complex traits and their developmental pathways.
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Variability of the Equivalence Group and Its Complexity 

As stated in the previous section, one of the most significant 

consequences of developmental redundancy is the generation of 

evolutionary novelty. However, the most peculiar aspect in the clitellate O/P 

equivalence group is its evolutionary conservation. The two notions above 

bring about a paradox: if the developmental pathways that are responsible 

for patterning the O/P lineage are so variable, why is the morphological 

pattern of the O/P lineage so conserved? A similar question can also be 

posed upon the nematode VPC equivalence group. In the evolution of 

nematode vulval development, variation in patterning mechanisms of the 

VPCs often co-occurs with changes in their cell lineage patterns (Sommer 

and Sternberg, 1994,1995; Félix et al., 2000). But in diplogastrid nematodes, 

vulval patterning mechanisms change without altering cell lineage (Sommer, 

1997; Srinivasan et al., 2001). Two possible explanations can be offered for 

the stasis of the O/P lineage in clitellate annelids and the VPC pattern in 

diplogastrid nematodes: (1) differential selection pressure that limits the end 

product of this developmental pathway but not the change in developmental 

pathway; (2) developmental constraints that limit the possible phenotypic 

variability. 

In general, lack of variation in an adaptive trait implies that a strong 

local selective pressure leads to a selective sweep that eliminates variation 

within population, and natural selection can also drive differentiation of 

populations that inhabit different environments (e.g. Travisano et al., 1995; 

Rainey and Travisano, 1998; Cooper et al., 2003). But the ubiquitous role of 
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natural selection in adaptive evolution is usually demonstrated in simple 

systems. Although natural selection does play a central role in determining 

the outcomes in the evolution of complex adaptive morphologies (e.g. Losos 

et al., 1998; Huey et al., 2000; Albertson et al., 2003), it appears that natural 

selection can not completely account for the evolution of genetic 

architectures that underlie these morphologies (e.g. Huey et al., 2000; 

Peichel et al., 2001; Albertson et al., 2003). In addition to natural selection, 

historical events and the interactions between evolving loci can play an 

important role in determining the evolutionary outcomes of complex traits 

(Yedid and Bell, 2002). Since the O/P lineages represent a complex trait, 

non-selective factors such as constraints and random drifts may play 

important roles in its evolution. Since I have already discussed the possible 

role of random drift in the previous section, I will focus on the role of 

development constraint in the following discussion. 

Developmental constraint is clearly defined as “biases on the 

production of variant phenotypes or limitations on phenotypic variability 

caused by the structure, character, composition, or dynamics of the 

developmental system” (Maynard Smith et. al., 1985). But in practice, 

identifying developmental constraint is always a frustrating exercise. Due to 

the complexity of developmental processes involved in constructing an 

organism, it is nearly impossible to define and identify “biases on the 

production of variant phenotypes” or “limitations on phenotypic variability”. 

However, if we limited our analysis to a simpler system, such as an 
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equivalence group, the identification of such “biases” or “limitations” could 

become more manageable. 

The major difference between the more variable equivalence group 

and the less variable equivalence group is the ratio between the number of 

cells and the number of developmental fates that need to be fulfilled (Table 

7). In the clitellate O/P equivalence group, a pair of o/p cells has to select 

between two alternative fates. In diplogastrid nematodes, the number of 

VPCs are limited to four by a change in lin-39 homeotic gene expression 

pattern (Eizinger and Sommer, 1997), and there are three distinct cell fates 

that need to be fulfilled (Sommer, 1999). There is very little flexibility in the 

assignment of cell fates in these equivalence groups. By contrast, the cell 

lineage is more variable in non-diplogastrid nematodes—whose number of 

available VPC cells is much higher while there are only three or four cell 

fates that are needed to be fulfilled (Sommer and Sternberg, 1994,1995; 

Félix et al., 2000). 

Theoretically, the higher the value of (available cells)/(cell fates) is, 

the greater the evolutionary flexibility this equivalence group has. In those 

equivalence groups which have a low ratio, evolutionary change in the cell 

lineage has to take place at the expense of existing structures. For 

equivalence groups whose end products are relatively unimportant for the 

survival of organism, this kind of change could take place only if the 

selective advantage of the new structure is strong enough to overcome the 

selective disadvantage of the loss of the old structure. But in equivalence 

groups whose end products are functionally vital to the organism, such as the 
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VPCs of the nematode and maybe the O/P lineage of the clitellate annelids, 

this kind of change could never take place because it is not selectable at all. I 

