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ABSTRACT 
 

In most animals, oogenesis involves a syncytial “cyst” stage. Cysts are produced 

by incomplete mitotic divisions of gonial precursor cells, leaving the resulting cystocytes 

interconnected by cytoplasmic bridges. The bridges subsequently break down, liberating 

the developing gametes. In some animals (e.g. meroistic insects) cysts are “polarized”, 

such that certain cystocytes differentiate as supportive nurse cells, rather than oocytes. 

The variability of cysts in animal oogenesis contrasts with the relative universality of 

spermatogenic cysts, making the functional importance of cysts in oogenesis unclear. 

I have studied oogenesis in a polychaete worm, Ophryotrocha labronica 

(Annelida: Dorvilleidae). These worms produce polarized, two-celled oogenic cysts with 

one nurse cell and one oocyte. Such cysts resemble their better-characterized counterparts 

in meroistic insects. However, using a variety of light- and electron-microscopic 

techniques, I show here that the resemblance between O. labronica and meroistic insects 

is largely superficial. Rather, the roles of nurse cells and the mechanisms underlying 

cystocyte differentiation are quite distinct in both groups. Therefore, similarities between 

these polychaetes and insects are probably examples of convergent evolution rather than 

homology. These observations underscore the plasticity of oogenesis among animals. 

Mechanisms by which germ cells become distinct from somatic cells in animals 

are also a subject of considerable research activity. Two general modes of germ-cell 

specification have been described in animals: deterministic specification, which is typical 

of established model species (e.g., Drosophila melanogaster and Caenorhabditis elegans) 

and inductive specification, which, though it is the more-common mode among animals, 

has not been well studied. As an annelid worm, O. labronica likely specifies its germ 



iii 
	  

cells inductively, and therefore has potential to serve as a model species for studies of 

inductive germ cell specification. Realizing this potential, however, will require the 

development of genetic resources for this species. I describe the beginnings of such work 

here: the isolation and characterization of a vasa/PL10-like gene whose expression is 

largely restricted to germ cells, the construction of a cDNA library, and the refinement of 

methods for in situ hybridization and immunostaining to visualize gene expression in 

whole worms. 
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CHAPTER 1   

General Introduction: Metazoan Germline Cysts in Phylogenetic Context 

1. Overview 

Recent decades have seen a rapprochement between developmental biology and 

evolutionary biology, resulting in the emergence of “evo-devo,” or evolutionary 

developmental biology. Given that evolution is essentially accumulated change in the 

developmental processes that shape different lineages of organisms, this reunion is 

arguably overdue. One major reason for the emergence of this field now is that it is only 

recently that the molecular genetic and cell-biological techniques needed to understand 

the link between genes, cells, and development have become both routine, and adaptable 

to a wide variety of organisms (Carroll, 2005). 

Broadly speaking, the project of evolutionary developmental biology is to explain 

how genes and the molecules they encode drive the emergence of form in organisms, and 

how, as a result, changes to genomes and developmental interactions drive evolutionary 

change over the generations. To realize this ambitious goal will require substantial 

comparative research, examining developmental processes in a number of previously 

“understudied” species. In other words, we need to develop and characterize new model 

species, to illustrate and compare fundamental processes across a broad swath of the 

biological diversity on this planet (Abzhanov et al., 2008). In the chapters that follow, I 

will describe work analyzing one such process — the development of germ cells, 

specifically, eggs — in one such understudied species, the annelid worm, Ophryotrocha 

labronica.  
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If we are to draw meaningful conclusions from all this comparative work, it is 

also essential to have an accurate understanding of the evolutionary relationships among 

the various branches of the tree of life — we need a reliable, robust phylogenetic 

framework in which to operate. As such, it seems appropriate to begin this thesis with a 

brief summary of the current understanding of animal phylogeny, and how this 

understanding has changed dramatically in recent years. With that foundation in place, I 

will move on to sketch the developmental phenomena that have been the focus of my 

research: (a) the segregation of germline and somatic cells, and (b) the origin, 

development, and function of specialized syncytia, known as cysts, in oogenesis. This 

introduction will then conclude with a description of O. labronica itself. 

 

2. The “New Phylogeny” of Animals 

2.1 The Traditional View of Animal Phylogeny 

The “textbook” view of animal phylogeny underwent a major shift in the late 

1990’s, as gene sequence data became increasingly abundant for a diverse array of 

organisms. This sequence data, particularly for genes encoding the small subunit 

ribosomal RNA (SSU rRNA) provided a new set of characters from which to infer 

relationships among animals, as had been anticipated earlier by Zuckerkandl and Pauling 

(Zuckerkandl and Pauling, 1965). Traditional, morphologically based phylogenies1 

portrayed the deep branches of the animal tree as illustrated in Fig. 1 (Halanych, 2004). 

There are a number of aspects to the traditional view that should be noted. First, 

                                                             
1 Note that Jenner (2000) has persuasively argued that the “traditional” view of animal phylogeny, as I describe it here, 
is actually an oversimplification that developed in the latter half of the 20th century, based on a limited survey of 
historical phylogenetic schemes. Nevertheless, this interpretation of historical perspectives on phylogeny had become 
“textbook dogma” (Jenner’s words) by the time rRNA-based phylogenies became mainstream. Thus, I would argue that 
my summary here is a reasonable description of the phylogenetic framework replaced by the “new phylogeny”. 
Certainly, it represents what I read and was taught in my undergraduate zoology courses in the early 1990s. 
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Figure 1 - A traditional view of animal phylogeny. (Modified from Halanych, 2004). 

Major clades are indicated by labelled dots at branch points. Colours used for branches 

correspond to groupings in the “new phylogeny” (see Fig. 2). Blue: Ecdysozoa, red: 

Lophotrochozoa, green: Deuterostomia. The black branches include basally branching 

metazoans, and the choanoflagellates as a protozoan outgroup.
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segmented worms (phylum Annelida) were viewed as a sister group to the arthropods and 

their relatives, the velvet worms (phylum Onychophora). Together, these three phyla 

constituted the Articulata – a supergroup of invertebrates unified primarily by their 

segmented body plans. Second, because of similarities in cleavage patterns, the 

lophophorate phyla (animals with a feeding structure known as a lophophore: the 

Phoronida, Brachiopoda, and Bryozoa) were grouped together with “true” deuterostomes 

(chordates and echinoderms) as Deuterostomia in the broad sense (Barnes, 1968). Third, 

nematode worms were grouped with gastrotrichs, rotifers, and other pseudocoelomates, 

in a taxon known as the Aschelminthes. Finally, the flatworms (Platyhelminthes) and 

nemertean worms were viewed as basal to the rest of the phyla of bilaterally symmetrical 

animals (Bilateria). This classification reflected the belief that the nemertean body plan 

lacks a coelom (Pearse et al., 1992).  

 

2.2 The New Phylogeny 

Overall, the above framework reflected a belief that the evolution of bilaterally 

symmetrical animals followed a progression from simple, acoelomate body plans to 

pseudocoelomate and coelomate forms, with ever-increasing complexity. Serious 

challenges to this conception began with the use of molecular data in phylogenetic 

analysis (Field et al., 1988). In the mid to late 1990’s, the new animal phylogeny began to 

crystallize (Halanych et al., 1995; Aguinaldo et al., 1997). A current illustration of the 

new scheme is given here in Figure 2.
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Figure 2 - The new animal phylogeny. Based on Baguna et al., 2008, Budd and Telford, 

2009, Dunn et al., 2008, Halanych, 2004, Paps et al., 2009, and Philippe et al., 2009. See 

main text for a comparative description of this phylogeny with the traditional version. 

Phyla in italic type are those that develop by spiral cleavage. *Molluscs are grouped at 

the base of the annelid/echiuran/phoronid/brachiopod assemblage by some authors 

(DeSalle and Schierwater, 2008; Dunn et al., 2008). **In this scheme, the Acoela are 

separated from Platyhelminthes as an independent, basal phylum.  
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Although some aspects of the new scheme remain controversial, certain major 

changes from the traditional view appear to be robust. The Bilateria are now reorganized  

into three large groups: the Deuterostomia, Ecdysozoa, and Lophotrochozoa. While the 

Deuterostomia in the strict sense remain intact, the lophophorate phyla have been 

reclassified as a polyphyletic group of protostomes, more closely related to annelid 

worms and molluscs than to true deuterostomes (Halanych et al., 1995). This grouping 

gave rise to the name “Lophotrochozoa” as the resulting combination includes animals 

with trochophore larvae (annelids & molluscs) plus the lophophorates. Additionally, the 

Aschelminthes (which never sat well together as a group;  see Halanych, 2004) have been 

divided up, with some phyla being placed in the Lophotrochozoa, while the nematodes 

and related nematomorphs have been grouped with arthropods, among others, as the third 

supergroup: the Ecdysozoa (moulting animals, or more precisely, moulting protostomes). 

The shuffles just described represent a dramatic change in our understanding of 

relationships among bilaterally symmetrical animals. For the most part, flatworms and 

nemerteans are no longer viewed as related, basal bilaterian lineages. Rather, these two 

groups sit apart, each well within the lophotrochozoan radiation. However, the acoels, 

which were formerly considered to be simple turbellarian flatworms, are now a separate 

phylum (Acoela) branching at the root of the Bilateria. Annelids are no longer considered 

to be the sister group of the arthropods, but are viewed as a core lophotrochozoan 

phylum. Particularly significant from the developmental biologists’ standpoint is the 

grouping of the nematodes and arthropods together within the protostome lineage (more 

on this below). Finally, our understandings of relationships within the Arthropoda and 

Deuterostomia have shifted somewhat. It is becoming apparent that insects (hexapods) 
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and crustaceans form a monophyletic group, the Pancrustacea. Essentially, it appears that 

hexapods are a derived, likely paraphyletic, group of terrestrial crustaceans (Halanych, 

2004; Budd and Telford, 2009). Among deuterostomes, it now appears that the 

hemichordates (acorn worms) are more closely related to echinoderms than they are to 

chordates (tunicates and craniates). 

 

2.3. Implications of the New Phylogeny for Developmental Biology 

In the latter half of the 20th century, research in developmental biology 

increasingly focused on a small set of model species that are particularly amenable to 

experimental study. Such species included the mouse (Mus musculus), African clawed 

frog (Xenopus laevis), and zebrafish (Brachydanio rerio) among vertebrates, and the 

vinegar fly (Drosophila melanogaster), nematode Caenorhabditis elegans, and sea 

urchins (Strongylocentrotus purpuratus and others) among invertebrates (Wolpert et al., 

2002). In the context of the old animal phylogeny, this set of model species, though 

restricted to four phyla, appeared to cover a fairly broad spectrum of the animal kingdom. 

This was particularly the case given the position of nematodes in the old phylogeny: the 

most recent common ancestor shared between nematodes and flies, for example, would 

also have been common to vertebrates (see Fig. 1). Thus, according to the old phylogeny, 

it was reasonable to anticipate that processes or genes that appeared to be homologous in 

both flies and worms were also likely present in vertebrates, including humans. 

According to the new phylogeny, however, all of the traditional model species 

listed above are either deuterostomes or ecdysozoans. The newly inferred relationship 

between nematodes and insects puts these two groups far closer together phylogenetically 



10 
 

than had been previously thought, which casts doubts on the extent to which common 

attributes of C. elegans and D. melanogaster can be generalized to non-ecdysozoans. 

Under our new understanding, a broad segment of animal diversity, the Lophotrochozoa, 

is not represented by any well-developed model organism. Thus, in order to cover the 

range of animal diversity more completely, it will be necessary to study additional 

species, particularly lophotrochozoans, in greater detail. 

Another implication of the new phylogeny is that certain core aspects of animal 

morphology may be more plastic than many biologists would once have guessed. For 

example, the new phylogeny frustrates attempts to group animals into monophyletic taxa 

based on segmentation, spiral or radial cleavage patterns, lophophorate feeding 

structures, trochophore larvae, or a particular type of body cavity (eucoelomate, 

pseudocoelomate, or acoelomate). While some of these characters are at least restricted to 

single major clades (e.g. spiral cleavage is only found in lophotrochozoan phyla, and is 

relatively widespread there) the available evidence suggests that critical aspects of 

embryology and development such as these either have evolved independently more than 

once, or have been secondarily lost in several phyla (Halanych, 2004; Hausdorf et al., 

2007; Giribet, 2008)2.  

 

3. Germ Cells and Germ Cell Specification 

Germ cells include gametes (eggs and sperm) and the progenitor cells that give 

rise to them. As gametes can unite through fertilization to produce a totipotent zygote, 
                                                             
2 This apparent incongruence between molecular phylogenies and major morphological features has led to criticism of the new 
phylogeny in some circles, but it is worth noting that the traditional phylogeny was not necessarily less prone to splitting 
morphologically or developmentally similar animals into unrelated clades. For example, although the new phylogeny splits segmented 
protostomes (the old Articulata) and pseudocoelomates (the old Aschelminthes) into disparate groups, it also better unites moulting 
animals (Ecdysozoa) and spiralians (Lophotrochozoa) than was the case under the old phylogeny. Furthermore, one could argue that 
mapping morphological characters onto molecular phylogenies avoids the circular logic inherent in selecting certain morphological 
characters as “important” in building a phylogeny, and then mapping those same characters onto the resulting phylogeny. 
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germ cells are in a sense the ultimate stem cells for sexually reproducing organisms. In 

most animals, there is a division between the germ line and the soma (all body cells that 

are not germ cells). This distinction was initially brought to prominence by August 

Weismann in his treatise, The Germ-Plasm: A Theory of Heredity (Weismann, 1893), in 

which he proposed that the germ line is effectively immortal, producing a transient soma 

in each new generation. While Weismann may have overstated the distinction between 

these two body components, we still recognize this fundamental difference today, and 

credit him with describing the central importance of germ cells in heredity and evolution 

– the continuation of species.  

Despite the time elapsed since Weismann’s seminal work, we still do not fully 

understand the process by which germ cells differentiate from somatic tissue during 

development. However, it is clear that the process of germ cell specification varies 

among animal taxa. Two general modes of specification have been described (Extavour 

and Akam, 2003). In the first, cytoplasmic material (germ plasm), deposited in the egg 

during oogenesis, is inherited by certain cells during early embryogenesis. Molecular 

components of the germ plasm will cause the cells inheriting it to eventually differentiate 

as germ cells. Thus, germ cell fate is determined at the earliest stages of development — 

in some cases germ plasm is segregated to a particular region of the egg even prior to 

fertilization (Illmensee and Mahowald, 1974). In the second mode of specification, germ 

cells are specified by inductive signaling interactions between cells, rather than by 

inheritance of cytoplasmic determinants.  

These two modes of specification have been termed “pre-formation” and 

“epigenesis” respectively, echoing the terminology used by early natural philosophers in 
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debates over whether embryonic development is simply the growth of organs pre-formed 

in the egg, or involves the gradual moulding of form from shapeless raw material (see 

Gilbert, 2006). In the intervening years, however, epigenesis and epigenetics have come 

to refer to processes by which genetic information is heritably modified without an actual 

change in gene sequence. Thus, to avoid confusion between different usages of similar 

words, it seems preferable to use alternative terminology. I will therefore refer to 

prefomative and epigenetic modes of germ cell specification as “determinate” and 

“inductive,” respectively (see Seydoux and Braun, 2006). 

Among the model organisms listed above, germ cell specification is determinate 

in all but the mouse (Extavour and Akam, 2003). Thus, it was long assumed that this 

mode was typical of most animals, and reflected the ancestral condition for the Bilateria 

(Wolpert et al., 2002). However, a recent, carefully conducted literature review has 

shown that when a more complete sampling of animal taxa is examined, it becomes 

apparent that inductive specification is more prevalent than determinate specification, and 

is likely to reflect the ancestral mode of germ cell determination (Extavour and Akam, 

2003). Unfortunately, this means that the best-characterized invertebrate model species, 

D. melanogaster and C. elegans, do not represent the predominant mode of germ cell 

specification in animals. While significant progress has been made in characterizing the 

signaling molecules and interactions responsible for inductive germ cell specification in 

mice (Ohinata et al., 2005; Yamaji et al., 2008; Ohinata et al., 2009) it is unclear whether 

homologues of the critical murine proteins involved (i.e., Bmp4, Blimp1, Prdm14) are 

involved in inductive specifiction in other organisms. Therefore, there is a need to 

examine other species with inductive specification, particularly invertebrates, to assess 
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the conservation of signaling pathways involved in germ cell specification. In order to 

accomplish this task, we will need to develop ways to identify and track germ cells in 

non-traditional model species. 