would propose that the ratio of the number of available cells and the number 

of cell fates that need to be fulfilled in an equivalence group can represent a 

type of developmental constraint. Future theoretical and experimental 

studies on the evolution of equivalence group should be able to bring better 

insight into how development, natural selection, drift and other agents in 

evolution interact to create evolutionary novelty.
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Figure 1 Schematic representation of leech development. See text for a 
detailed description. Adapted from Shankland and Savage (1997).
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Figure 2 Early development of the OP lineage. (A) The OP proteloblast 
undergoes four asymmetric cell divisions to form the four primary op blast 
cells. The op4 blast cell is labeled with red. The OP proteloblast undergoes a 
symmetric cell division to form the two O/P teloblasts. Each O/P teloblast 
then resumes asymmetric cell divisions to form the o and p bandlets. Blue 
arrows indicate the axis of cell division. (B) Divisions of the op4 blast cell. 
(C) Fluoromicrograph showing the four tertiary blast cells of the op4 clone 
(clonal age = 44 hours). The OP proteloblast was injected with rhodamine-
dextran immediately before the birth of op4 blast cell. The specimen was 
counterstained with Hoechst 33258, and is shown with anterior toward the 
top. The boundary between the op4 clone and the o and p bandlets is marked 
with a yellow line. Note that the posterior edge of the op4.pp cell retains a 
unique chevron shape which borders the o bandlet to the future ventral side 
(left) and p bandlet to the future dorsal side (right). Scale bar: 10 µm. This 
figure is previously published in Kuo and Shankland (2004). 
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Figure 3 The OP lineage of rostral segments is serially homologous to 
the sum of the O and P lineages in more posterior segments. This embryo 
was fixed and dissected at stage 9, by which time the primary blast cells 
have given rise to their segmental clones of differentiated descendants. The 
op4 clone is labeled with rhodamine, and the more posterior O+P lineages 
are labeled with rhodamine and fluorescein (see Materials and Methods). 
The preparation shown here is oriented with anterior to the top, ventral 
midline to the left, and dorsal to the right. The segmental boundaries are 
marked on the left side of each panel.  (A) The morphological pattern of 
differentiated descendants in the op4 blast cell clone (red) is overtly similar 
to one segmental repeat of the O and P lineages combined (yellow). (B) The 
op4-derived pattern elements in the ventral nerve cord are homologous to the 
segmental pattern elements derived from the O and P lineages. The ventral 
nerve cord is visualized with Hoechst 33258 counterstaining (blue). Scale 
bar: 20 µm. This figure is previously published in Kuo and Shankland 
(2004).



 99

 

 
 

Figure 4 Serial homology in cell identity between specific OP 
sublineages and O/P sublineages is shown by injection of rhodamine dextran 
lineage tracer. The labeled embryos were fixed and dissected at stage 9. The 
clonal origin of the labeled cells is shown at the lower right corner of each 
panel. The pattern elements derived from cell op.aa (A) in the rostral 
segments are homologous to the pattern elements derived from cell o.aa (B) 
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and cell p.aa (C) in more posterior segments. The pattern elements derived 
from cell op.ap (D) in the rostral segments are homologous to the pattern 
elements derived from cell p.ap (E) in more posterior segments. The pattern 
elements derived from cell op.pa (F) in the rostral segments are homologous 
to the pattern elements derived from cell o.ap (G) in more posterior 
segments. The pattern elements derived from cell op.pp (H) in the rostral 
segments are homologous to the pattern elements derived from cell p.p (I) in 
more posterior segments. See text for detail. CR: crescent neuron cluster; 
PV: posterior ventral neuron cluster; AD: anterior dorsal neuron cluster; 
WE: wedge-shaped neuron cluster; mpg: medial packet glia; c.f.3: cell floret 
3; t.: tubular structure homologous to the nephridial tubule (n.t.) in midbody 
segments (see text for detail); epi.: epidermis. See Figure 2 for the 
orientation of the specimen. Scale bar: 20 µm. This figure is previously 
published in Kuo and Shankland (2004).
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Figure 5 Schematic representation of the serial homology in cell identity 
between OP sublineages and O/P sublineages. (A) Comparison of an op 
blast cell clone (top) and the paired o and p blast cell clones (bottom) during 
embryonic stage 7. At the stage shown, the op blast cell has undergone two 
rounds of division (see Figure 2B) and the o and p blast cells have 
undergone their second cell division in only the anterior half of the clone. 
Each homologous pair of cells gives rise to the same set of pattern elements, 
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and their nuclei are here labeled with the same color. The positional 
relationship between the OP, O and P sublineages is indicated with anterior 
to the top, ventral to the left and dorsal to the right. (B) Descendant pattern 
elements arising from one op blast cell or a consegmental pair of o and p 
blast cells in the stage 9 embryo. The clonal origin of the pattern elements is 
represented by the same color scheme used in Figure 5A. See Figure 4 for 
labeling of pattern elements. This figure is previously published in Kuo and 
Shankland (2004).
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Figure 6 ‘Isolated’ O-type cells show no sign of developmental 
regulation. (A) The ‘isolated’ op4.aa cell consistently gives rise to its normal 
fate (Figure 4A). (B) The ‘isolated’ op4.pa cell consistently gives rise to its 
normal fate (Figure 4F). Pattern element labels are given in Figure 4. Scale 
bar: 20 µm. This figure is previously published in Kuo and Shankland 
(2004).
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Figure 7 Developmental regulation in ‘isolated’ P-type cells. (A) An 
example of an ‘isolated’ op4.ap cell clone. (B) An example of an ‘isolated’ 
op4.pp blast cell clone. In both cases, the ‘isolated’ P-type cell gives rise to 
pattern elements that are normally derived from the ablated sublineages 
(marked by parentheses), and unidentifiable cell clusters (marked by 
asterisks). Note that ‘isolated’ P-type cells give rise to a variable 
combination of pattern elements (see Table 1) and differing combinations 
were seen in different embryos. Scale bar: 20 µm. This figure is previously 
published in Kuo and Shankland (2004). 
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Figure 8 A correlation between bandlet slippage and developmental 
regulation in the op.pp lineage following ablation of cell op.pa. The OP 
lineage was labeled with rhodamine lineage tracer and the op4.pa cell ablated 
during stage 7. The operated embryos were fixed at stage 9 and 
counterstained with Hoechst 33258. (A, B) In those embryos in which 
bandlet slippage did not take place, the PV and AD clusters are usually 
missing from the op4 clone. The normal sites of the missing op4 pattern 
elements are marked in white. (C, D) In embryos that experience slippage, a 
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gap forms between the portion of the blast cell clone immediately anterior to 
the ablated cell and the portion immediately posterior to the ablated cell 
op4.pa. Within the gap, no labeled cells are observed, and the ganglia in the 
gap show a reduced size. A PV cluster (yellow arrowhead) and an AD 
cluster (yellow asterisk) are seen immediately posterior to the gap, and are 
therefore likely to be derived by regulation of cell op4.pp. See Figure 3 for 
the orientation of the specimen. Yellow: op4 descendants; light blue: op3 
descendants; green: the descendants of the anteriormost o and p blast cells. 
Arrow head: PV cluster;  asterisk: AD clusters. See Figure 4 for labeling of 
additional pattern elements. Scale bar: 20 µm. This figure is previously 
published in Kuo and Shankland (2004).
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Figure 9 Development of the op4 clone is normal in absence of the O and 
P lineages. (A) Pattern elements derived from the op4 cell in normal 
development. (B) Pattern elements derived from the op4 blast cell following 
the ablation of the O and P lineages. All the pattern elements appear normal 
except for that the epidermis spreads across the segmental boundary 
(asterisk). See Figure 4 for labeling of pattern elements. Scale bar: 10 µm. 
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Figure 10 The Q lineage is not required for normal fate specification of 
the OP lineage. (A, B) The OP lineage of the rostral segments and the O and 
P lineage of the midbody segments give rise to a complete set of O and P 
pattern elements in absence of the Q lineage in H. robusta from Austin, 
Texas. The OP lineage and the O lineage are labeled with rhodamine alone 