 

4. Germline Cysts and Oogenesis 

Gametogenesis in most animals begins with an interesting stage in both males and 

females, in which germ-cell progenitors undergo one or more mitotic divisions with 

incomplete cytokinesis. The result is a syncytium of cells interconnected by narrow 

cytoplasmic bridges, or ring canals (Gondos and Zamboni, 1969). These syncytia are 

known as cysts. The cells that compose them are referred to generically as cystocytes, 

and the single progenitors from which they arise as cystoblasts.  

The formation of cysts in females of many phyla within the animal kingdom has 

led several authors to conclude that something about cysts is essential for oogenesis 

(Pepling et al., 1999). Traditional thinking on the value of cysts in oogenesis was that 

they allow for synchronization of mitosis and other processes within developing oocytes 

(Gondos and Zamboni, 1969). This line of reasoning is somewhat unsatisfying however, 

as it only pushes the question back a level – why should synchronization of a handful of 

germ cells among many affect gametogenesis overall? Other hypotheses advanced have 

included regulation of oogonial death and proliferation (Matova and Cooley, 2001) but 

the proliferation and death of many other cell types is regulated without cellular 

interconnections.  

Recent years have seen some progress in characterizing processes occurring 

within cysts that do appear to be crucial for successful oogenesis. This is true even for 
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mammals, in which the cyst phase is brief, and cyst members separate long before 

vitellogenesis (Pepling et al., 1999). A clue to the utility of cysts comes from 

observations that many of the cells initially present in a cyst die by programmed cell 

death. Recent studies have demonstrated that the cytoplasmic contents of these 

“sacrificial” cyst members are taken up and used by the surviving cells in species as 

diverse as Caenorhabditis elegans (Gumienny et al., 1999), and mice (Pepling and 

Spradling, 2001). This process would be especially critical in oogenesis, due to the large 

investment of materials required to produce an egg, relative to sperm. Cytoplasmic 

continuity simplifies the process of transferring the contents of an abortive cell into a 

survivor, effectively allowing cystocytes to pool their resources in the production of 

mature oocytes3.  

The strategy of producing certain cystocytes to support the growth of others is 

found in several variations within the animal kingdom. In C. elegans, for example, the 

process determining which germ cells live, and which will die, appears to be stochastic. 

Nematode cysts consist of numerous apparently equivalent cystocytes that connect to a 

common cytoplasmic mass, the rachis (Fig. 3a). Apoptotic nuclei in the germ syncytium 

are walled off by rapid cellularization, leaving the bulk of their cytoplasm in the rachis 

(Gumienny et al., 1999). In mice, it has been suggested that cysts may facilitate the 

segregation of “high quality” mitochondria, away from apoptotic cystocytes and into 

those destined to survive as oocytes and form follicles (Pepling and Spradling, 2001).  

In both of the above cases, there is little or no functional specialization that 

distinguishes donor cystocytes from recipients. Other animals, however, have evolved  

                                                             
3 I should mention that there is no reason why oocyte building blocks must be generated within germline cells alone. Somatic tissue, 
such as the follicle cells that surround developing oocytes in many species, also plays a crucial role in oogenesis in many taxa 
(Anderson, 1974). 
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Figure 3 - Schematic depictions of germline cysts in various animal phyla. (a) Cross 

section through the distal region of the gonad in Caenorhabditis elegans (after Gibert et 

al., 1984). Germ cells are arranged in a cylinder, ensheathed at its distal end by the 

(somatic) distal tip cell. All cells connect to the central cytoplasmic core of the cyst, 

known as the rachis. (b) Oogenic cyst in the mouse (see Pepling and Spradling, 2001). 

Note that all cystocytes are apparently equivalent, although not all will survive in the end. 

(c) Cyst development in Drosophila melanogaster. Germline stem cells proliferate, 

reproducing themselves and generating a cystoblast. The cystoblast undergoes 4 

incomplete mitotic divisions to form a cyst; these divisions are always oriented so that in 

each pair of daughter cells, one cell inherits all pre-existing bridges. Thus, the resulting 

16-cell cyst comprises 8 cells with a single bridge, 4 cells with 2 bridges, 2 cells with 3 

bridges, and 2 cells with 4 bridges. The presumptive oocyte of the cyst is always one of 

these latter two cells (yellow asterisk). The remaining 15 cystocytes differentiate as 

polyploid nurse cells (Koch and King, 1966; Koch et al., 1967).
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elaborate cysts in which donor cystocytes become markedly distinct from presumptive 

oocytes, and differentiate instead as nurse cells. These are often highly polyploid, 

metabolically active cells, which remain in cytoplasmic continuity with the developing 

oocyte, and take on much of the biosynthetic work required in oogenesis (Huebner and 

Anderson, 1976; Büning, 1994).  

In the fly, D. melanogaster, cystoblasts undergo four synchronous, incomplete 

divisions, making a 16-cell cyst (Fig 3c). These divisions are always oriented in 

consistent ways, so that the resulting cyst has a predictable arrangement of cystocytes: 

two with four bridges each, two with three bridges, four with two bridges, and eight with 

single bridges. Only one cystocyte becomes an oocyte – always one of the two with four 

bridges – while the rest become highly polyploid nurse cells (Koch and King, 1966; Koch 

et al., 1967). The oocyte’s fate is established and maintained by directional transport of 

macromolecules and organelles, primarily along a polarized microtubule network (Huynh 

and St Johnston, 2004; Simonova and Vorontsova, 2008). As such, cysts with 

differentiated nurse cells are usually referred to as “polarized” cysts, in contrast to those 

without obvious cytological specialization, such as the cysts of nematodes and mammals. 

Polarized cysts have great appeal as model systems for cell and developmental 

biologists, because their function touches on many themes central to cellular 

differentiation. These include cytoplasmic transport and localization of RNAs and 

proteins, cytoskeletal dynamics, regulation of transcription and translation, organelle 

inheritance, and the regulation and modification of the cell cycle, among others. The 

syncytial nature of cysts adds an extra dimension of interest, however, in that despite 

their cytoplasmic continuity, cystocytes manage to establish and maintain very different 
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functional characteristics. Nurse cell/oocyte interactions are therefore an ideal model for 

studying cell fate decisions and asymmetric cell division – processes central to many 

developmental phenomena. Thus, the study of oocyte specification in invertebrates is 

likely to provide insight into the molecular basis of differentiation in other animals, 

including humans  (Knoblich, 2001; Gigliotti et al., 2003). 

The vast majority of molecular and cell-biological studies of nurse-cell/oocyte 

specification have been conducted in insects, particularly D. melanogaster, which is 

understandable due to the well-characterized genetics and developmental biology of this 

species. However, polarized cysts occur in other phyla besides the Arthropoda, including 

tardigrades (Suzuki, 2006), bryozoans (Dyrynda and King, 1983), appendicularian 

urochordates (Ganot et al., 2007) and annelid worms (Eckelbarger, 1983). It is likely that 

the phenomenon has evolved independently in each lineage, given the evolutionary 

distance between these phyla. Furthermore, the phylogenetic distribution of species with 

polarized cysts in both insects and annelids suggests that polarized cysts are a derived 

character in both groups (Eckelbarger, 1983; Büning, 1994; Eckelbarger, 2007). This 

independent evolution calls into question the assertions of several authors that oogenic 

cysts are essentially similar in nature (Pepling et al., 1999; Matova and Cooley, 2001; 

Kloc et al., 2004). Among the non-insect groups with polarized cysts, oogenesis has been 

most extensively characterized in the annelids, making this group a logical choice for 

further comparative study. 
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5. Ophryotrocha labronica as an Annelid Model for Studies of Oogenesis 

The marine polychaete Ophryotrocha labronica (Eunicida: Dorvilleidae) is an 

appealing species in which to study germ cell development, for a number of reasons (see 

Fig. 4a-d for images of juvenile and adult O. labronica). As an annelid worm, the species 

occupies a useful phylogenetic position within the Lophotrochozoa, as discussed above. 

Preliminary studies of germ cell origins in a variety of annelid species suggest that 

primordial germ cells arise late in embryogenesis, from a pool of pluripotent somatic 

stem cells (Kang et al., 2002; Rebscher et al., 2007; Oyama and Shimizu, 2007; Sugio et 

al., 2008; Dill and Seaver, 2008). Thus, it appears that annelid worms should be useful 

models for inductive germ cell specification in invertebrates. 

Most importantly, females of the genus Ophryotrocha produce remarkable 

polarized cysts that are well-suited to experimental study. Oogenic cysts arise from 

segmental ovaries: close-packed clusters of germ cells closely associated with the ventral 

midline of the gut (Pfannenstiel and Grünig, 1982a). Cysts consist of one nurse cell and 

one oocyte connected to each other by a cytoplasmic bridge (Emanuelsson, 1969), and 

are released free into the coelom without any associated follicular tissue (Fig. 4e). 

Oocytes grow in size relative to their attached nurse cells, and ultimately the nurse cell 

cytoplasm appears to be largely consumed by the oocyte as it matures (Pfannenstiel and 

Grünig, 1982b). The elegant simplicity of oogenesis in these animals makes them an 

appealing alternative to insect models, in which typically a single oocyte is specified 

through interactions between several cystocytes interconnected in a complex cyst, which 

is in turn surrounded by a follicular epithelium (Büning, 1994). Cysts in Ophryotrocha 

can be isolated by puncturing the body wall of the worm. Previous authors have reported  
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Figure 4 – Overview of Ophryotrocha labronica. (a) Dorsal view of juvenile worm, 

with anterior to bottom left, a few days after hatching. The first chaetigerous segment is 

just becoming evident (arrow). Bright spots (arrowhead) are patches of photoreceptors. 

(b) Dorsal view of juvenile worm, with five chaetigerous segments. Anterior is to the left. 

Sexes are not readily distinguishable at this stage of development, but females typically 

undergo a growth spurt in the 6-8 chaetiger stage, which makes it possible to separate 

sexes within a cohort of siblings. (c,d) Ventral views of adult male and female, 

respectively. Males are generally smaller than females. The female shown here is fairly 

gravid — most of the yellowish material in her body are vitellogenic oocytes in 

developing cysts. Gravid worms are easily recognizable as female, but non-gravid 

females can be difficult to distinguish from males. Useful features for distinguishing 

between sexes are the jaws (arrows) which molt to the larger “K” type in males, but 

frequently remain as the smaller “P” types in females. Segments in males are usually 

shorter than those in females. Finally, worms of both sexes bear large, raised rosette-

shaped glands along the dorsal midline of their posterior segments (not visible in these 

ventral views). Males will typically have 4-5 glandular segments, while females usually 

have only 2-3. (e) Differential interference micrograph of a cyst, nurse cell toward the top 

(NC) and oocyte below (Oo). The oocyte is filled with spherical yolk granules — the 

yolk-free zone with a central sphere (arrow) is the nucleus, with its large nucleolus. The 

nurse cell’s cytoplasm is filled primarily with rough endoplasmic reticulum and 

mitochondria (see Chapter 2), and its relatively smooth appearance makes it difficult to 

distinguish from the massive polyploid nucleus (dashed outline), which occupies much of 

the cell’s volume. Cysts float in the coelom of the worms, and can be collected by 

carefully rupturing the body wall of a gravid female.  



21 
 



22 
 

maintaining cysts from O. labronica for up to 7 days in vitro, during which time they 

appear to develop normally (Emanuelsson and Anehus, 1985). 

The production of 2-celled cysts is common to all species of Ophryotrocha for 

which published descriptions of oogenesis are available (Korschelt, 1895; Huth, 1933; 

Emanuelsson, 1969) and also in O. notoglandulata and O. diadema (J. L. Brubacher, 

unpublished observations). Oogenesis has been more intensively studied in O. puerilis 

than O. labronica; however, O. puerilis is a sequential hermaphrodite, capable of 

multiple sex changes during its lifetime, whereas individuals in most strains of O. 

labronica are sexually stable (Paxton and Åkesson, 2007), making them more reliable for 

studies of sex-specific processes. 

Ophryotrocha labronica are easily maintained in the laboratory, in small dishes 

with artificial sea water. Both chopped spinach and aquarium fish food (e.g. Tetramin) 

are suitable food sources for long-term culture (Prevedelli and Zunarelli Vandini, 1998). 

These worms are small (maximum length of ~4 mm — see Fig. 4), and have a relatively 

rapid (30 day) life cycle when kept at room temperature (La Greca and Bacci, 1962; 

Åkesson, 1975). They breed year-round, and thus any needed developmental stage is 

available at all times.  

Females deposit eggs in a mucus-enclosed cylindrical brood tube. The number of 

eggs per brood varies, depending on the health of the female. A well-fed female may lay 

over 200 eggs in one brood. Parents (usually the female, though the male may also help) 

can often be found lying in the central channel of the tube, circulating water through it 

and keeping it clean. Developing larvae are not dependent on parental care, however; 

brood tubes can be isolated in dishes, and the vast majority of larvae will hatch and 
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develop as usual. At room temperature, the time required from fertilization to hatch is 

roughly one week. 

Species of Ophryotrocha have been the subject of a number of previous 

taxonomic, ecological, behavioural, morphological and developmental studies – they are 

relatively well characterized among polychaetes (see for example (Bacci, 1978; Sella and 

Redi, 1993; Paxton and Åkesson, 2007; Heggøy et al., 2007; Bergter et al., 2008). This 

previous work, along with the worms’ adaptability to life in the lab and fecundity, makes 

the genus an excellent model system for developmental biology. 
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CHAPTER 2

Coelomic Development of Oogenic Cysts in Ophryotrocha labronica4 

 

ABSTRACT  

Polarized oogenic cysts are clonal syncytia in which cellular compartments 

(cystocytes) differentiate as either oocytes or nurse cells—supportive germ cells that 

transport material to the oocyte through cytoplasmic bridges. Although polarized cysts 

have evolved independently in several animal phyla, most research on this phenomenon 

has focused on insects, particularly Drosophila melanogaster. To provide a foundation 

for comparative studies of cyst polarization, we have examined the coelomic 

development of polarized cysts in an annelid worm, Ophryotrocha labronica, using a 

variety of microscopic techniques. This species has elegantly simple cysts, each 

consisting of two interconnected cells (one oocyte and one nurse cell) free of somatic 

follicular tissue. These cysts arise from segmental ovaries, but are released to the coelom 

early in oogenesis, where they carry out most of their development. Although the oocyte 

remains transcriptionally active through oogenesis, nurse cells in this species are robust 

biosynthetic factories, with highly polyploid nuclei, enormous nucleoli, numerous 

mitochondria, and abundant rough endoplasmic reticulum. Ultimately, the nurse cell 

dumps its cytoplasm into oocyte, detaches, and undergoes programmed cell death. 

Although in insects, and possibly some polychaetes, the overall polarity of the cyst is 

linked to the specification of future embryonic axes in the oocyte, in Ophryotrocha this 

                                                             
4	  This chapter has been previously published as: 
Brubacher JL, Huebner E. 2009. Development of polarized female germline cysts in the polychaete, Ophryotrocha 
labronica. Journal of Morphology 270(4):413-429. © Wiley-Liss, 2008. Only the chapter title has been changed from 
the published article. The chapter is published here under the terms of the Copyright Transfer Agreement between the 
author and Wiley-Blackwell Publishers. JLB conceived the research, collected the data, and wrote the manuscript. 



31 
 

appears not to be the case. Our findings provide a detailed analysis of cyst development, 

addressing earlier misconceptions in the literature and adding new insights. This 

foundation shows the potential of Ophryotrocha labronica as a model system for further 

experimental analysis of nurse cell–oocyte differentiation. 

 

INTRODUCTION 

The female germ cell provides the foundation for the development of most 

multicellular organisms. Consequently, a detailed understanding of the process of 

oogenesis in various organisms is a necessary component of the broader study of 

developmental biology and animal diversity. The earliest stages of oogenesis in most 

animal phyla involve a so-called cyst structure, in which female germ cells are 

interconnected in clonal syncytia (Pepling et al., 1999). In most taxa, cellular 

compartments within such cysts (cystocytes) are apparently equivalent, each capable of 

becoming an oocyte.  

Some groups of animals, however, produce cysts in which only a small number of 

cystocytes differentiate as oocytes, with most becoming nurse cells (also known as 

trophocytes). The nurse cells are typically polyploid, and produce a variety of 

components that contribute to the growth of the developing oocyte(s). Because of the 

directional transport of material from nurse cell(s) to oocyte, such cysts are referred to as 

polarized cysts. Polarized cysts have been best characterized in insects and other 

arthropods, but also occur in some other phyla, such as the Bryozoa (Dyrynda and King, 

1983; Ostrovsky, 1998), Tardigrada (Poprawa, 2005; Suzuki, 2006), Urochordata (Ganot 

et al., 2007), and Annelida (Swiatek, 2005).  
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Polarized oogenic cysts in Drosophila melanogaster have been an enormously 

valuable source of information on fundamental processes in cell and developmental 

biology, particularly with regard to intracellular transport, the establishment and 

maintenance of asymmetries, and oocyte patterning (Gigliotti et al., 2003). However, to 

expand our understanding of such processes more broadly, assess their universality, and 

identify other useful model systems, there is a need to study other taxa.  

Polarized cysts are also an interesting subject when considered from an evolutionary 

perspective. The apparently independent origins of such cysts in several taxonomic 

groups are a dramatic example of the plasticity evident in oogenesis across the animal 

kingdom. Multiple, independent origins of polarity suggest either that polarity confers a 

strong adaptive advantage (convergent evolution) or that something inherent in cyst 

development favors the development of polarity (parallel evolution) or a combination of 

both factors. 

A fascinating example of polarized oogenic cysts is found in the polychaete genus 

Ophryotrocha (Annelida: Dorvilleidae). These worms are remarkable for the elegant 

simplicity of their cysts, which are two-cell syncytia comprising one oocyte and one 

nurse cell. Oogenesis in Ophryotrocha spp. can be broadly divided into two phases. In 

the first (intraovarian) phase, two-cell units originate and undergo most of their 

previtellogenic development within segmental ovaries—patches of germ tissue that lie 

just ventral to the gut. The bulk of cyst growth and development takes place during the 

second (extraovarian or coelomic) phase, when cysts are released into the coelom, where 

they develop free of any enveloping somatic follicular tissue (Korschelt, 1893; 

Emanuelsson, 1969).  
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Oogenesis in Ophryotrocha has been described in a number of reports dating back to 

the late 19th century. The two-cell cysts were noted by Claparède and Mecznikow (1869) 

in their original description of the genus. At the time, however, they interpreted the 

distinct cystocytes as being two oocytes at different stages of development, rather than 

distinct cell types. Korschelt’s (1893, 1895) studies of the cytology of O. puerilis 

corrected this error. The overall similarity of cysts between O. puerilis and two other 

species: O. hartmanni and O. gracilis, was noted by Schreiner and Schreiner (1906) and 

Huth (1933). Braem (1893) described oogenesis in O. puerilis, focusing on the nurse 

cells, which had previously received scant attention. Although both Braem and Korschelt 

recognized nurse cells and oocytes as distinct cell types, the syncytial nature of the cysts 

was not discovered until later (Emanuelsson, 1969). 

Investigations into the division of labor between nurse cells and oocytes included 

autoradiographic studies of DNA, RNA, and protein synthesis, primarily in O. labronica 

(Ruthmann, 1964; Emanuelsson, 1969; Emanuelsson and Heby, 1983; Emanuelsson, 

1985). Ultrastructural studies of the differentiation and interrelations between nurse cells 

and oocytes in O. puerilis were reported by Pfannenstiel (1978) and colleagues 

(Pfannenstiel and Grünig, 1982a,b).  

These studies—being dependent on techniques and information available at the 

time—suffered from technical problems, at times resulting in errors of interpretation. We 

therefore decided to re-examine oogenesis in O. labronica, using contemporary 

techniques and improvements in fixation, as many aspects of germ cell determination and 

differentiation require elucidation and/or clarification. In this article, we describe the 

coelomic phase of cyst development in Ophryotrocha labronica, using light and electron 
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microscopy, as well as various fluorescence techniques. Our purpose is threefold—to 

provide an in-depth description of cyst development in the coelomic (extraovarian) phase, 

to generate new insights and correct previous misinterpretations, and to consolidate the 

breadth of information on oogenesis in these worms, highlighting their potential as a 

model system.  

 

MATERIALS AND METHODS 

Worm Culture and Dissection 

Laboratory cultures of Ophryotrocha labronica subsp. labronica (Paxton and 

Åkesson, 2007) were initiated with specimens kindly provided by Bertil Åkesson 

(University of Göteborg). Worms were maintained at room temperature in glass dishes 

containing artificial seawater (salinity 32.5%, specific gravity 1.019), and fed weekly 

with either chopped spinach or Tetramin tropical granules (Tetra, Melle, Germany). At 

feeding times, half of the seawater in each bowl was replaced with fresh seawater.  

Cysts were obtained by anesthetizing female worms in a 1:1 mixture of seawater and 

370 mM MgCl2 for 5–10 min, then opening the worms’ body wall with 0.1 mm minuten 

pins mounted on wooden applicator sticks. To prevent cysts from sticking to cultureware, 

Petri dishes and Pasteur pipettes used for dissections and cyst manipulation were coated 

with gelatin by incubating a few minutes in a solution of 1 mg/ml gelatin (Fisher 

Scientific, Whitby, ON) and 0.1% (v/v) formalin, decanting the solution, and air drying.  
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Epoxy-embedded material and electron microscopy 

Primary fixation of isolated cysts and worm fragments was done for 2–6 h at room 

temperature, then overnight at 4ºC in 0.1 M sodium cacodylate, pH 7.2 (BDH, Toronto, 

ON) containing 3% (w/v) glutaraldehyde (EMS, Fort Washington, VA) 0.5% (w/v) 

paraformaldehyde (BDH), and 7% (w/v) sucrose. Following primary fixation, specimens 

were washed several times in 0.1 M sodium cacodylate, pH 7.2, then secondarily fixed on 

ice for 90 min in 1% (w/v) osmium tetroxide (EMS) in the same buffer. After secondary 

fixation, specimens were washed several times in cacodylate buffer or Tris-buffered 

saline (TBS; 150 mM NaCl, 50 mM Tris, pH 7.5). To facilitate handling in subsequent 

steps, isolated cysts were embedded in 2% (w/v) ultra-low-melting-point agarose.  

Specimens were dehydrated rapidly through 70%, 80%, 95% and absolute ethanol at -

20ºC, warmed to room temperature, and incubated 4 x 30 min in fresh changes of 

absolute ethanol. Acetone was used as a transition agent, first in a 1:1 mixture with 

ethanol (15 min, room temperature), then at 100% for 2 x 15 min. Samples were 

infiltrated overnight at room temperature in a 1:1 mixture of acetone and epoxy resin 

(4:5:12 mixture by volume of Araldite 502, EMbed 812, and dodecenyl succinic 

anhydride, plus 2.5% v/v benzyldimethylamine, all from EMS), and then a further 4–6 h 

in 100% resin mixture at room temperature. Blocks were embedded and polymerized in 

flat silicone molds at 60ºC for 48–72 h.  

Thick (1 µm) and thin (silver-colored, ~70 nm) sections were cut on a Sorvall Porter-

Blum MT-2B ultramicrotome. Thick sections were stained with either 1% (w/v) toluidine 

blue O (Fisher) in 1% (w/v) borax (Kodak, Rochester NY), or a mixture of 0.75% (w/v) 

methylene blue (BDH) and 0.25% (w/v) azure B bromide (Allied Chemical, Morristown, 
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NJ) in 0.5% w/v borax, and mounted with Permount (Fisher). Thin sections were 

collected on copper grids (0.4 x 2 mm coated slot grids, Ted Pella, or uncoated hexagonal 

mesh grids, EMS), and stained 1 h with a saturated solution of uranyl acetate (EMS) in 

50% ethanol, followed by a modified Sato’s lead solution (Hanaichi et al., 1986) for 2 

min.  

Grayscale images of thick sections illuminated with red, green and blue light were 

captured and merged to generate color images, using an AxioImager Z.1 microscope 

equipped with an AxioCam MRm camera and AxioVision 4.6 software (Carl Zeiss, 

Toronto, ON). Thin sections were observed with a Hitachi H-7000 STEM electron 

microscope in transmission mode, at 75 kV, and photographed on Kodak 4489 film. 

Negatives were processed by standard procedures and scanned on an Epson flatbed 

scanner to produce digital positive images.  

 

Immunofluorescence 

For tubulin/phosphotyrosine double staining, cysts were pipetted onto coverslips 

coated with poly-L-lysine (Sigma P1399), washed with calcium-free seawater (Marine 

Biological Laboratory Recipe 3: 436.71 mM NaCl, 9.00 mM KCl, 22.94 mM MgCl2, 

25.50 mM MgSO4, 2.4 mM NaHCO3) (Cohen, 1997) and permeablized 30–60 s in a 

modified BrB80 buffer (Pepper and Brinkley, 1979) containing 80 mM PIPES, 1 mM 

MgCl2, 5 mM EGTA, 750 mM sucrose, and 0.5% (v/v) Triton X-100. To fix cysts, we 

then added an equal volume of 1% (w/v) glutaraldehyde in modified BrB80 without 

Triton, and incubated 20 min at room temperature. Thus, the final fixative contained 0.5% 

glutaraldehyde and 0.25% (v/v) Triton X-100. Cysts were washed several times with 
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TBS, incubated 2 x 10 min in TBS + 0.1% (w/v) NaBH4 to quench autofluorescence, and 

washed again several times with TBS.  

To block nonspecific antibody binding, we incubated cysts for 1 h in blocking 

solution (TBS + 1% (w/v) bovine serum albumin, 1% (w/v) vitamin-free casein (MP 

Biomedicals, Aurora OH) and 0.1% (v/v) Tween-20). Cysts were then incubated 

overnight at room temperature with polyclonal rabbit anti-tubulin (Poly-sciences, 

Warrington, PA; Fujiwara and Pollard, 1978) and monoclonal mouse anti-

phosphotyrosine (clone 4G10, Upstate, Lake Placid NY, cat. no. 05-321), each diluted 

1:200 in blocking solution + 0.05% sodium azide. The next day, we washed coverslips 3 

x 1 min and 3 x 30 min in blocking solution, then incubated 4 h at room temperature with 

Alexa 488-conjugated goat-anti-mouse IgG and Alexa 568-conjugated goat-anti-rabbit 

IgG (Molecular Probes, Eugene OR, cat. no.’s A-11011 and A-11029), diluted 1:250 in 

blocking solution. Following the secondary incubation, cysts were washed 3 x 1 min and 

2 x 30 min in TBS + 0.1% (w/v) Tween-20 (TTBS), and a further 30 min in TBS. The 

first 30 min wash in TTBS also contained 0.5 µg/ml Hoescht 33342 (Molecular Probes) 

to counterstain nuclei. Coverslips were mounted in 90% glycerol/10% TBS + 3% (w/v) 

N-propyl gallate, after transitioning through 50% and 70% glycerol in TBS.  

To immunostain for mitochondria and Vasa, cysts attached to coverslips were fixed 

for 20 min at room temperature in seawater containing 2% (w/v) paraformaldehyde, then 

washed several times with TBS. Cysts were incubated for 48 h at room temperature in 

chambers described by Abbuhl and Velasco (1985) using monoclonal mouse anti-human 

ATP synthase subunit b (Mitosciences, Eugene, OR, cat. no. MS503) and polyclonal 

rabbit anti-Drosophila melanogaster Vasa (Thomson and Lasko, 2004; a gift of Dr. Paul 
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Lasko, McGill University) diluted 1:1000 and 1:5000, respectively, in blocking solution 

+ 0.05% sodium azide. All blocking, washing, secondary antibody and mounting steps 

were conducted as described above, except secondary antibodies were each diluted 1:800 

and incubated for 24 h at 4ºC.  

Imaging of immunostained slides was done using structured-illumination fluorescence 

microscopy to obtain optical sections, with an ApoTome module (Zeiss). Specimens were 

illuminated using an X-cite 120 lamp (EXFO, Mississauga, ON). To ensure accurate co-

localization of signals in multicolour fluorescence images, particularly in the z-axis, 

TetraSpeckTM 0.5 µm micro-spheres (Molecular Probes) were used to quantify the 

shifting of different emission wavelengths in the optical system, and channels were 

shifted accordingly in AxioVision. Images were exported from AxioVision software as 

.tiff files, and assembled into figures using Adobe Photoshop CS2.  

 

TUNEL and annexin V staining 

For TUNEL staining, cysts on coverslips were fixed for 2 h at room temperature in 

seawater + 4% (w/v) paraformaldehyde, then washed several times with seawater and 

TBS. They were treated for 20 min with proteinase K (20 µg/ml in TBS), then refixed for 

30 min and washed as above. Next, we incubated cysts 30 min at room temperature in 

equilibration buffer: 25 mM Tris, 200 mM sodium cacodylate (BDH), 0.2 mM 

dithiothreitol (Invitrogen), 0.25 mg/ml bovine serum albumin, and 2.5 mM CoCl2, pH 

6.6. We then labeled DNA ends by incubating 90 min at 37ºC with 300 units/ml T4 

terminal deoxynucleotide transferase (TdT, Promega, Madison, WI) in equilibration 

buffer + 10 µM dATP and 5 µM Br-dUTP (Invitrogen) in TE buffer, pH 8.0. We stopped 
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the TUNEL reaction by incubating 30 min in 20 mM EDTA, pH 7.5, then washed in 

TBS. Immunodetection of BrdU-labeled DNA ends was done as described above, using 

monoclonal rat anti-BrdU (clone Bu1/75, Abcam, Cambridge, UK) diluted 1:500 (2 

µg/ml) and Alexa 568-labeled goat anti-rat IgG (Molecular Probes) diluted 1:250 (8 

µg/ml). Cysts were counterstained with DRAQ5 (Biostatus, Leicestershire, UK). 

Negative (no TdT) and positive (DNase-treated) controls were run in parallel, and gave 

expected results. 

For annexin V labeling, cysts were dissected into wells of a depression slide in 

Dulbecco’s Modified Eagle’s Medium, modified for O. labronica cysts as described by 

Emanuelson and Anehus (1985) except that we used Mg2+-free seawater (MgFSW; 

Cohen, 1997, recipe no. 4) as the diluent. These live cysts were incubated for 90 min at 

room temperature with Cy3-conjugated annexin V (MBL, Woburn, MA) diluted 1:100 in 

culture medium + 1 µg/ml propidium iodide. After labeling, cysts were washed several 

times with culture medium, adhered to poly-L-lysine-coated coverslips, then fixed 1 h at 

room temperature in MgFSW + 4% (w/v) paraformaldehyde, and washed with TBS + 5 

mM CaCl2. We counterstained cysts with 10 µM DRAQ5 in TBS for 30 min, then 

mounted them on slides as described above for immunocytochemistry. For positive 

controls, we processed cysts as described above, except that control cysts were fixed prior 

to staining (which makes phosphatidylserine on the inner leaflet of the plasma membrane 

accessible to annexin V) and propidium iodide was omitted from the staining solution.  

 

Unless otherwise noted, chemicals used in this study were from Sigma, Oakville, ON, 

Canada.  



40 
 

 

RESULTS 

General structure of ovarian cysts 

Oogenesis in Ophryotrocha labronica is roughly divisible into two phases: a 

previtellogenic intraovarian phase in which two-cell cysts arise from segmental ovaries, 

and a vitellogenic extraovarian phase, in which the cysts complete most of their growth, 

free in the coelom. The transition from previtellogenic to vitellogenic phases is not sharp, 

as oocytes in O. labronica do not undergo a distinct previtellogenic growth phase 

(Schreiner and Schreiner, 1906). For our purposes, we defined the onset of vitellogenesis 

as the appearance of yolk granules in germ cells, which generally begins just before 

release of cysts to the coelom. A proposed staging series for cysts in this species is 

summarized in Table 1. We divide the intraovarian phase into two stages, I1 and I2. In 

stage I1, the two cell types are indistinguishable from each other. The transition between 

stages I1 and I2 is marked by the emergence of nuclear differences between the two cell 

types. First, the oocyte nucleus begins to show clear signs of entry into meiotic prophase. 

Soon thereafter, the nurse cell nucleus enters the endocycle, becoming polyploid. The 

features of the intraovarian phase, and the process by which cystocyte fates are specified, 

will be covered in detail in a separate article.  