(red) and the P lineage is labeled with both rhodamine and fluorescein 
(yellow green). P pattern elements in peripheral nervous system and 
epidermis, including c.f.3 (asterisks), pz6/LD1 neuron pairs (arrowheads), 
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and pz10 neuron (arrows), are present in both the rostral (white) and 
midbody segments (yellow) (A). The WE neuron clusters (WE) are present 
in both rostral (white) and midbody segments (yellow) (B). (C, D) The OP 
lineage of the rostral segments give rise to a complete set of O and P pattern 
elements in absence of the Q lineage, but the O and P lineage give rise to O 
pattern elements only in H. robusta from Sacramento, CA. The P pattern 
elements are present in the rostral segments but are missing in the midbody 
segments (C). The WE neuron clusters (white asterisks) are present in the 
rostral segments, but are missing in the midbody segments (D). In all panels, 
anterior is to the up, and ventral is to the left. Hoechst 33258 counterstaining 
was used to highlight the ganglia of the ventral nerve cord in B and D. Scale 
bar: A, C: 15 µm; B, D: 10 µm.  
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Figure 11 Scenarios for the evolution of the OP lineage in the clitellate 
annelids. (A-C) Three hypothetical ancestral states for the OP lineage 
development. The ancestral OP lineage, together with other micromere 
lineages, may contribute to the non-segmental ectoderm (i.e. prostomium 
and provisional integument) and was later co-opted to segmental ectoderm 
(A). Alternatively, the ancestral OP lineage may be the sole lineage that 
contributes to the O/P portion of the segmental ectoderm, and the O/P 
lineages were then added posterior to the OP lineage to replace the ancestral 
OP lineage in constructing the O/P portion of the segmental ectoderm in the 
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midbody and caudal segments (B). Finally, the ancestral OP lineage may 
play the same role as its present-day homolog (C). (D) A schematic diagram 
showing the phylogenetic pattern of the annelids. In the annelids, the 
polychaete worms represent a paraphyletic group which includes several 
taxa that are previously recognized as different phyla. A branch of 
polychaete worms evolves into clitellates (oligochaetes and leeches). Similar 
to the polychaetes, the oligochaetes is a paraphyletic group. The leeches are 
derived from a branch of the oligochaetes. 
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Figure 12 Phylogenetic relationships of the Helobdella laboratory strains. 
A neighborhood-joining tree of cytochrome c oxidase subunit I DNA 
sequences from the glossiphoniid leeches that are used in laboratory 
investigations of leech biology shows the relationships between the 
Helobdella strains studied here. ✼ : the strains/species that are used in this 
study. ✚ : the strains/species that are used in the study of the O/P lineage 
elsewhere. : H. robusta (Sacramento) that was collected from the same 
site as the founders of the laboratory colonies of H. robusta (Sacramento) in 
a different year. This tree was modified from an unpublished tree 
constructed by A. Bely (Department of Biology, University of Maryland, 
College Park, MD).
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Figure 13 Normal cleavage pattern of the O/P lineage. (A, B) 
Fluoromicrograph showing the cleavage pattern of the blast cell clones in the 
o and p bandlets. Superimposed image is used to indicate the locations of the 
o (red) and p (green) bandlets (A). Hoechst 33258 nuclei staining is used to 
show the shape and the location of the nucleus of each individual cell. The 
profile of the nuclei is shown (B). The nucleus of each blast cell in the O/P 
lineage is labeled. The first division of the o blast cell is asymmetric and 
produces a large anterior daughter cell (o.a) and a small posterior daughter 
cell which has a characteristic small nucleus (o.p; marked with arrow). There 
is an anterioposterior gradient in the developmental progression of the blast 
cell clone. The more anterior blast cell clone is older than the more posterior 
blast cell clone and is thus in a more advanced stage of development. On the 
left bottom of panel B, an o primary blast cell shows mitotic morphology 
(red arrowhead). In the blast cell clone immediately anterior to it, the blast 
cell clone consists of the o.a and o.p cells. In the more anterior region (top 
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left) the o.a cell further divides into two daughter cells, o.aa and o.ap. The 
most posterior cells in the p bandlet are the p primary blast cells. Anterior to 
the p primary blast cells are the blast cell clone consisting of cells p.a and 
p.p. On the top right, a p.a cell is undergoing mitosis (yellow arrowhead). 
(C, D) The cleavage pattern of the o blast cell clone (C) and the p blast cell 
clone (D) in stage 7/8 embryos (adapted from Shankland, 1987b,c). The 
nucleus of the cell that is to undergo mitosis and give rise to two daughter 
cells in a given stage is filled with gray. Dorsal side of the embryo is to the 
left and the anterior end is to the top. Scale bar: A, B: 10 µm; C, D: 20 µm. 
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Figure 14 Differentiated pattern elements arising from the O/P lineage in 
stage 9 embryos. (A) The descendants of the O lineage (red) are located 
more ventral to the descendants of the P lineage (green). The white 
arrowhead at the top marks the dorsal edge of epidermis derived from the O 
and P lineages, and the yellow arrowhead marks the location of the most 
dorsal peripheral neuron derived from the O and P lineages. (B, C) Pattern 
elements derived from the O lineage. (D, E) Pattern elements derived from 
the P lineage. More superficial pattern elements are shown in B and D. 
Pattern elements in the ganglia of the ventral nerve cord are shown in C and 
E. Hoechst 33258 counterstaining was used to outline the ganglia of the 
ventral nerve cord. Axial orientation is shown at the lower left corner. See 
Figure 4 for labeling of pattern elements. Scale bar: A: 30 µm; B-E: 15 µm. 