The extraovarian phase, which we divide into five stages (E1-E5) begins with the 

release of two-cell units to the coelom. In the youngest extraovarian cysts (stage E1), the 

nurse cell is the larger of the two cystocytes (Fig. 1a). During subsequent stages, the 

oocyte will become equivalent to the nurse cell in size, and ultimately outgrow its partner 

(Fig. 1b–d). The cystocytes remain connected by a ring canal or cytoplasmic bridge, the
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Table 1 – Overview of cyst development in Ophryotrocha labronica 

Stagea P&G 
Stageb 

Meiotic stage of oocyte Nurse 
cell 

diam. 
(µm) 

Oocyte 
diam. 
(µm) 

Main features 

I1 I - - - 6-10 6-10 • nurse cell and oocyte 
indistinguishable 

I2 II leptotene – pre-diffuse 
diplotenec 

10-15 10-12 • entry into meiotic prophase 
in oocyte 

• DNA endocycle in nurse 
cell 

• previtellogenic 

E1 II-III diffuse diplotene  15-25 12-25 • onset of vitellogenesis 
• release of cysts to coelom 
• nurse cell larger than oocyte 
• nurse cell nuclear margin 

irregular 

E2 III diffuse diplotene 25-50 25-50 • nurse cell and oocyte ~ 
equivalent in size 

• rapid expansion of RER in 
nurse cell 

• early stages of coat 
deposition and microvillar 
growth in oocyte 

E3 IV diffuse diplotene – early 
post-diffuse diplotene 

50 50-110 • oocyte exceeds nurse cell in 
size 

• deposition of oocyte coat at 
NC/Oo interface 

E4 IV post-diffuse diplotene 50-20 110-
120 

• nurse cell cytoplasmic 
dumping 

• separation and apoptosis of 
nurse cells 

E5 V post-diffuse diplotene – 
early anaphase I 

- - - 120 • solitary oocyte 
• germinal vesicle breakdown 
• egg deposition & 

fertilization 

a I: intraovarian; E: extraovarian 
b Corresponding stages proposed for O. puerilis by Pfannenstiel & Grünig (1982b) 
c As defined by Klášterská, (1977) 
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Figure 1. Overview of cyst development and organization. (a–d) Nomarski differential 

interference contrast images of developing cysts. In each case, the nurse cell is indicated 

by an asterisk (*). Panels a and b show intact, live cysts whereas c and d are vibratome 

sections of fixed cysts. The nurse-cell nucleus is large and polyploid, with one or more 

prominent nucleoli (arrowheads), and grows throughout the stages shown here. (e) 

Maximum-intensity projection of a z-axis stack through a late stage E2 cyst, stained with 

anti-tubulin. (f) Same cyst as (e), single focal plane near middle of cyst. Tubulin shown in 

green, phosphotyrosine (which strongly stains the rim of the ring canal) in magenta. Left 

inset, XZ-projection of cyst at the level indicated by the arrowheads, showing the circular 

rim of the ring canal en face. Right inset, single focal plane through the ring canal of a 

different cyst, showing microtubules extending through the bridge. The right inset is 

magnified 43 relative to the rest of Panel f. (g) Transmission electron micrograph of a 

cytoplasmic bridge, oocyte above and nurse cell below. Arrows indicate the electron-

dense rim of the bridge. m, mitochondria; y, yolk granules. Scale bars - a–d: 20 µm; e, f: 

10 µm; g: 1 µm. 



43 
 

 



44 
 

rim of which is rich in phosphotyrosine (Fig. 1f) and strongly electron-dense in 

transmission electron micrographs (Fig. 1g). Though the ring canals are small during the 

intraovarian phase, during extra-ovarian development they soon reach a typical diameter 

of ~2 µm and remain fairly constant in size for the duration of oogenesis.  

Various organelles, including yolk granules and mitochondria, are frequently 

observed within the bridges. Furthermore, the two cystocytes feature a rich microtubule 

cytoskeleton that connects the two compartments through the bridge (Fig. 1e,f). Although 

we did not often see microtubules in electron micrographs of cysts, this was probably due 

to depolymerization of tubulin under the conditions used for ultrastructural fixation.  

 

Stage E1  

During the earliest period of extraovarian development, there is little to distinguish 

nurse cells from oocytes. The oocyte nucleus features a prominent nucleolus, and has 

progressed to the diffuse stage of diplotene (Klášterská, 1977) in which it will remain for 

most of process of cyst development (Fig. 2a,b). The nurse cell nucleus is somewhat 

larger than that of the oocyte, which accounts for some of the size difference between the 

two cells (Fig. 2a). The margin of the nurse cell nucleus is also slightly isrregular, in 

contrast to the relatively smooth envelope of the oocyte nucleus.  

The cytoplasmic contents of the two cystocytes are highly similar at first: rich in free 

ribosomes, with numerous mitochondria, but with few other organelles (Fig. 2a). Yolk 

granules are evident in both cell types. In nurse cells, these granules are almost always 

less than 2 µm in diameter, although the occasional larger sphere can be found, as shown 

in Figure 2a.  
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Figure 2. Stage E1: Early coelomic development; oocyte progressing to diffuse 

diplotene. (a) TEM through entire cyst within the coelom of a worm, early stage E1. The 

nurse cell-oocyte units are free in the coelom, and devoid of somatic cells. The somatic 

cells adjacent to the cyst in this micrograph are peritoneal cells (pc). At this stage, there is 

little difference between the cytoplasmic contents of the nurse cell and oocyte. Likewise, 

the chromatin in each cell appears similar at the ultrastructural level, with numerous 

small patches of heterochromatin. The nurse cell nucleus is, however, already 

considerably larger than that of the oocyte. On, oocyte nucleus; Nn, nurse cell nucleus; y, 

yolk droplets. (b) Oocyte nucleus in late stage E1 (On). Chromatin appears less 

condensed at this stage. The margin of the nucleus is smooth. (c) Nurse cell nucleus, late 

stage E1 (Nn). Note the convoluted margin of the nucleus. The nurse cell’s chromatin 

continues to be organized with many small, condensed regions. Sheets of rough 

endoplasmic reticulum (RER, arrowheads) are beginning to become more abundant in the 

nurse cell cytoplasm, relative to that of the oocyte. All scale bars = 2 µm.
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The nurse cell nucleus continues to grow through stage E1, and its margin 

becomes increasingly irregular, whereas the oocyte nucleus remains relatively small and 

smooth (Fig. 2b,c). Toward the end of stage E1, the cystocytes differ substantially in yolk 

content, and the amount of rough ER in the nurse cell is beginning to noticeably increase 

(Fig. 2c).  

 

Stage E2  

By the beginning of stage E2, the oocyte has reached approximately the same size as 

the nurse cell. Though the two cells grow at similar rates here, they diverge markedly in 

other ways, with the nurse cell continuing to differentiate into its mature role as a 

biosynthetic factory. Deposition of the oocyte envelope begins during this stage (Fig. 3a–

c). The coated surface of the oocyte also grows abundant microvilli, which extend 

through the envelope (Fig. 3c). Coat material is deposited on the exposed surface of the 

oocyte, but not on the face of the oocyte that contacts the nurse cell. The surface of the 

oocyte at the nurse cell interface remains uncoated and smooth at this stage, with both 

cells in close contact (Fig. 3b).  

One of the most remarkable events of stage E2 is the dramatic accumulation of rough 

endoplasmic reticulum (RER) in the nurse cell. The single sheets of RER present in late 

stage E1 increase to form loose aggregates (Fig. 3d) which eventually assemble into large 

stacks that occupy most of the nurse cell’s volume (Fig. 3e). This abundance of RER 

underscores the intense biosynthetic activity of the nurse cell, which is also reflected in 

its nuclear morphology (see below). Golgi complexes are abundant in the nurse cell at
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Figure 3. Stage E2: Expansion phase; oocyte in diffuse diplotene. (a) During this 

stage, the nurse cell (N) and oocyte (O) are approximately equal in size. (b) Deposition of 

the oocyte envelope begins (arrow), but is not uniform, in that envelope development at 

the nurse-cell/oocyte interface lags behind that of exposed regions of the oocyte 

(arrowhead). Vacant regions in the oocyte in this panel occurred due to extraction of 

glycogen (compare with Panel f) but otherwise fixation remains good. (c) Oocyte 

envelope at higher magnification, showing microvilli extending through the envelope. (d, 

e) RER in the nurse cell rapidly increases in volume at this stage, with loose aggregations 

of sheets developing into large, tightly packed whorls. Golgi complexes are also 

frequently seen within nurse cells, budding off vesicles containing material that 

resembles yolk (d, inset). (f) The oocyte nucleus remains smooth-margined, with little 

heterochromatin. Electron dense material begins to accumulate in the perinuclear 

cytoplasm, forming a complete rim around the nucleus. (g) The nurse cell nucleus 

continues to increase in volume, and its surface becomes still more irregular, with deep 

infoldings and projections (arrows). Electron dense material resembling nuage is 

abundant in the perinuclear cytoplasm, and large clumps of this material are often found 

in pockets of the nuclear envelope (inset, arrowheads). Scale bars—a: 5 µm; b: 1 µm; c: 

0.5 µm; d, e: 2 µm (d inset, 0.5 µm); f: 2.5 µm; g: 2 µm. 
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this stage. They can be observed producing vesicles filled with electron-dense, yolk-like 

material (Fig. 3d, inset), which strongly suggests a direct (though not necessarily 

exclusive) role for these cells in vitellogenesis. 

By late stage E2, the nurse cell nucleus is typically over 30 µm in diameter, with one 

or two enormous nucleoli (Figs. 3a and 1c). The surface area of the nucleus is greatly 

increased by its deeply infolded envelope. Nuage-like material is abundant in the 

perinuclear cytoplasm, particularly within the infoldings of the nuclear envelope (Fig. 3g, 

see inset). By contrast, the oocyte nucleus remains smooth, although its large nucleolus 

and diffuse euchromatin suggest it is not quiescent (Fig. 3f). Electron-dense material also 

begins to accumulate around the oocyte nucleus at this stage (Fig. 3f). Comparison of 

acidic azure B staining with and without RNase treatment (Cole and Ellinger, 1981) 

indicates this material is rich in RNA (data not shown). 

 

Stage E3 

This stage is marked primarily by growth of the oocyte to near its final size, with little 

change in cytoplasmic composition of either cell type. The nurse cell remains robust and 

active (Fig. 4e). As stage E3 progresses, there is a gradual re-condensation of oocyte 

chromatin, marking the oocyte’s transition from the diffuse stage of diplotene to 

postdiffuse diplotene (compare early E3 in Fig. 4a,c with late E3 in Fig. 4b,d). The 

oocyte nucleus grows in concert with chromatin condensation during this time (Fig. 4a,b, 

right-hand panels). Nuclear activity in the oocyte continues, as indicated by the 

persistence of a large nucleolus (Fig. 4b,c) and perinuclear rim of electron-dense material 

throughout this stage (Fig. 4c,d). The oocyte envelope continues to thicken during this  
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Figure 4. Stage E3: Oocyte growth and progression through diplotene. (a) Cyst with 

oocyte approximately 65 µm in diameter (the diameter can only be estimated, due to 

compression of oocyte by coverslip). DIC view of cyst on left, enlarged view of oocyte 

nucleus stained with acridine orange on right (maximum-intensity projection of 10 

confocal slices). Distribution of oocyte chromatin remains relatively diffuse. (b) Cyst 

with oocyte approximately 95 µm in diameter. DIC view of cyst on left, enlarged view of 

oocyte nucleus on right, stained as in Panel a (maximum-intensity projection of 10 

confocal slices). At this point, stained DNA appears more filamentous, as chromatids re-

condense. The nucleolus is still visible as an unstained circular region near the center of 

the nucleus. (c, d) TEM views of oocyte nuclei corresponding to cysts in the stages 

depicted in Panels a and b, respectively. Central boxes are shown at 4x relative 

magnification in insets. The nucleus in Panel c shows evidence of slightly more 

condensed chromatin, relative to stage E2 (inset, compare to Fig. 3f), but the overall 

organization is a coarse fibrous mesh. By the period illustrated in Panel d, chromatids are 

much more clearly defined (arrows), and the remaining nuclear matrix has a fine, 

flocculent appearance (inset). Note that the rim of electron-dense material around the 

nucleus persists through this stage. (e) TEM of a nurse cell. The nurse cell remains 

broadly similar to stage E2 during this phase, with a large, irregular nucleus and abundant 

RER. (f) Interface between nurse cell (N) and oocyte (O). A significant gap exists 

between the two cell types at this stage (arrows), except for contacts between nurse cell 

filopodia and oocyte microvilli (arrowheads), and at the cytoplasmic bridge (not shown). 

The surface of the oocyte adjacent to the nurse cell is now covered with a thickening 

envelope. This plane of section is somewhat oblique to the interface, which exaggerates 

the width of the envelope. (g) Oocyte envelope, late stage E3. Microvilli are beginning to 

branch (arrowheads). Cysts in this figure were fixed after dissection from worms, which 

results in extraction of glycogen, leaving vacant spaces, particularly in oocytes. However, 

general fixation quality is equivalent to that in other figures. Scale bars—a, b: 50 µm (left 

panels), 10 µm (right panels), c–e: 2 µm, f: 5 µm, g: 0.5 µm. 



52 
 

 



53 
 

stage, and now begins to cover the surface of the oocyte at the interface with the nurse 

cell (Fig. 4f,g). Likewise, the oocyte microvilli lengthen, and begin to branch distally 

(Fig. 4g). Direct membrane contact between the oocyte and nurse cell now occurs only at 

points of contact between oocyte microvilli and filopodial projections from the nurse cell, 

which also penetrate the oocyte envelope (Fig. 4f).  

 

Stage E4 

Once the oocyte has nearly reached its final size, there follows a brief period defined 

by the regression, detachment, and apoptosis of the nurse cell. As the nurse cell begins to 

regress, its cytoplasmic contents become quite “spongy” in appearance, although its 

nucleus appears relatively unchanged (Fig. 5a). A major event in stage E4 is bulk 

cytoplasmic transfer from the nurse cell to the oocyte, reminiscent of “cytoplasmic 

dumping” in the late stages of oogenesis in Drosophila (Cummings and King, 1969). 

Bulk transfer is clearly visible as intrusion of nurse cell cytoplasm into the oocyte, even 

in light micrographs (Fig. 5b). A likely mechanism to account for this transfer is actin-

based contraction around the nurse cell cortex. The outer rim of the nurse cells appears to 

be very rich in actin throughout the extraovarian phase, as evidenced by its electron-

dense staining in TEMs, (Fig. 5a), and bright labeling by fluorescent phalloidin (Fig. 5b, 

upper inset). 

We infer that following bulk cytoplasmic transfer, the ring canals close quickly, 

resulting in detachment of the nurse cell from the oocyte. (At this stage, the ring canal is 

essentially the only structure keeping the two cells together). Preparations of late-stage 

cysts from gravid females often include free nurse cells. Furthermore, there was no
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Figure 5. Stage E4: Nurse cell regression and bulk cytoplasmic transfer. (a) 

‘‘Spongy’’ nurse cell cytoplasm, typical for this stage. Note the intact nucleus (n), and a 

fine, electron-dense line along the inner plasmalemma (arrowheads). (b) Cytoplasmic 

bridge (arrows), showing nurse cell’s RER-rich cytoplasm streaming into oocyte. m, 

mitochondria (white arrowheads); *, yolk granules. Lower inset: light micrograph of 

thick section from a nearby plane of the same cyst (stained with methylene blue/azure B). 

Dumping is evident at the light-microscope level (black arrowhead). Upper inset: 

maximum-intensity projection of cyst stained with Alexa 488 phalloidin. Note the 

intensely stained cortex of the nurse cell (the upper left cystocyte of the cyst). This cyst in 

this inset is actually in early stage E3, but this general pattern holds throughout the 

extraovarian phase of oogenesis. (c) TUNEL staining of nurse cells (magenta), 

counterstained with acridine orange (green). Top row shows a stage E4 nurse cell still 

attached to the oocyte. Eventually, nurse cells detach from oocytes, and it is at this point 

that DNA fragmentation is typically evident through TUNEL staining (bottom row). As 

in Figure 4, cysts in this figure were fixed after dissection from worms, which results in 

extraction of glycogen leaving vacant spaces, particularly in oocytes. Scale bars—a: 2 

µm, b: 5 µm, c: 20 µm. 
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evidence that nurse cell DNA or plasma membrane is incorporated into the oocyte, which 

would be expected if nurse cells are completely absorbed by oocytes, as has been 

suggested by Pfannenstiel and Grünig, 1982b. 

We found that the detached nurse cells are usually undergoing programmed cell 

death, evident as fragmentation of nuclear DNA detectable by TUNEL staining (Gavrieli 

et al., 1992) (Fig. 5c, lower row). TUNEL-positive nurse cells are extremely rare in intact 

cysts, even at very late stages (Fig. 5c, upper row) suggesting that the onset of nuclear 

fragmentation is associated with detachment of the nurse cell. 

 

Stage E5 

As part of our study of nurse cell death, we also stained live cysts with Cy3-labeled 

annexin V, a protein with high affinity for phosphatidylserine (PS) in lipid bilayers 

(Andree et al., 1990). In healthy cells, PS is restricted to the inner leaflet of the plasma 

membrane, where it is inaccessible to annexin V. As cells undergo apoptosis, PS 

redistributes to the outer leaflet, resulting in bright annexin V staining (Koopman et al., 

1994). Nurse cells attached to oocytes were without exception negative for annexin V, 

supporting the view that programmed cell death begins only with separation of the 

cystocytes. Staining of detached nurse cells was not possible, due to difficulties in 

maintaining these cells in culture for the duration of the staining period. 

Interestingly, oocytes of stage E1–E4 were labeled by annexin V, but in a punctate 

pattern around the periphery of the cell (Fig. 6a, top right, upper inset). We did not 

observe such staining in stage E5 oocytes (Fig. 6a, bottom left), or in oocytes that were 

fixed prior to staining (Fig. 6a, lower inset). The punctate, cortical staining in oocytes  
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Figure 6. Stage E5: Solitary oocyte; meiotic progression. (a) Maximum-intensity 

projections of fluorescence Z-stacks through late stage E4 cyst (top right) and stage E5 

oocyte (bottom left), stained with Cy3·annexin V (magenta) and DRAQ5 (green). 

DRAQ5 stained both DNA and RNA under our conditions—the mottled cytoplasmic 

staining in both oocytes is RNA. The arrowhead in the bottom left oocyte indicates the 

condensed chromosomes in metaphase I. In the top right cyst, the nurse cell nucleus (*) 

and surrounding RNA-rich cytoplasm obscure the oocyte nucleus. Endocytic activity in 

the top-right oocyte is evident from the punctate cortical staining with labeled annexin V. 

The top-left inset shows a single optical section of the boxed region, with annexin V 

staining overlaid on a DIC image, clearly demonstrating internalization of annexin V. 

This pattern of staining is easily distinguishable from annexin V staining of an apoptotic 

cell, which results in uniform labeling of the entire plasma membrane. The bottom-right 

inset shows an oocyte fixed prior to staining, which mimics the staining pattern that 

would be present in apoptotic cells. Note that the nurse cell in the upper-right cyst is 

entirely annexin-negative, as is the lower-left oocyte. (b) Toluidine-blue-stained 1 µm 

section of an oocyte in early stage E5. Oocytes in stage E5 are markedly elliptical, as 

shown by this section, which was cut parallel to the short axis. The nucleus at this stage is 

large (>25 µm in diameter) and retains a prominent nucleolus (arrowhead). Large patches 

of yolk-free cytoplasm are often present near the nucleus (arrow). (c) 3D stereo image of 

an oocyte at a stage similar to that in (b), reconstructed from serial 1 µm sections. Blue, 

oocyte envelope; green, nuclear envelope; yellow, nucleolus; red, chromatin; magenta, 

perinuclear yolk-free cytoplasm. (d) Toluidine-blue-stained section of an oocyte in mid-

E5, cut perpendicular to the short axis. The nucleolus persists even after germinal-vesicle 

breakdown, as shown here (arrowhead). This plane of section contains one pole of the 

meiotic spindle (arrow), which has begun to assemble at this point. (e) Hematoxylin and 

eosin-stained methacrylate section showing meiotic spindle of a stage E5 oocyte within a 

gravid female. Oocytes progress to anaphase I prior to egg deposition. Inset: oocyte 

envelope in stage E5, with branching microvillus. Scale bars—a: 50 µm, b, d: 20 µm, e: 

10 µm, inset: 0.5 µm.
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prior to stage E5 suggests that annexin V was taken up by endocytosis. Oocytes of 

Ophryotrocha spp. have previously been shown to be endocytically active (Pfannenstiel 

and Grünig, 1982b; Yeow, 1993). Endocytic activity ceases with the transition to stage 

E5, at which point the oocyte has reached its maximum size. 

In stage E5, oocytes complete their development within the female worm. The now-

solitary oocytes retain the flattened ellipsoid shape they had while attached to nurse cells 

(Figs. 1d and 6b,c). Thus, the short axis of the oocyte parallels the earlier nurse cell-

oocyte axis. This flattening is the only asymmetry consistently evident within the oocyte. 

We did not observe a consistent location or orientation of the oocyte nucleus with respect 

to the long and short axes of the oocyte. Early stage-E5 oocytes commonly contain 

prominent patches of yolk-free cytoplasm near the nucleus (Fig. 6b,c). These patches do 

not persist through stage E5, however. They most likely represent volumes of dumped 

nurse cell cytoplasm that gradually disappear as they disperse into the surrounding 

ooplasm. 

Korschelt (1895) has previously noted that in O. puerilis the oocyte nucleolus persists 

well into late meiotic prophase—at times even after breakdown of the germinal vesicle. 

We also observed late persistence of the oocyte nucleolus in O. labronica (Fig. 6d). As is 

generally the case for O. puerilis (Huth, 1933) the oocytes of O. labronica arrest in early 

anaphase I prior to fertilization (Fig. 6e). They reach this stage while still within the 

coelom of the worm, prior to ovulation. At this point, the oocyte envelope is typically 1-

lm thick or more, and the microvilli that penetrate it are branched, sometimes with three 

branches visible in a single plane of section (Fig. 6e, inset). 
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Distribution of Germ Granules and Mitochondria 

Germ granules are ribonucleoprotein (RNP) aggregates universally found in germ 

cells, identifiable as electron-dense patches of cytoplasm in electron micrographs 

(Seydoux and Braun, 2006). As a marker of these structures, we used a polyclonal rabbit 

antibody raised against the Drosophila melanogaster Vasa protein (Thomson and Lasko, 

2004). Vasa is a highly conserved DEAD-box RNA helicase expressed specifically in 

germ cells, where it is typically localized to germ granule material (Ikenishi, 1998; 

Seydoux and Braun, 2006). 

Mitochondrial dynamics play a crucial, but poorly understood role during oogenesis. 

This role is evident in the widespread occurrence of mitochondrial clouds (also known as 

Balbiani bodies) in oocytes (Kloc et al., 2004; Pepling et al., 2007), the participation of 

mitochondrial ribosomes in the translation of nuclear genes in oocytes (Amikura et al., 

2001, 2005) and the frequent close association between mitochondria and germ granules 

(Eddy, 1975). We were therefore interested in examining the distribution of mitochondria 

during the extraovarian phase of oogenesis in O. labronica. To visualize mitochondria, 

we used an antibody to the b subunit of human mitochondrial ATP synthase, which 

exhibits wide cross-reactivity among species (Kimura et al., 2007). 

Throughout cyst development, mitochondria are abundant in both nurse cells and 

oocytes, but are particularly densely concentrated in nurse cells (Fig. 7a–e). Interestingly, 

most Vasa immunoreactivity is closely associated with a subset of mitochondria in both 

cell types (Fig. 7a–f). This association is maintained through all stages of cyst 

development. In some of our preparations, particularly in dissected, isolated cysts (as 

opposed to cysts fixed in situ) much of the electron-dense cytoplasmic ground substance  
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Figure 7. Immunofluorescent staining for mitochondria and Vasa-like proteins. (a–

c) Maximum-intensity projections of Z-stacks covering an entire stage E1 cyst, stained 

with antibodies to the b-subunit of mitochondrial ATP-synthase (green) and Vasa 

(magenta). Panels a and b show each channel individually, and c shows the merged 

image. (d) Cyst in stage E3, stained as in Panels a-c; maximum-intensity projection of Z-

stack covering entire cyst. (e) Cyst in stage E4, stained as above; maximum-intensity 

projection of cyst covering 10 µm in the z-axis. In this panel, “n” indicates the location of 

the nucleus in each cystocyte. Arrows indicate small agglomerations of mitochondria and 

Vasa-reactive material. (f) Nurse cell of stage E2 cyst, maximum-intensity projection of 5 

planes spanning 1 µm in z-axis, stained as above, but with DNA also stained with 

Hoechst 33342 (blue). Arrowheads indicate perinuclear Vasa+ granules not directly 

associated with mitochondria. (g) TEM of mitochondria in a stage E4 oocyte, surrounded 

by a thin rim of fibrillar material (arrows). Some cytoplasmic components were extracted 

during fixation of this specimen, including glycogen granules, leaving regions of empty 

space (gly). All panels—“NC” indicates the nurse cell, and “Oo” the oocyte. Scale bars—

a–c: 10 µm, d, e: 20 µm, f: 5 µm, g: 1 µm. 
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was extracted during fixation, including glycogen granules. Extraction of this material 

fortuitously exposed less-soluble components, revealing that many mitochondria are 

surrounded by a thin layer of loose, fibrillar material (Fig. 7g). The distribution of this 

fibrillar material correlates with the peri-mitochondrial localization of Vasa-

immunoreactive material. 

We did observe small, perinuclear foci of Vasa immunoreactivity that were not 

intimately associated with mitochondria, particularly in younger cysts (stages E2 and 

early E3; Fig. 7f). Such foci are consistent with the nuage-like germ granules observed in 

TEMs at this stage (see Fig. 3g). 

Occasionally, small aggregations of mitochondria and Vasa were visible, particularly 

in older cysts (Fig. 7e). The appearance of these aggregates was not consistently 

associated with any particular stage or location, however. Overall, oocytes in O. 

labronica exhibit neither obvious germ plasm (prominent accumulations of germ 

granules), nor large, stable aggregates of mitochondria that would suggest the existence 

of a Balbiani body. 

 

DISCUSSION 

The simplicity of the polarized cyst in O. labronica makes this a system with 

outstanding potential for the study of the nurse-cell/oocyte interrelations, specification of 

cystocyte identity, the division of labor between these two cystocyte types, and nurse 

cell–oocyte transport. Several articles have previously been published that cover various 

aspects of oogenesis in Ophryotrocha spp., but all are decades old, using preparative 

techniques of the times. There is a need to revisit oogenesis in this genus, particularly in 
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comparison with nurse-cell/oocyte relationships in insects such as Drosophila 

melanogaster, and oogenesis in other animal groups. We begin by discussing the 

functional interactions between nurse cell and oocyte, such as production and transport of 

materials, and nurse cell regression. Second, we discuss the distribution of germ granules 

and cyst polarity, and their implications for the establishment of embryonic axes in O. 

labronica. 

 

Synthetic activity in nurse cells and oocytes 

The nurse cell is clearly a major source of both RNA and protein in the cyst. This role 

is attested to in part by the large size and surface area of its nucleus (Figs. 1a–d, 2a,c, and 

3g). In O. puerilis, Ruthmann (1964) estimated the ploidy level of the nurse cell to be 

233n, using microspectrophotometric measurements. The enormous size of the nurse cell 

nucleolus suggests a particularly important role for the nurse cell in RNA and ribosome 

production. Interestingly, based on studies of tritiated uridine incorporation, Ruthmann 

(1964) concluded that there was no transfer of RNA from nurse cell to oocyte in O. 

puerilis. Emanuelsson (1985), on the other hand, arrived at the opposite conclusion from 

his autoradiographic study of O. labronica cysts, but did not discuss reasons for the 

difference between the two studies. Although these contradictory conclusions may have 

been due to the use of different worm species, this is unlikely. We believe that 

Emanuelsson’s conclusion is the correct one, and that Ruthmann’s failure to observe 

significant transfer of RNA was likely due to the relatively brief (5–90 min) radioactive 

pulse he used, followed by immediate fixation without a chase period.  
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The large amount of RER that accumulates in the nurse cell in stages E2 and E3 

indicates a high level of protein synthesis. This activity has been demonstrated by the 

autoradiographic studies of Emanuelsson and Anehus (1985) using tritiated leucine and 

tryptophan. They also showed that protein synthesized by nurse cells accumulates in the 

oocyte, particularly in yolk granules. 

Despite the synthetic burden carried by the nurse cell, the oocyte is not a quiescent 

partner in cyst development. Throughout the extraovarian phase, the nucleus features a 

prominent nucleolus, indicating that it is not entirely dependent on the nurse cell for 

provision of macromolecules (Figs. 2a, 3a,f, 4c, and 5b,d; see also Korschelt, 1895). The 

autoradiographic studies mentioned above also demonstrated active transcription and 

translation within the oocyte (Ruthmann, 1964; Emanuelsson, 1985; Emanuelsson and 

Anehus, 1985). In this respect, oogenesis in O. labronica is similar to that observed in 

other polychaetes, in which oocytes are typically transcriptionally active (Eckelbarger, 

1992, 2005, 2007). This strategy differs markedly from that of insects with polytrophic 

ovarioles (i.e., those with nurse cells), in which oocyte nuclei have greatly reduced 

transcriptional activity, and lack nucleoli for much of the vitellogenic stage of oogenesis 

(King and Burnett, 1959; Mahowald and Tiefert, 1970). In insects, somatic tissues such 

as the follicular epithelium and fat body also make important contributions to the 

production of oocyte material (Pan et al., 1969; Brennan et al., 1982). Thus, it seems that 

in O. labronica, despite the evolution of robust nurse cells, the oocytes do retain 

substantial autonomous synthetic activity. This activity may reflect reduced somatic 

contributions to oocyte development in Ophryotrocha relative to insects, and is perhaps 

also a consequence of having only a single nurse cell. 
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Direct role for nurse cells in vitellogenesis 

In polychaetes other than Ophryotrocha where nurse cells have been identified and 

studied in some detail, e.g., Diopatra cuprea, Typosyllis pulchra, Micromaldane 

nutricula, and Tomopteris septentrionalis, (Anderson and Huebner, 1969; Heacox and 

Schroeder, 1981; Eckelbarger, 1992; Rouse, 1992) nurse cells are typically small, 

showing few signs of exaggerated synthetic activity or evidence of direct involvement in 

vitellogenesis. In Ophryotrocha, however, nurse cells are robust biosynthetic factories, 

and active contributors to vitellogenesis. 

While drawing conclusions about dynamic processes from (static) electron 

microscopical images can be problematic, there is good reason to suspect that nurse cells 

in O. labronica do play a direct and important role in vitellogenesis. First, nurse cells 

contain inclusions that are identical in appearance to yolk granules in the oocyte, though 

these are usually smaller than their oocyte counterparts (Figs. 1g, 2a,c, 3d, 4e,f, and 5b). 

Second, these granules appear to be synthesized within nurse cells, where golgi 

complexes can be observed producing vesicles containing electron-dense material much 

like that of yolk (Fig. 3d). Third, such granules are found within the cytoplasmic bridges 

that connect oocytes and nurse cells (Fig. 1g). Finally, appearance of these granules in 

nurse cells coincides with the onset of vitellogenesis in the intraovarian phase (data not 

shown). If the nurse cell were not directly involved in synthesis of proteinaceous yolk 

components, it would be very difficult to explain the massive accumulation of RER 

within its cytoplasm, as there is no suggestion that the nurse cell secretes products by 

exocytosis. 
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Further support for the direct involvement of nurse cells in vitellogenesis comes from 

autoradiographic studies of amino acid incorporation by Emanuelsson and Anehus 

(1985). Cysts given a brief pulse of labeled tryptophan and processed for autoradiography 

soon thereafter had greatest incorporation of label in the RER and small “yolk bodies” of 

nurse cells. When the radioactive pulse was followed by a 24 h chase, however, the label 

was predominantly found in the oocyte. Such observations strongly suggest that the nurse 

cell is a direct (though not necessarily exclusive) source of yolk material for the oocyte. 

 

Yolk granules do not appear to form by transformation of mitochondria 

Previous articles have suggested that yolk granules in Ophryotrocha form via 

transformation of mitochondria (Emanuelsson, 1969; Pfannenstiel and Grünig, 1982b). 

The evidence for such transformations comes from observations of an assortment of 

membranous cytoplasmic structures that sometimes appeared somewhat like 

mitochondria, contained electron-dense inclusions, and/or were in proximity to yolk 

granules. However, in both studies in which this interpretation is made, cysts were fixed 

solely with osmium tetroxide (OsO4), which appears to preserve mitochondrial structure 

very poorly when used as a primary fixative for Ophryotrocha (see Fig 2A in 

Emanuelsson, 1969, and Figs. 2, 11, 14 in Pfannenstiel and Grünig, 1982b). Such 

“transformed mitochondria” were rarely if ever present in our preparations. The sheer 

abundance of mitochondria that would be necessary to form the many yolk spheres, while 

also maintaining metabolic function, also raises concerns about the reliability of the 

above-described interpretations. We would suggest that a more parsimonious 

interpretation of the structures described above is that they are simply poorly fixed 
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mitochondria. The transformation of mitochondria into yolk bodies seems to be an 

unnecessarily complicated interpretation of vitellogenesis in Ophryotrocha, not supported 

by our observations. 