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Figure 15 Effects of the ablation of the Q lineage on the cleavage patterns 
of the o/p blast cell clones in stage 7/8 embryos. (A, B) Ablation of the Q 
lineage does not cause the entire P lineage to transfate and adopt the O-type 
cleavage pattern in  H. robusta (Austin). Superimposed image is used to 
show the position of the o bandlet (red) and the p bandlet (green) (A). 
Hoechst 33258 counterstaining is used to show the shape and the location of 
the nucleus of each individual cell (B). The nucleus of each blast cell in the 
O/P lineage is labeled. The characteristic small nuclei of the o.p cells were 
labeled with red arrow. Asterisks appended to the name of the blast cells 
mark the segregating chromosomes in the telophase of the division of their 
mother cell. Lateral side of the embryo is to the left and the anterior end is to 
the top. (C, D) Optical section of the more posterior portion of the o bandlet 
(C) and the p bandlet (D) in the embryo of H. robusta (Austin). The anterior 
end of the germinal band is to the upper right, and the posterior is to the 
lower left. The surface of the embryo is to the upper left, and the center of 
the embryo is to the lower right. The blast cell clones in the o bandlet 
express their normal cleavage pattern. The o.p cells are marked with red 
arrows. In contrast, though most blast cell clones in the p bandlet shown here 
express a normal P-type cleavage pattern, one blast cell clone in the p 
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bandlet expresses the asymmetric O-type cleavage pattern (yellow arrow). 
The white line marks the normal daughter cells of p primary blast cells. (E, 
F) A positional shift of the o bandlet does not influence its cleavage pattern 
in an embryo that lacks the Q lineage. In this specimen, the o (red) and p 
(green) bandlet exchanges their positions at the posterior region of the 
germinal band (E). The O lineage maintains its normal cleavage pattern 
following the positional shift (F). See A for the labeling of nuclei and 
orientation. (G, H) Ablation of the Q lineage causes both o/p bandlets to 
express the O-like asymmetric cleavage pattern in H. robusta (Sacramento) 
(G) and Helobdella sp. (Galt) (H). The nuclei of o.p in the presumptive o 
bandlet are labeled with red arrows, and the nuclei of the ectopic o.p in the 
presumptive p bandlet are labeled with yellow arrows. See B for the 
orientation of the figures. Scale bar: A-B, F: 20 µm; C-E, G-H: 30 µm.
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Figure 16 Cleavage pattern of the presumptive p blast cell clone is 
correlated to the relative positions of the o/p bandlets to the m bandlet in 
stage 7/8 embryos of H. robusta (Austin). (A, B) At the region where the 
presumptive p bandlets have increased contact with the presumptive o 
bandlet (the areas between the white arrowheads), the presumptive p blast 
cell clone expresses a P-type cleavage pattern. In the region where the 
contact area between the presumptive o and p bandlets is reduced due to a 
more superficial position of the m bandlet (see below), the presumptive p 
blast cell clone expresses an O-type cleavage pattern. A superimposed image 
of the injected rhodamine cell lineage tracer and nuclear counterstaining is 
shown in A. The image of nuclei staining is shown in B. The anterior end of 
the germinal band is to the upper right, and the posterior is to the lower left. 
(C, D) Optical cross sections of the germinal band in the area where the m 
bandlet assumes a normal deeper position (C) and in the area where the m 
bandlet assumes a more superficial position (D). The cross-section profile of 
the o/p bandlet (red) has a nearly round shape when the m bandlet (green) is 
in its normal deeper position. The presumptive p blast cell clones express the 
P-type cleavage pattern when the o/p bandlets are in normal position. In the 
area where the m bandlet (green) assumes a more superficial position, the m 
bandlet compresses the apical-basal axis of the o/p bandlets. The contact 
area between the two o/p bandlets (white arrows) is thus reduced. The 
presumptive p blast cell clones in these areas expresses the O-type cleavage 
pattern. Scale bar:  A-B: 40 µm; C-D: 80 µm.
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Figure 17 Differentiated pattern elements arising from the O/P lineage 
following the ablation of the Q lineage are different in H. robusta (Austin) 
and in H. robusta (Sacramento). (A-D) Effects of bilateral ablation of the Q 
lineage on the development of the O/P lineage in H. robusta (Austin). The O 
lineage (red) and the P lineage (green) give rise to a set of normal O and P 
pattern elements respectively. (E-J) Effects of bilateral ablation of the Q 
lineage on the development of the O/P lineage in H. robusta (Sacramento). 
The O lineage (red) and the P lineage (green) give rise to the same set of O 
pattern elements. As a result, each pattern element consists of cell 
populations from two distinct lineages. In A and E, the white arrowhead at 
the top marks the dorsal edge of epidermis derived from the O and P 
lineages, and the yellow arrowhead marks the location of the most dorsal 
peripheral neuron derived from the O and P lineages. Compared to a normal 
embryo (Figure 14A), the epidermis spreads toward the dorsal midline to fill 
in the space created by the ablation of the Q lineage. Pattern elements in the 
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ventral nerve cord are shown in B-D (H. robusta, Austin) and F-H (H. 
robusta, Sacramento). B and H are the superimposed images showing the 
position of pattern elements derived from the O lineage (red; C, G) and the P 
lineage (green; D, H) in the ganglia (blue). Duplicated peripheral neurons 
that are normally derived from the O lineage are shown in I and J. Each one 
of the pair of duplicated neurons originates from a different O/P teloblast. 
See Figure 4 for labeling of pattern elements. See Figure 14 for orientation. 
Scale bar: A, E: 200 µm; B-D, F-J: 50 µm. 
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Figure 18 Response of the surviving O/P lineage to the ablation of its 