 

Regulation of transport from nurse cell to oocyte 

Transport of material through ring canals in O. labronica must be regulated, to ensure 

that appropriate components move into the oocyte at the appropriate time. For example, 

cysts are subjected to directional pressure from contractions of the body wall, gut 

peristalsis, and especially from the oar-like movement of the chaetae and aciculae, which 

extend deep into the coelom internally (Bergter et al., 2008). If there were no mechanism 

to control the flow of material through the ring canal, one would then expect such 

compressions to lead to indiscriminate squeezing of material back and forth between the 

cystocytes. That such mixing does not occur implies the existence of components that 

regulate transport. 

Our findings are the first description of an extensive microtubule cytoskeleton in 

Ophryotrocha labronica. This microtubular network in developing cysts (Fig. 1e,f) is a 

likely source of stability, providing a scaffold to prevent inappropriate mixing of 

cytoplasmic contents. It is also likely that microtubules play a role as substrates for 

transport. In Drosophila cysts, the microtubule network is polarized, and microtubule-

dependent transport plays a crucial, albeit not exclusive, role in maintaining cystocyte 

identity and supporting oocyte development (Koch and Spitzer, 1983; Theurkauf et al., 

1993; Clark et al., 2007; Mische et al., 2007). Further work will be required to elucidate 

the functions of microtubules in O. labronica. We have attempted a first step along these 
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lines by immunostaining worm cysts with various antibodies to γ-tubulin, to identify the 

location of microtubule-organizing centers, but have yet to find an antibody that 

recognizes γ-tubulin in Ophryotrocha. 

In a 1978 study, Pfannenstiel observed openings in the plasma membranes of 

cystocytes at the nurse-cell/oocyte interface, and suggested that these holes serve as 

portals for exchange of cytoplasmic material, prior to the deposition of oocyte envelope 

in this area (his Fig. 5c). We observed no such pores, however, and can think of no other 

example of a living system in which healthy cells have large, membrane-free openings to 

the extracellular environment. The pores reported by Pfannenstiel are presumably 

fixation artifacts. 

 

Death of nurse cells is delayed until after detachment from the oocyte 

In late stages of cyst development, the nurse cell dumps much of its remaining 

cytoplasm into the oocyte (Fig. 6b). Ultrastructurally, the nurse cell nucleus appears to be 

intact at this stage, and TUNEL assays of late-stage cysts suggest that DNA has not yet 

begun to fragment. Rather, the nurse cell detaches from the oocyte prior to undergoing 

programmed cell death. Although we have not directly observed detachment, the 

presence of isolated, apoptotic nurse cells in material dissected from late-gravid females 

is consistent with this conclusion. In his study of O. puerilis, Braem (1893) observed 

ejected nurse cells in the protective mucus coat surrounding freshly deposited eggs, and 

also concluded that they must detach from oocytes prior to the formation of the first 

meiotic spindle. 
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Other reports have suggested that late in cyst development in O. puerilis, the nurse 

cell’s nuclear envelope breaks down during the bulk-transfer period, and the nurse cell is 

entirely absorbed by the oocyte (Pfannenstiel and Grünig, 1982b). However, none of the 

figures shown to support this contention are particularly convincing. All are either 

ambiguous, or can be interpreted as fixation artifacts. 

The general process of nurse cells dumping their cytoplasm, and then undergoing 

apoptosis bears some similarity to the behavior of nurse cells in stages 11–14 of 

Drosophila oogenesis (Cummings and King, 1969; Robinson et al., 1994). This late-stage 

death of nurse cells in Drosophila is developmentally programmed, and differs in a 

number of ways from mid-stage apoptosis in this species, which is not developmentally 

regulated, but rather a response to stress or egg-chamber defects that results in the death 

of the oocyte and follicle cells in addition to nurse cells (Nezis et al., 2000; Peterson et 

al., 2003). In particular, caspases seem to play a reduced or altered role in late-stage death 

of Drosophila nurse cells (Foley and Cooley, 1998; Peterson et al., 2003; Mazzalupo and 

Cooley, 2006; Baum et al., 2007). This reduced activity may help to protect the oocyte 

from apoptosis, as ring canals appear to remain open during the initial stages of 

developmentally programmed nurse-cell death (Robinson et al., 1994). We observed no 

caspase activity in late-stage nurse cells of Ophryotrocha as judged by retention of the 

fluorescent caspase inhibitor fam-VAD-fmk (Bedner et al., 2000) (data not shown), 

which may suggest a similar process of programmed cell death involving reduced caspase 

activity in the worms. Alternatively, it is possible that caspases are not activated until 

after detachment of the nurse cell from the oocyte. 
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Vasa, germ granules, and ooplasmic homogeneity in O. labronica 

Germ granules are discrete clumps of ribonucleoprotein-rich material, often 1 µm or 

larger in size, which are evident in electron micrographs as electron-dense patches, not 

bound by a limiting membrane. These structures are generally believed to act as centers 

for post-transcriptional regulation of gene expression, which is crucial to germ cell 

differentiation, function, and survival (Leatherman and Jongens, 2003; Seydoux and 

Braun, 2006). 

Despite their apparently universal presence in germ cells, the molecular composition 

and subcellular distribution of germ granules varies among oocytes of different species, 

and also among different stages of development within the same species (reviewed in 

Eddy, 1975; Seydoux and Braun, 2006). Germ granule material is also known as nuage 

when found in the perinuclear cytoplasm, or as mitochondrial cement when closely 

associated with mitochondria. In some animals, germ granules aggregate within a discrete 

region of ooplasm, forming germ plasm. This is particularly evident in animals that 

specify germ cells by maternal inheritance (“preformation”) where asymmetric 

partitioning of germ plasm specifies germ cell fate during embryonic development 

(Extavour and Akam, 2003). 

We examined the distribution of germ granule material in O. labronica using an 

antibody to Drosophila Vasa. As this antibody was generated against fly protein, it is not 

necessarily specific for the O. labronica Vasa ortholog, and further work is needed to 

demonstrate this specificity. However, in whole worms, the antibody does specifically 

stain germ cells, and preliminary Western blot analysis of whole-worm protein extracts in 

parallel with fly ovary extracts shows an immunopositive band of the same size as 
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Drosophila Vasa (data not shown). Additionally, we note that several recent studies of 

various animals have characterized DEAD-box helicases closely related to Vasa (and 

thus most likely to cross react with antibodies to Vasa) which are also localized to germ 

granules (MacArthur et al., 2000; Nakamura et al., 2001; Johnstone et al., 2005; Kloc and 

Chan, 2007; Salinas et al., 2007). Thus, we are reasonably confident that immunoreactive 

regions represent germ granule material in our worms. 

In O. labronica we found most Vasa immunoreactivity to be intimately associated 

with a subset of mitochondria (Fig. 7a–e). Close association between mitochondria and 

germ granule material has frequently been documented in other organisms (Eddy, 1975; 

Kloc et al., 2004; Chuma et al., 2006). We also observed small perinuclear patches of 

Vasa reactivity, which are presumably nuage (Fig. 7f). The presence of immunoreactivity 

in nuage-like structures and the existence of germ-granule-like material around 

mitochondria (Fig. 7g), support our conclusion that the anti-Vasa staining accurately 

reflects the location of germ granules. 

Although mitochondria in general are more abundant (or at least more densely 

packed) in nurse cells than in oocytes, the Vasa-associated mitochondria appear to be 

more abundant in oocytes (Fig. 7a–e). Thus, as would be expected, germ granules 

accumulate in the oocyte over time. Within the oocyte, however, germ granules are 

widely scattered, with little evidence of aggregation into larger structures such as a 

Balbiani body or a defined region of germ plasm. 
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Relationship between overall cyst polarity and oocyte polarity 

The lack of obvious germ plasm in O. labronica is also reflected in the uniformity of 

ooplasm in developing oocytes. Although patches of basophilic, yolk-free cytoplasm 

were evident in stage E5 oocytes soon after detachment of nurse cells, these patches 

disappear as oocytes continue to develop individually. Thus, we conclude that the yolk-

free patches are transient regions of dumped nurse cell cytoplasm in the process of 

mixing with the rest of the ooplasm, rather than early signs of ooplasmic segregation, 

which usually occurs in spiralian eggs or zygotes prior to the first embryonic cleavage 

division (Shimizu, 1999). 

The uniformity of ooplasm in O. labronica contrasts with certain other annelids with 

nurse cells, in which there is a clearer relationship between the position of the nurse cells 

and subsequent segregation of the ooplasm into distinct regions. One such example is the 

onuphid worm, Diopatra cuprea (Anderson and Huebner, 1969; Huebner and Anderson, 

1976). In this species, two strings of small nurse cells connect to the oocyte by adjacent 

ring canals. The oocyte nucleus is displaced opposite from these points of attachment, 

where there is a yolk-free region of cytoplasm rich in mitochondria. This segregation 

persists into cleavage; therefore, the point of attachment of the nurse cells coincides with 

the future vegetal pole of the oocyte. 

In Ophryotrocha, there is no such clear connection between the nurse cell and 

subsequent oocyte polarity. In fact, there is little oocyte polarity at all, although the 

oocyte does remain somewhat flattened after nurse cell regression, such that its short axis 

parallels the former oocyte/nurse cell axis. As the plane of the first cleavage division 

usually runs along the short axis of the oocyte (Dorresteijn, 1998), this axis presumably 
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does represent the animal-vegetal (AV) axis of the egg. However, we could not determine 

a relationship between the site of the ring canal and a particular pole of the AV axis. 

Oocyte nuclei in O. labronica show little tendency to be positioned toward either side of 

this axis (Fig. 6b–d). Likewise, we saw no consistent tendency for the first meiotic 

spindle to be oriented in a particular direction (data not shown). 

Although Ophryotrocha undergo unequal spiral cleavage (Korschelt, 1895; 

Emanuelsson, 1974), the asymmetries associated with this process must be established 

after fertilization. It may be that the site of sperm entry plays an important role in the 

establishment of embryonic axes. Indeed, Huth (1933) has noted that in O. puerilis, the 

meiotic spindle does not migrate to the oocyte cortex until after fertilization, and that 

later, the polar bodies and oocyte pronucleus are frequently found in close association 

with the site of sperm entry. 

 

CONCLUDING REMARKS 

Nurse cell/oocyte complexes in Ophryotrocha spp. are a remarkable example of 

cellular differentiation and the division of labor within a syncytium. The anatomical 

simplicity of the polarized cysts in O. labronica, their accessibility within the coelom of 

the worm, the ease with which the worms can be maintained in the lab, and the 

phylogenetic position of annelids as lophotrochozoans, all combine to make this an 

attractive system for studies of oogenesis. Particularly interesting avenues of future 

investigation will be detailed study of the cellular phenomena, genes, and gene products 

that regulate cystocyte differentiation. This report provides a contemporary cytological 

foundation for further experimental work. 
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CHAPTER 3 

Early Cyst Development and Differentiation of Nurse Cells and Oocytes  
in Ophryotrocha labronica 

 

1. INTRODUCTION 

The formation of syncytial germ-cell “cysts” is characteristic of the early stages of 

oogenesis in many animal taxa. Oogenic cysts are commonly produced by the mitosis and 

incomplete cytokinesis of a single progenitor cystoblast; thus, the individual cellular 

compartments of the cyst are clonal, and interconnected by cytoplasmic bridges known as 

ring canals (Matova and Cooley, 2001). This process has been documented in most phyla 

of bilaterally symmetrical animals, strongly suggesting that cyst formation is an ancestral 

characteristic of bilaterians (Pepling et al., 1999).  

The evolutionary conservation of a syncytial stage in oogenesis implies that the 

formation of cysts is a fundamentally important aspect of oocyte development (Pepling et 

al., 1999; Matova and Cooley, 2001). However, the presence, architecture, and 

development of oogenic cysts is quite variable among different animal taxa. In some 

groups, including entire major phyla, cysts have not been observed, and each oocyte 

develops without cytoplasmic connection to other germ cells (Boyer, 1972; Hill, 1977; 

Büning, 1993; Frick et al., 1996). Many other animals have evolved cysts in which 

cystocytes differentiate to perform specific roles. In such cysts, only a subset of 

cystocytes persist as oocytes, while the remainder differentiate as nurse cells. These nurse 

cells persist through much of oogenesis, supporting oocyte growth and development by 

synthesizing and transporting various organelles and macromolecules through the 

cytoplasmic bridges or ring canals (Telfer, 1975; Huebner and Anderson, 1976). Cysts of 
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this type are therefore described as being “polarized,” reflecting the directional transport 

of materials within them. 

Polarized cysts have been most thoroughly studied in insects, particularly in 

Drosophila melanogaster. In this fly, progenitor cystoblasts undergo a series of four 

synchronous, incomplete mitotic divisions, to form 16-cell cysts whose compartments are 

interconnected in a defined way: two cells with four ring canals, two with three ring 

canals, four with two ring canals, and eight with a single ring canal (Koch and King, 

1966). Of these 16 compartments, only one will become an oocyte — always one of the 

two cells with four ring canals. The remaining 15 cystocytes differentiate as highly 

polyploid nurse cells (Huynh and St Johnston, 2004). This determinate, stereotypical 

pattern of cystocyte fate specification in D. melanogaster (and certain other insects) is 

regulated in early stages by a specialized organelle, the fusome, which connects all the 

ring canals in the cyst, and integrates the individual cystocyte compartments into a 

coordinated unit (Deng and Lin, 1997; Snapp et al., 2004; Lighthouse et al., 2008). 

Whether or not this well-studied pattern of cyst formation is unique to insects, or 

common to most animals with polarized cysts, is not known.  

Polarized cysts have been reported in various animal phyla (Fig. 1) including 

annelids (Eckelbarger, 2006), cheilostome bryozoans (Dyrynda and King, 1983; 

Ostrovsky, 1998), tardigrades (Poprawa, 2005; Suzuki, 2006), and appendicularian 

urochordates (Ganot et al., 2007). Among annelids, the phylogenetic distribution of 

species in which nurse cells have been documented is very patchy. Though polarized 

cysts are the norm in leeches (Hirudinea) (Swiatek, 2005; Spalek-Wolczynska et al., 

2008; Swiatek et al., 2009), they are rare in oligochaetes (Siekierska, 2003; Jamieson and  
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Figure 1 - Phylogeny of selected bilaterian phyla. Underlined phyla are those in which 

polarized oogenic cysts have been described in at least one species. (Phylogeny based on 

Hausdorf et al., 2007; Struck and Fisse, 2008).
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Ferraguti, 2006) and mostly restricted to a few species of the order Eunicida among 

polychaetes (Eckelbarger, 2006). This distribution suggests that cyst polarity in annelids 

is an evolutionary novelty that has arisen independently in several lineages (Eckelbarger, 

2006). 

Unfortunately, very little information on the process of cystogenesis and 

cystocyte fate specification is available for organisms other than insects. This void 

hampers our ability to determine which aspects of polarized cysts are truly evolutionarily 

conserved, which are the results of convergence, and which are examples of evolutionary 

parallelism. 

To begin to answer these questions, we have investigated the process of 

cystogenesis in female polychaete worms of the species Ophyrotrocha labronica 

(Annelida: Eunicida: Dorvilleidae). Species of this genus are remarkable for the elegant 

simplicity of their cysts, which are two-cell structures comprising one oocyte and one 

nurse cell (Parenti, 1962; Ruthmann, 1964; Emanuelsson, 1969). These syncytia form in 

segmental ovaries, and are then released as 2-cell units into the coelom where they 

complete their development, free of enveloping somatic follicular tissue (Pfannenstiel 

and Grünig, 1982b; Brubacher and Huebner, 2009).  

As in the germarial phase of cyst development in flies, cystocyte fate in O. 

labronica is specified during the intraovarian phase of oogenesis (Brubacher and 

Huebner, 2009). While cysts of Ophryotrocha are perhaps the best-characterized 

polarized cysts of all annelids, most studies have focused primarily on coelomic stages of 

development (Ruthmann, 1964; Emanuelsson, 1969; Pfannenstiel and Grünig, 1982b; 

Brubacher and Huebner, 2009). Aside from one study of early oogenesis in O. puerilis 
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(Pfannenstiel and Grünig, 1982a), there have been no studies of cystogenesis in this 

genus using modern techniques. 

Here, we report that despite superficial similarities to Drosophila, cyst formation 

and the specification of oocyte fate in O. labronica is fundamentally different from the 

fly in a number of ways. Although, as in the fly, the developmental fate of cystocytes in 

O. labronica is influenced by their position within the cyst, the cysts lack a coordinating 

organelle like the fusome. Rather, the growth of the cysts themselves is asynchronous and 

indeterminate, which implies that the mechanism of cystocyte differentiation includes a 

stochastic component. The distinct mechanisms of cystocyte differentiation between O. 

labronica and “higher” insects highlight the evolutionary plasticity of oogenic cysts, 

providing further support for independent evolutionary origins of cyst polarity. This 

underscores that the well-described process of cystogenesis in D. melanogaster is not 

universal for all animal taxa, and leads to interesting conclusions about the functional 

importance of oogenic cysts more generally, which we discuss. 

 

2. MATERIALS AND METHODS 

Worm culture. Ophryotrocha labronica subsp. labronica (Paxton and Åkesson, 2007) 

were maintained at room temperature in glass dishes containing artificial seawater 

(salinity 32.5 ‰, specific gravity 1.019). Each week, worms were fed chopped spinach, 

and half of the seawater in each bowl was replaced.  

 

Light-microscopic histology. Female worms were anaesthetized for 10 minutes in a 1:1 

mixture of seawater and 370 mM MgCl2, then cut transversely into 2 or 3 pieces to 
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facilitate penetration of fixatives.  Primary fixation of worm fragments was done for 2-6 

hours at room temperature, then overnight at 4 °C in 0.1 M sodium cacodylate, pH 7.2 

(BDH, Toronto, ON) containing 3% (w/v) glutaraldehyde (EMS, Fort Washington, VA) 

0.5% (w/v) paraformaldehyde (BDH), and 7% (w/v) sucrose. Following primary fixation, 

specimens were washed several times in cacodylate buffer (0.1 M, pH 7.2), then 

secondarily fixed on ice for 90 minutes in 1% (w/v) osmium tetroxide (EMS) in the same 

buffer. After secondary fixation, specimens were washed several times in cacodylate 

buffer. 

Specimens were dehydrated rapidly through 70%, 80% and 95% ethanol at -20 

°C, then transferred into -20 °C absolute ethanol, warmed to room temperature, and 

incubated 4x30 min in fresh changes of absolute ethanol at room temperature. Anhydrous 

acetone was used as a transition agent, first in a 1:1 mixture with ethanol (15 minutes, 

room temperature), then at 100% for 2x15 min. Samples were infiltrated overnight at 

room temperature in a 1:1 mixture of acetone and epoxy resin (4:5:12 mixture by volume 

of Araldite 502, EMbed 812, and dodecenyl succinic anhydride, plus 2.5% v/v 

benzyldimethylamine, all from EMS), and then a further 4-6h in 100% resin mixture at 

room temperature. Blocks were embedded and polymerized in flat silicone molds at 60 

°C for 48-72h. 

Thick (1 µm) sections were cut on a Sorvall Porter-Blum MT-2B ultramicrotome. 

Thick sections were heat-fixed onto slides, stained with 1% (w/v) toluidine blue O 

(Fisher, Winnipeg, MB) in 1% (w/v) borax (Kodak, Rochester, NY), and mounted with 

Permount (Fisher). Sections were observed and photographed using an AxioImager Z.1 

microscope equipped with an AxioCam MRm camera and AxioVision 4.6 software (Carl 
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Zeiss, Toronto, ON). Colour RGB images were produced by merging greyscale images of 

sections illuminated with red, green and blue light.  

 

Immunofluorescence. Isolated coelomic cysts were obtained by opening the body cavity 

of anesthetized female worms with 0.1 mm minuten pins mounted on applicator sticks. 

Cysts were then adhered to poly-L-lysine-coated coverslips subsequent to fixation. 

Primary antibodies used in this study were mouse anti-phosphotyrosine (Clone 4G10, 

Upstate Biotechnologies, Lake Placid, NY, Cat.# 05-321), rabbit anti-Drosophila Vasa (a 

gift of Dr. Paul Lasko, McGill University; Thomson and Lasko, 2004) and anti-histone 

H3 (phosphoserine 10) (Abcam, Cambridge, UK, Cat #14955).  

Specimens stained for phosphotyrosine were fixed in seawater containing 4% 

paraformaldehyde (EMS) for 20 minutes at room temperature, washed with Tris-buffered 

saline (TBS: 150 mM NaCl, 50 mM Tris, pH 7.5) and blocked 1 hour at room 

temperature in TBS + 0.1% (v/v) Tween-20, 1% (w/v) bovine serum albumin, and 1% 

(w/v) vitamin-free casein (MP Biomedicals, Aurora, OH). Cysts were incubated 

overnight at 4 °C with primary antibody diluted 1:200 (5 µg/ml) in blocking solution. 

After treatment with the primary antibody, cysts were washed 3x1 min and 3x30 min in 

blocking solution, then incubated overnight at 4 °C with Alexa 488-conjugated goat-anti-

mouse IgG (Molecular Probes, Eugene, OR, Cat #A-11029). We washed the stained 

specimens 3x1 minute and 2x30 minutes in TBS + 0.1% (v/v) Tween-20, then 30 minutes 

in TBS alone. The first 30-minute wash also contained 0.5 µg/ml Hoechst 33342 

(Molecular Probes) to counterstain nuclei. Coverslips were mounted in 90% glycerol : 
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10% TBS containing 3% (w/v) N-propyl gallate, after transitioning though 50% and 70% 

glycerol in TBS.  

For immunofluorescent staining of Vasa and histone H3 (phosphoserine 10), 

whole worms were fixed in methacarn (60% v/v methanol, 30% v/v chloroform, 10% v/v 

glacial acetic acid) for 15 minutes, washed thoroughly in 100% methanol, and brought 

into TBS through a graded series of methanol/TBS solutions. In some cases, worm heads 

or tails were amputated to facilitate penetration of antibodies. Anti-Vasa was diluted 

1:2500 and anti-histone H3 (phosphoserine 10) 1:400 (2.5 µg/ml) in blocking solution. 

Normal rabbit serum and mouse IgG were used as negative controls, at the same dilutions 

as the corresponding antibodies. Secondary antibodies were Alexa 488⋅goat-anti-mouse 

IgG (Molecular Probes A-11029) and Alexa 568⋅goat-anti-rabbit IgG (Molecular Probes 

A-11011) each diluted 1:400 (2.5 µg/ml) in blocking solution. All blocking, incubation 

and washing steps were as described above for anti-phosphotyrosine staining, except 

secondary antibodies were applied for 4 hours at room temperature, and 5 µM DRAQ5 

(Biostatus, Leicestershire, UK) was used in place of Hoechst 33342 as a nuclear 

counterstain. 

We observed and imaged slides with the Zeiss system described above, using 

structured-illumination with an ApoTome slider (Zeiss) to obtain optical sections. 

Specimens were illuminated using an X-cite 120 lamp (EXFO, Mississauga, ON). To 

ensure accurate co-localization of signals in multicolour fluorescence images, particularly 

in the Z-axis, 0.5 µm TetraSpecks microbeads (Molecular Probes) were used to assess the 

shifting of different emission wavelengths in the optical system, and channels were 

shifted accordingly in AxioVision.  
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Electron microscopy. Worms were prepared as described above for routine histology, but 

between the final dehydration step in absolute ethanol and transitioning through acetone, 

specimens were stained en bloc in 2% (w/v) uranyl acetate in ethanol at 60 °C (Locke et 

al., 1971). Longitudinal thin sections were cut on a Porter-Blum MT-2b ultramicrotome 

with a diamond knife (Diatome, Hatfield, PA).  

To determine the interconnections and topography of cells within ovaries, we 

prepared two complete series of sections, covering three ovaries. Worms used for this 

purpose were young (8-10 chaetiger) females, such that ovaries would be at a stage soon 

after the beginning of oogenesis, in which cysts are almost entirely intraovarian. For the 

first ovary, a series of 346 gold-copper (~110 nm) sections were cut, and mounted on fine 

200-mesh hexagonal copper grids (EMS). The second series spanned both ovaries from a 

single segment of a 10-chaetiger worm. For this series, 1200 silver-gold (~80 nm) 

sections were collected on formvar/carbon-coated, copper 0.4x2 mm slot grids (Ted Pella 

Inc., Redding, CA) pre-treated with 0.1% (v/v) Triton X-100 as described by Hall (Hall, 

1995). 

Thin sections were observed on a Hitachi H-7000 electron microscope in 

transmission mode at 75 kV.  Sections from the first series were photographed at 1500X, 

and those from the second series at 2000X. As one of the two ovaries from the second 

series spanned 829 sections, we photographed every second section from this series. 

Electron micrographs were exposed on Kodak 4489 film. Negatives were processed by 

standard procedures, then scanned on an Epson flatbed scanner to produce digital positive 

images.  
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Three-dimensional reconstructions. All aspects of the reconstruction process were 

conducted using the IMOD software package (Kremer et al., 1996). Individual .tif files 

were stacked into an .mrc file, and aligned with each other in the Midas module of 

IMOD. For the first series of sections, which was mounted on hex-mesh grids, the whole 

sectional area of the ovary could not be aligned in a single file, as the areas of sections 

over individual mesh holes were each slightly distorted in a non-linear fashion. Thus, we 

divided each section into five overlapping regions from anterior to posterior, and made 

separate alignments for each of these regions. Such distortions were not a problem with 

the second series of sections, mounted on slot grids. 

In the aligned image stacks we manually traced plasma membranes, nuclear 

margins, ring-canal rims, centrioles, and selected muscles, producing the contours used to 

create surface meshes for all these structures. In cases where it was difficult to determine 

which cells were connected by a particular bridge, every section (rather than alternating 

sections) of the bridge region was re-photographed at 10 000X. Models were then 

produced for these smaller regions of interest, to clarify the connectivity of cystocytes. 

 

Unless otherwise noted above, chemicals used in this study were from Sigma 

(Oakville, ON, Canada). 

 
3. RESULTS 
 
3.1 Ovaries in O. labronica 
 

Ovaries in Ophryotrocha labronica are found in all mature, chaetigerous 

(chaetae-bearing) segments, except the first post-cephalic chaetiger, which is sterile (Fig. 
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2A). Immature chaetigers near the posterior growth zone at the posterior of the worm also 

lack ovaries. Individual segments usually bear distinct ovaries on either side of the 

midline, but segments in which ovaries appear fused bilaterally are common (Fig. 2B). 

Ovaries are situated in the posterior of each segment, immediately ventral to the gut 

epithelium, dorsal to the ventral nerve cord (Fig. 2B-D). In contrast to an earlier study of 

the congeneric species, O. puerilis (Pfannenstiel and Grünig, 1982a), we found no 

evidence of a genital blood vessel running along the ventral midline of the gut (Fig. 2B). 

The absence of such a structure is significant, as such blood vessels in polychaetes can 

play important nutritive roles in oogenesis (Eckelbarger, 2005; Eckelbarger, 2006). It is 

possible that the putative blood vessel described by Pfannenstiel and Grünig is a fixation 

artifact, as several issues with fixation have been noted in their work (Brubacher and 

Huebner, 2009). 

Oocytes are released from ovaries to the coelom of the worm as two-cell cysts, 

comprising one nurse cell and one oocyte, and lacking surrounding somatic follicular 

tissue. Cystocytes within a cyst have already differentiated into these distinct roles prior 

to release. In the earliest stages of coelomic cyst development, the nurse cell is already 

larger than the oocyte, and the size of its nucleus suggests endoreplication has begun 

(Fig. 2E). As cysts develop in the coelom, the oocyte grows larger than the nurse cell 

(Fig. 2F). In late stages of oogenesis, as the oocyte reaches its final diameter of 120 µm, 

the nurse cell expels its cytoplasm into the oocyte, detaches, and undergoes programmed 

cell death (Brubacher and Huebner, 2009). 
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Figure 2 - Ovaries in Ophryotrocha labronica. A. Ventral view of a 9-chaetiger female 

worm, with position of ovaries indicated schematically by red patches. Blue lines labeled 

“b” and “c” illustrate the approximate regions covered by the sections shown in panels B 

and C. Scale bar = 100 μm B. Transverse epoxy section of worm stained with toluidine 

blue O, showing ovary (ov) ventral to the gut epithelium (ge), and dorsal to the ventral 

nerve cord (vnc). The ovaries in this segment appear continuous across the midline of the 

worm. Scale bar = 20 μm. C. Longitudinal epoxy section stained with toluidine blue O, 

showing ovaries (ov), gut epithelium (ge), neuron cell bodies in segmental ganglia (gn), 

and mucus glands (mg). Asterisks indicate the position of ciliary bands toward the 

posterior of each segment. Prominent muscles are indicated with arrowheads. Scale bar = 

50 μm. D. Enlarged view of ovary boxed in panel C. Scale bar = 20 μm. E, F. 

Fluorescence/DIC images of coelomic two-cell cysts. DNA stained with Hoechst 33342 

(blue). E: whole cyst; F: 50 μm Vibratome section of cyst embedded in agarose. Upper 

cell is the nurse cell in each case. Initially, the nurse cell is the larger of the two 

cystocytes (E), but eventually the oocyte exceeds it in size (F). Scale bars: E = 10 μm; F 

= 50 μm.
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3.2 Individual ovaries contain cystocytes in a range of stages of differentiation 

Ovaries in O. labronica are essentially clusters of germ cells surrounded by a 

layer of extracellular matrix (Fig. 3A,B).  This matrix sheath is most prominent toward 

the anterior and medial regions of the ovary, and becomes progressively more 

discontinuous laterally and posteriorly. Germ cells within ovaries span a range of 

developmental stages, with little evidence of synchrony in development. Different stages 

of differentiation can readily be distinguished in transmission electron micrographs. Ring 

canals (cytoplasmic bridges) connecting germ cells are also clearly apparent due to the 

thick, double-layered, electron-dense material lining the plasma membrane in this region 

(Fig. 3F). 

Young, undifferentiated cystocytes are recognizable by their small size (~5 µm 

diameter), scant cytoplasm, and nuclei with abundant, patchy heterochromatin (Fig. 3A). 

These undetermined cystocytes are found mostly in the antero-medial region of the 

ovary. The earliest ultrastructural evidence of cystocyte commitment to oocyte fate 

appears to be entry into meiosis. In insects such as Drosophila melanogaster, entry of 

cystocytes into early meiosis is not a reliable marker of oocyte specification, as some 

nurse cells initially begin meiosis and develop synaptonemal complexes, but 

subsequently abandon this pathway and undergo endoreplication to become polyploid 

(Koch et al., 1967; Schmekel et al., 1993). In O. labronica, however, entry into meiosis is 

a reliable marker of oocyte commitment (discussed further below). 

Presumptive oocytes in early prophase are distinguishable from their 

undetermined counterparts, in that they mostly lack heterochromatin, and have begun the 

process of meiotic chromosome condensation and pairing (Fig. 3B). Slightly more mature  
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Figure 3 - Ultrastructure of ovaries. Panels A-G are all longitudinal sections, with 

anterior to the left, and dorsal up. A. Section of ovary (outlined) near midline of worm, 

showing “uncommitted” germ cells. Gut epithelium: ge; transverse muscle: m. Scale bar 

(A-E) = 5 μm. B. Section showing the acellular sheath surrounding the ovary (arrows). 

Asterisk indicates a presumptive oocyte in early prophase of meiosis 

(leptotene/zygotene). C. Pro-oocyte in pachytene. D. Pro-oocyte in early vitellogenesis, 

pre-diffuse diplotene. Arrowhead indicates a yolk granule. E. Presumptive nurse cell. 

Small yolk granules are present (arrowheads), and nuage is evident near the nucleus (ng). 

Muscle-cell nucleus: mn. F. Cytoplasmic bridge (ring canal) connecting two 

uncommitted cells. The rim of the ring canal (arrows) has two electron-dense layers: a 

thicker outer layer and an thinner inner layer. Note the lack of vesicular, fusome-like 

material. Scale bar = 0.25 μm. G. Region between medial longitudinal muscles (m) just 

posterior to ovary near midline, showing “polymorphonuclear” germ cell, with nucleus 

tinted magenta. In this plane of section the cell appears binucleate, but the two 

highlighted regions are lobes of a single nucleus. Cell at left side of panel is an ovarian 

germ cell (ogc). Scale bar = 5 μm. H. Frontal optical section of worm viewed from 

ventral side (anterior is up). Ovaries are evident as clusters of  Vasa+ cells (green). Nuclei 

(stained with DRAQ5) are shown in magenta. Cells can be seen outside the ovaries along 

the ventral midline (arrowhead) some of which stain for Vasa (circled). Some nuclei in a 

ganglion of the ventral nerve cord are visible on the left side of the image, as the plane of 

section is slightly oblique, running ventral to dorsal from left to right (arrowhead). Scale 

bar = 50 μm.  
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oocytes exhibit the synaptonemal complexes typical of zygotene and pachytene (Fig. 3C). 

By the end of the intraovarian phase, oocytes have progressed through early diplotene 

(Fig. 3D) into a mid-diplotene stage characterized by diffuse, decondensed chromatin 

(Klášterská, 1977). Vitellogenesis, marked by the appearance of yolk granules, also 

begins in the late intraovarian stage (Fig. 3D).  