sister O/P lineage in H. robusta (Austin). (A) When the O lineage (red) is 
ablated, the P lineage (green) does not change fate. White arrowheads 
indicate segmental repeats of P pattern elements in segments in which the O 
lineage is absent. The asterisk marks the epidermis derived from the O 
lineage that spreads toward the posterior from the site of the truncation of 
the O lineage (arrow). (A) When the P lineage (green) is ablated, the O 
lineage (red) undergoes transfating. Transfating of the O lineage does not 
take place in the three segments immediately posterior to the site of the 
truncation of the P lineage. White arrowheads indicate segmental repeats of 
O pattern elements arising from the O lineage in segments in which the P 
lineage is absent. Yellow arrowheads indicate segmental repeats of P pattern 
elements arising from the O lineage in segments in which the P lineage is 
absent. The asterisk marks the epidermis derived from P lineage that spreads 
toward posterior end from the site of the truncation of the P lineage (arrow). 
Scale bar: 30 µm.
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Figure 19 Development of the ‘lone’ O/P lineage following the ablation of 
the two Q lineages and the other three O/P lineages. (A) In early stage 8, the 
blast cell clones in the ‘lone’ o/p bandlet express the O-type asymmetric 
cleavage pattern. The nuclei of the characteristic o.p cell is marked with an 
arrow. Orientation of the panel is the same as Figure 13. (B, C) 
Differentiated pattern elements derived from the ‘lone’ O/P lineage in a 
stage 9 embryo. The ‘lone’ O/P lineage either entirely gives rise to the O 
pattern elements in every midbody segment (B) or to the O pattern elements 
in some segments and P pattern elements in other segments (C). I did not 
encounter any case in which a ‘lone’ O/P lineage gave rise to P pattern 
elements in every segment. See Figure 14 for orientation. Scale bar: 30 µm.
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Figure 20 The mesodermal lineage is required in the Q lineage 
independent O/P patterning pathway in H. robusta (Austin). (A-D) The two 
ipsilateral o/p bandlets in a mid-stage 8 embryo in the absence of the M and 
Q lineages. In the posterior end of the germinal band, both bandlets exhibit 
the O-type asymmetric cleavage pattern (A, B). In the anterior end of the 
bandlet, the cleavage pattern exhibited by blast cell clones in these two 
bandlets remains similar to each other (C, D). (E-H) The two ipsilateral o/p 
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bandlets in mid-stage 8 embryo in the absence of the M lineage. In the 
posterior end of the germinal band, the overall morphology of the 
ectodermal bandlets and the cleavage pattern of the O/P lineage appears to 
be normal (E, F). The ectodermal bandlets become separated from each other 
in the more anterior germinal band though the cleavage pattern of each 
lineage appears to be normal (G, H). Through the entire length of the 
germinal band, the more lateral o/p bandlet expresses an asymmetric O-type 
cleavage pattern while the more medial o/p bandlet expresses a more 
symmetric P-type cleavage pattern. The positions of the o and p bandlets are 
shown by rhodamine labeling in A, C, E and G. The pattern of nuclei is 
shown in B, D, F and H. The characteristic o.p cells are marked with arrows. 
See Figure 13 for orientation. Scale bar:  30 µm.
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Figure 21 Evolution of the symmetry breaking mechanism in the O/P 
lineages. The clitellate species in which the O/P patterning mechanism has 
been studied experimentally are shown here. The lineage that plays a role in 
the symmetry breaking process of the O/P lineage is shadowed with gray. In 
Tubifex, the P lineage (black) is specified to the P fate before it enters the 
germinal band, and the interaction between the P lineage and the pluripotent 
O/P lineage specifies the O/P lineage to adopt the O fate (Arai et al., 2001). 
The O and P lineages of Tubifex does not represent an equivalence group. 
Unlike the glossiphoniid leeches, the provisional integument derived from 
the micromere cap does not spread more laterally to cover the germinal 
bands in Tubifex (Arai et al, 2001). In Theromyzon, the opq” micromere is 
required for the specification of the P fate, but the descendants of the opq” 
micromeres are not required (F. Z. Huang, personal communication). In 
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Helobdella triserialis, the micromere-derived epithelium is not involved in 
the symmetry breaking process of the O/P lineages but is required for the 
specification of the O fate (Ho and Weisblat, 1987), and this might be true 
for all the other members of Helobdella (see Discussion, Part II). In H. 
robusta (Sacramento) and Helobdella sp. (Galt), the Q lineage alone plays 
the role of symmetry breaker (Huang and Weisblat, 1996; this study). In H. 
robusta (Austin), the Q and M lineages are functionally redundant as 
symmetry breakers of the O/P lineage (this study). The lineage that provides 
the symmetry breaking signal to the O/P lineage in H. triserialis is not yet 
experimentally identified. This phylogenetic tree does not reflect the genetic 
distance between taxa. Evolutionary changes in developmental characters 
are marked by short bars striking across the tree branches. It appears that the 
involvement of the Q lineage in the symmetry breaking process of the O/P 
lineages evolved in the branch that leads to all members of Helobdella (1). It 
is also clear that the redundancy of the Q lineage-dependent pathway and the 
M lineage-dependent pathway is a newly acquired character in H. robusta 
(Austin) (2). McClade 3.08 (Maddison and Maddison, 1999) was used in 
character evolution analysis. Not all characters analyzed were shown here. 
Due to the uneven and small-number taxonomic sampling, evolution of the 
micromere-derived epithelium and its role is not well resolved. It is also 
difficult to determine the origin of the O/P lineage as an equivalence group.  
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   T
able 1 

D
evelopm

ental fates of ‘isolated’ tertiary blast cells in stage 9 em
bryos. 

 operation 
C

R
a 

LD
2

a 
A

D
b 

PV
b 

pz6/LD
1

c 
W

E
d 

c.f.1
d 

c.f.3
d 

unknow
n

e 

 (n=16) 

 16 
100%

 

 15 
92%

 

 0 0%
 

 0 0%
 

 0 0%
 

 0 0%
 

 0 0%
 

 0 0%
 

 2 17%
 

 (n=17) 

 6 35%
 

 9 53%
 

 9 53%
 

 8 47%
 

 16 
94%

 

 4 24%
 

 4 24%
 

 8 47%
 

 9 53%
 

(n=9) 

 0 0%
 

 0 0%
 

 9 100%
 

 9 100%
 

 0 0%
 

 0 0%
 

 0 0%
 

 0 0%
 

 0 0%
 

(n=16) 

 5 31%
 

 7 44%
 

 7 44%
 

 7 44%
 

 16 
100%

 

 16 
100%

 

 15 
94%

 

 15 
94%

 

 13 
81%

 

a, C
R

 and LD
2 are op.aa pattern elem

ents in norm
al developm

ent. b, A
D

 and PV
 are op.pa pattern elem

ents in norm
al 

developm
ent. c, pz6/LD

1 are a pair of m
orphologically indistinguishable neurons produced by the op.ap blast cell and 

the op.pp blast cell respectively in norm
al developm

ent. d, W
E, c.f.1 and c.f.3 are op.pp pattern elem

ents in norm
al 

developm
ent. e, ‘unknow

n’ refers to pattern elem
ents that do not readily correlate to cell types seen in norm

al 
developm

ent. The data show
n in the bold font indicate that the pattern elem

ent in question is norm
ally derived from

 
the unablated blast cell. This table is previously published in K

uo and Shankland (2004). 
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      T
able 2 

D
evelopm

ental fate of op
4  clone follow

ing P-type blast cell ablation. 
 operation 

C
R

a 
LD

2
a 

A
D

b 
PV

b 
pz6/LD

1
c 

W
E

d 
c.f.1

d 
c.f.3

d 

 (n=4) 

 4 100%
 

 4 100%
 

 4 100%
 

 4 100%
 

 0 0%
 

 0 0%
 

 0 0%
 

 0 0%
 

(n=15) 

 15 
100%

 

 15 
100%

 

 15 
100%

 

 15 
100%

 

 15* 
100%

 

 15 
100%

 

 15 
100%

 

 15 
100%

 

 (n=21) 

 21 
100%

 

 21 
100%

 

 21 
100%

 

 21 
100%

 

 21* 
100%

 

 0 0%
 

 0 0%
 

 0 0%
 

*: O
nly one of the pz6/LD

1 neuron pair w
as observed. See Table 1 for additional explanation. This table is previously 

published in K
uo and Shankland (2004). 
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able 3 

D
evelopm

ental fate of op
4  clone follow

ing O
-type blast cell ablation. 

 operation 
C

R
a 

LD
2

a 
A

D
b 

PV
b 

pz6/LD
1

c 
W

E
d 

c.f.1
d 

c.f.3
d 

 (n=4) 

 4 100%
 

 3 75%
 

 4 100%
 

 4 100%
 

 4 100%
 

 4 100%
 

 4 100%
 

 4 100%
 

 (n=19) 

 1 5%
 

 1 5%
 

 19 
100%

 

 19 
100%

 

 19 
100%

 

 19 
100%

 

 19 
100%

 

 19 
100%

 

 (n=17) 

 17 
100%

 

 17 
100%

 

 7* 
41%

 

 8* 
47%

 

 17 
100%

 

 17 
100%

 

 17 
100%

 

 17 
100%

 

*: The outcom
e of these experim

ents varied w
ith respect to bandlet slippage. See Table 1 for additional explanation.  

This table is previously published in K
uo and Shankland (2004). 
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Table 4 A list of previous experiments on the development of the O/P 
lineage in different species of clitellate annelids. 
 
 type of experiment results 
 
(a) Tubifex hattai (oligochaete worm) 

1. combinatorial teloblast ablations 
(Arai et al. 2001) 

P fate is pre-specified; O fate requires the P 
lineage. 

 
(b) Theromyzon rude (leech) 

1. O/P teloblast ablations  
(Keleher and Stent, 1990) 

Cell fate is correlated to the position of the 
bandlet in the germinal band. Dorsal 
position: P fate. Ventral position O fate. 

2. early (stage 6a) opq” micromere 
ablation  
(F. Z. Huang, unpublished) 

Both O/P lineages adopt the O fate. 

3. bilateral ablation of the Q 
lineage (F. Z. Huang, 
unpublished) 

The O and P lineage develop normally. 

 
(c) Helobdella triserialis (leech) 

1. O/P teloblast ablations 
(Weisblat and Blair, 1984; 
Zackson, 1984) 

When P lineage is ablated, the O lineage 
adopts P fate. When the O lineage is ablated, 
the P lineage does not transfate. 

2. p bandlet ablation 
(Shankland and Weisblat, 1984) 

Depending on the developmental stage when 
the p bandlet is ablated, the O lineage 
partially or totally transforms into P fate. 

3. opq” micromere-derived 
epithelium ablation  
(Ho and Weisblat, 1987) 

The O lineage adopts the P fate. The P 
lineage is not affected. 

4. o/p bandlet ‘duplication’  
(Lans et al., 1994) 

Duplicated o/p bandlets adopt the original 
cell fate when the non-duplicated o/p bandlet 
is present. But duplicated bandlets adopt 
distinct O and P fates when the non-
duplicated bandlet is absent. 

   
(d) Helobdella robusta (from Sacramento, CA) (leech) 

1. bilateral ablation of the Q 
lineage (Huang and Weisblat, 
1996) 

Both O/P lineages adopt the O fate. 

   



   T
able 5 

Effects of bilateral ablation of the Q
 lineage on the stage-9 pattern elem

ents 
derived from

 the presum
ptive O

 and P lineages in tw
o different strains of H

. robusta. 
  

O
 elem

ents 
 

C
R

 
oz2 

LD
2 

PV
 

oz1 
A

D
 

m
pg 

cf2/nt 
epi.O

 
(a) H

. robusta (A
ustin); n=25 

O
 

100%
 

84%
 

92%
 

100%
 

80%
 

96%
 

40%
 

80%
 

100%
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Table 6 Effects of combinatorial ablation experiments on the stage-7/8 
cleavage pattern of the presumptive O and P lineages in different strains of 
Helobdella. 
 

   presumptive O lineage  presumptive P lineage 
ablated lineage(s) n  Oa Pb O/Pc ?d  Oa Pb O/Pc ?d 
 
(a) H. robusta (Austin) 
Q(l+r) 51  51 0 0 0  0 32 19 0 
Q(l+r), 2O/P(l), 
1O/P(r) 

57  57* 0 0 0  N/A N/A N/A N/
A 

Q(l+r), M(l+r) 12  12 0 0 0  12 0 0 0 
Q(l+r), M(r)  12  12 0 0 0  12 0 0 0 
M(l+r) 40  39 1 0 0  0 40 0 0 
M(r)  14  14 0 0 0  0 14 0 0 
Q(l+r), N(l+r) 20  5 2 0 13  3 4 0 13 
Q(l+r), N(r) 11  11 0 0 0  0 4 7 0 
N(l+r) 10  10 0 0 0  0 10 0 0 
N(r) 12  12 0 0 0  0 12 0 0 
epi. 57  57 0 0 0  0 57 0 0 
Q(l+r), epi. 37  37 0 0 0  0 19 18 0 
            
(b) H. robusta (Sacramento) 
Q(l+r) 10  10 0 0 0  10 0 0 0 
            
(c) Helobdella sp. (Galt) 
Q(l+r) 24  24 0 0 0  24 0 0 0 
            
a: all blast cell clones in the entire bandlet express the O-type cleavage pattern. b: all 
blast cell clones in the entire bandlet express the P-type cleavage pattern. c: some blast 
cell clones in a bandlet express O-type cleavage pattern, and the other blast cell clones in 
the same bandlet express P-type bandlet. d: the blast cell clones in a bandlet express 
unrecognizable cleavage pattern. *: for the convenience of presentation here, the 
surviving O/P lineage is listed under the category of the presumptive O lineage, but in 
fact the presumptive identity of this surviving O/P lineage can not be defined here 
because the presumptive identity is defined by the relative position of the bandlets arising 
from the two ipsilateral O/P lineages. 



 135

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7 Relationship between the size of the equivalence group and the 
variability of cell lineage pattern in the VPCs of nematodes. 
 
Taxon number of VPCs in L3 variability of cell lineage pattern 
Rhabditidaea 9-11 yes 
Cephalobinab 4-11 yes 
Diplogastridaec 4 no 
a, Sommer and Sternberg, 1994, 1995; b, Félix et al., 2000; c. Sommer, 1997 
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