Commitment of cystocytes to a nurse-cell fate is more difficult to gauge from 

cytological features, as the relevant changes are more quantitative than qualitative. 

Obvious nurse cells are much larger than other cystocytes, due to increases in both 

cytoplasmic and nuclear volume (Fig. 3E). Their cytoplasm remains relatively 

homogeneous through most of the intraovarian phase, but older intraovarian nurse cells 

do begin to accumulate perinuclear nuage and small yolk spheres. 

 

3.3 Germ cells with irregular nuclei are found within and between ovaries. 

Some intraovarian cells exhibit an irregular, multilobed nuclear morphology. 

These cells appear to be bona fide germ cells, as they are connected to normal-looking 

cystocytes by intracellular bridges. They also have the scant, granular, mitochondria-rich 

cytoplasm characteristic of other germ cells in the ovary. Interestingly, such cells are also 

often found outside the ovary, along the underside of the gut, near the ventral midline 

(Fig. 3G). Immunofluorescent staining with antibodies to Drosophila Vasa does also 

label cells in these regions, offering further evidence that these are germ cells (Fig. 3H).  

Irregular nuclei appear to be a characteristic of early germ cells in several 

organisms, including Xenopus laevis (Al-Mukhtar and Webb, 1971; Coggins, 1973), mice 

(Clark and Eddy, 1975), sturgeon (Grandi and Chicca, 2008) apterygote insects (Klag, 
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1977; Klag, 1982) and Drosophila (Grell and Generoso, 1982). In most of these cases, 

irregular nuclei are found only in primordial germ cells, but for Xenopus and Drosophila, 

such a nuclear morphology may persist into the oogonial stage. Given the connection 

between irregular nuclei and germline progenitor cells, it is worth noting that the general 

location of the extraovarian Vasa+ cells in O. labronica is similar to that described for 

putative germline stem cells in the oligochaete annelid, Enchytraeus japonicus (Tadokoro 

et al., 2006). In E. japonica, these cells are dispersed along the anterior-posterior axis 

near the ventral nerve cord, and appear to serve as a source of germ cells for worms that 

regenerate from “sterile” (gonad-free) body segments. Like E. japonicus, Ophryotrocha 

are capable of regeneration, although only posteriorly from a body fragment with a head 

(Pfannenstiel, 1973). We speculate that extraovarian cells with irregular nuclei may 

represent a population of germline progenitor cells that could populate newly formed 

gonads in segments added by regeneration or regular growth. Clearly, however, more 

work will be required to assess the validity of this claim. 

 

3.4 Cystocyte mitoses within an ovary are asynchronous 

While two-cell cysts such as those found in O. labronica could be produced 

individually by single mitoses of independent cystoblasts, they could also arise by 

fragmentation of larger cysts. For example, in the earwig Anisolabis maritima, polarized 

two-cell cysts are produced through fragmentation of an 8-cell parental cyst (produced 

from a progenitor cystoblast by a sequence of four synchronous mitoses) into four 2-cell 

units (Yamauchi and Yoshitake, 1982). Indeed, synchronized, oriented mitoses of 

cystocyte progenitors, which form cysts with consistent numbers of cystocytes 
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interconnected in a stereotypical pattern, are critical to successful oogenesis and nurse-

cell/oocyte specification in many insects (Telfer, 1975; Büning, 1994). Previous authors 

have suggested that a process similar to that observed in A. maritima occurs in 

Ophryotrocha puerilis (Pfannenstiel and Grünig, 1982a). However, evidence to support 

such an assertion was lacking, and therefore we re-examined whether mitotic synchrony 

exists in O. labronica.  

To assess the synchrony of cystocyte proliferation, we labelled worms using 

antibodies to phosphohistone H3 (Ser10), a well characterized marker of cells in all 

phases of mitosis (Hendzel et al., 1997). Synchronization of cystocyte mitoses would 

manifest itself as clusters of 2n adjacent germ cells in the same stage of mitosis. Figure 

4A shows an example of a segment in a worm labeled in this way, containing 2 mitotic 

figures – one in late prophase/early metaphase, the other in telophase. We counted 

mitotic events in germ cells from 85 segments in 11 young female worms (8-11 

chaetigers each). A “mitotic event” was defined as either a single cell dividing 

autonomously, or a set of (apparently synchronized) adjacent cells in the same stage of 

mitosis. In total, we found 93 mitotic events, of which 87 were single mitotic figures. The 

remaining six events involved two adjacent cells in apparent synchrony, but there were 

no cases of more than two synchronous cells (Fig. 4B). Thus, there is little tendency 

toward mitotic synchronization among cystocytes, in contrast to cyst development in 

insects. 
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Figure 4 - Asynchrony of germ-cell mitoses. A. Projection of ten frontal optical 

sections through a segment, viewed from the ventral side (anterior is up). Ovary is 

highlighted with dashed line. Worm was immunostained for phosphohistone H3 Ser10 

(cyan) and Vasa (green), and counterstained with DRAQ5 to show nuclei (magenta). 

Some nonspecific DRAQ5 staining is also evident (arrows). Two mitotic figures are 

evident: one in telophase (arrowheads), the other in late prophase/early metaphase 

(asterisk). Scale bar = 25 μm. B. Frequency distribution of synchronous mitotic figures. 

Though rare mitotic events involved two adjacent, synchronous mitoses, the great 

majority of mitotic events (87 of 93) involved single cells. No mitotic events involving 

more than two cells were observed.
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3.5 Architecture and connectivity of intraovarian cysts 

One major advantage of electron microscopic observation of cystocytes in O. 

labronica is that this approach permits observation of ring canals connecting cystocytes 

(Fig. 3F). Although ring canals within ovaries can be labelled immunofluorescently with 

antibodies to phosphotyrosine (data not shown), merely localizing bridges in this way 

rarely sheds light on connectivity, as cells are so closely packed that several may appear 

to be candidates to share a given cytoplasmic connection. For this reason, we carefully 

reconstructed the 3-dimensional structure of ovaries, and determined the interconnections 

between intraovarian cystocytes, from electron micrographs of serially sectioned ovarian 

tissue, using the IMOD software package (Kremer et al., 1996)(Fig. 5A). Models were 

built for three ovaries from two worms (the two from the same worm were from the same 

segment). We focus most of our attention here on one of these, but the essential features 

hold true for all three.  

Many of the cysts within ovaries are composed of more than two cystocytes (Fig. 

5B,C, plasma membranes are meshed with a unique colour for each cyst). Thus, two-cell 

units presumably can originate from these larger, “parental” cysts. Unsurprisingly, given 

the asynchrony of mitoses among germ cells, growth and development of cystocytes 

within a parental cyst does not appear to be synchronous (Fig 5C, circle diameters are 

proportional to cystocyte volume). Also consistent with asynchronous mitoses is the fact 

that cysts do not contain regular increments of 2n cells. Although two- and four-cell cysts 

are common, we also found cysts with 3, 6, 8, 9, 10 and 11 cells (Fig. 5).  As we noted 

above, undifferentiated cells are most abundant in the anteromedial region of the ovary  
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Figure 5 - Three dimensional reconstruction of ovaries. A. Illustration of model 

construction in IMOD software. Features of interest are outlined on serial electron 

micrographs (nuclei in white, plasma membranes in colour). For simplicity, only every 

fifth section of the model is shown here. B. Completed reconstruction of the ovary 

illustrated in panel A. Coloured mesh shows plasma membranes, such that cystocytes in 

the same parental cyst are meshed with the same colour. Nuclei are modeled with solid 

white skins. Scale bar = 10 μm. C. Same model as in (B) exploded to show all cysts. The 

colour used to model nuclei indicates the differentiated identity of each cystocyte, as 

denoted in the legend. Each cyst is also illustrated schematically to show the 

interconnections and relative sizes of the cystocytes, whose differentiation state is 

indicated in yellow, green or cyan as above. Cytoplasmic bridges connecting cells are 

shown by straight black lines. The diameter of each cell is proportional to the volume of 

the cystocyte diagrammed. Positions of centrosomes relative to bridges are indicated by 

stars; white-filled stars indicate a centrosome identified with less confidence than those 

indicated by black stars. See text for more information. Note that centrosome location is 

only shown relative to the ring canals of the cystocyte in question, within the constraints 

of a two-dimensional representation, and does not indicate position relative to other 

cystocytes. D, E. Schematic diagrams of cysts in two other ovaries, as in C, but without 

indication of relative cell size. Diagrams are oriented such that anterior is roughly toward 

the left, and the midline is toward the bottom. Panel D shows the paired ovary from the 

same segment as the ovary illustrated in panel C. Note that the top-most cyst shown in 

panel D includes a nurse-like cell that is unconnected to a presumptive oocyte. The ovary 

in panel E is from a different worm. In panel (E), the question mark indicates that some 

cystocytes may be missing from this reconstruction, as the series of sections used in 

reconstruction did not extend completely to the lateral margin of the ovary. 
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(Fig. 5C-E, undetermined cells). Cells grow and become progressively more 

differentiated toward the lateral and posterior margins of the ovary.  

In the most medial zone of the ovaries, immediately around the midline, a few 

single germ cells can also be found, usually with the polymorphonuclear morphology 

described above (data not shown). The region between the paired ovaries shown in Fig. 

5C&D contained two such cells. Presumably, this population of single cells includes 

cystoblasts, stem cells, or both. More detailed kinetic studies are required, however, to 

confirm the existence and describe the behaviour of germline stem cells in O. labronica. 

Cyst architecture — the branching patterns of cytoplasmic bridges and relative 

positions of nurse cells and oocytes within a cyst — provides important information 

about the process by which cystocyte identity is specified. We observed no consistent 

pattern of branching within parental cysts. Some were linear, while others had more 

complex architectures. One rule that always held, however, was that signs of entry into 

the meiotic cell cycle were only found in cystocytes connected to the parental cyst by a 

single bridge. These cystocytes are presumptive oocytes. While presumptive nurse cells 

are difficult to distinguish from uncommitted cystocytes, cells with nurse-cell-like 

features were almost always connected to presumptive oocytes, with only one exception 

(Fig. 5D). Additionally, we note that no cystocyte was found to be directly connected to 

more than one presumptive oocyte.  

The stars in Fig. 5C indicate the position of centrioles relative to ring canals in 

each cystocyte. Because this model was constructed from electron micrographs of 

alternating thin sections, a given centriole may be present in only one or two planes of the 

model, and thus centrioles were not always easily identified in all cystocytes. Structures 



110 
 

that could be clearly identified as centrioles are indicated by solid black stars, while those 

whose identity was more ambiguous are denoted by white-filled stars. There is no 

evidence to suggest that centrioles migrate from nurse cells to oocytes. Rather, centrioles 

persist in nurse cells for at least the duration of the intraovarian phase, and their 

distribution does not appear to follow any particular pattern or progression. 

 

3.6 Cystocyte fate is unrelated to anatomical association with somatic tissue 

Though the gut and the ventral nerve cord are the most obvious somatic features 

found in proximity to germ cells, it is arguably muscles that most immediately define the 

anatomical locale of the ovaries (Fig. 6A,B). Muscle fibres are especially abundant 

around the medial regions. Here, ovaries are bounded by a band of muscle on their 

anterior side (Fig. 6A), dorsoventrally sandwiched between layers of longitudinal muscle, 

and wrapped by several transverse and diagonal muscle strands that contact surface of the 

ovary at various points (Fig. 6B, see also Fig 3A,B,D,E,G). 

Aside from muscle, a number of highly flattened cells with scant, electron-dense 

cytoplasm are found extending broad projections over the surface of the ovary (Fig. 

6C,D). These cells do not cover the entire surface, but are fairly common, particularly 

over the dorsal side. They seem to be separated from direct physical contact with ovarian 

germ cells by the ovarian matrix sheath, and their projections do not extend between 

germ cells. 

Figure 6E is a stereo image of the nuclei of presumptive oocytes, nurse cells, and 

uncommitted cells of the ovary shown in Fig. 5A-C, showing the overall distribution of 

the various cell types within. Apart from the general progression of development from  
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Figure 6 - Anatomical associations between germline and soma in adult females. 

Ovaries are closely surrounded by muscle. A. TEM of an ovary in longitudinal section, 

outlined in red. Arrows indicate a prominent band of diagonal muscle running over the 

anterodorsal aspect of the ovary. Scale bar = 10 μm. B. Three-dimensional reconstruction 

of ovary from Fig 5C showing surrounding muscles. Viewed from anterior, 45˚ above 

horizontal; ovary in grey, muscles in colour. C, D. A population of flattened cells with 

electron-dense cytoplasm contacts the surface of the ovary. Insets show low-

magnification views of ovaries (outlined in red) for context. Scale bars = 2 μm (C), 4 μm 

(C, inset), 5 μm (D) 10 μm (D, inset). E. Stereo view of germ cell nuclei in ovary from 

(B), showing distribution of the different classes of cystocytes. Yellow: uncommitted 

cell; green: presumptive oocyte; cyan: presumptive nurse cell.
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medial to lateral regions of the ovary, the different classes of cystocyte are scattered quite 

evenly along the anterior-posterior and dorsal-ventral axes. 

 

3.7 Fragmentation of parental cysts 

To produce two-cell cysts, cytoplasmic connections between presumptive nurse 

cells in parental cysts must be broken. Our observations suggest that this fragmentation 

may occur through engulfment of such ring canals by one of the two cells that share 

them. Two lines of evidence support this conclusion. First, 3D reconstructions appear to 

show certain ring canals in the process of being engulfed (Fig. 7A-C). Note that the 

warped, baseball-seam shape of the ring canal shown in Fig. 7 is not unique to bridges in 

the process of fragmentation, but is found throughout the ovary. The functional 

significance of this warping, if any, is unclear.  

Second, as in Drosophila (Robinson et al., 1994) the thickened rims of ring canals 

in O. labronica stain prominently with antibodies to phosphotyrosine. When we stained 

young coelomic cysts with anti-phosphotyrosine, we found that a significant proportion 

contain a rim-like structure in the nurse cell, near the plasma membrane opposite from 

the cytoplasmic bridge (Fig. 7D). We interpret such structures as remnants of ring canals 

engulfed during the release of two-cell cysts from parental cysts. 
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Figure 7 - Fragmentation of parental cysts. A. Ring canal connecting the largest nurse 

cell from Fig 5C with the isolated undetermined cell to which it is attached. Two lobes of 

the ring canal rim are visible in this section. An adherens junction is present near the 

bridge (arrow). Scale bar = 1 μm. B. Same image, with plasma membranes traced. C. 

Stereo image of the ring canal region from A,B. Rim of the bridge is shown in dark blue, 

one cell’s plasma membrane is modeled with magenta contours, the other with a 

translucent green mesh. Colours are those of the tracing in panel B. Note that the border 

between these colours is artificial, as the two cells share a continuous plasma membrane. 

Although in reality the “boundary” between the two cystocytes follows the middle of the 

rim, the membrane immediately around the bridge’s rim is arbitrarily assigned to the 

green cell to simplify the model. The left-hand cell appears to be engulfing the ring canal, 

which remains connected to the right-hand cell only by a narrow extension. D. Young 

coelomic cyst, immunostained for phosphotyrosine (magenta) to highlight the ring canal, 

and counterstained with Hoechst 33342 to show cystocyte nuclei (green). Projection of 

eighty 0.24 μm fluorescent optical sections overlaid on a DIC image of a medial plane. 

Oocyte is upper, nurse cell lower. A structure similar to a ring canal rim is prominent in 

the nurse cell (arrowhead), opposite to the actual bridge connecting the cystocytes. We 

interpret this structure to be a relict bridge, engulfed by this nurse cell during its 

separation from a parental cyst. Scale bar = 20 μm.  
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4. DISCUSSION 

4.1 Cystocyte Fate Specification 

4.1.1 - General Modes of Fate Specification Operating in Ophryotrocha 

There are three general mechanisms by which nurse cell/oocyte fate could be 

determined in a two-cell cyst: (a) by inductive signals from surrounding tissue; (b) by 

stochastic events, followed by interactions between cystocytes to ensure each commits to 

a different fate; or (c) by the position of cystocytes within the hierarchy of cells in a 

larger parental cyst. With respect to the first possibility, if an inductive signaling 

mechanism were operative (i.e., if differentiation is mediated by a concentration gradient 

of a particular signal or by direct contact between cystocytes and surrounding tissue) then 

one would expect to find intraovarian nurse cells or oocytes consistently in a certain 

location, or proximal to a particular somatic tissue. For example, in an early study of 

oogenesis in Ophryotrocha, Braem proposed a hypothesis along these lines, namely, that 

the germ cells nearest to the periphery of the ovaries become nurse cells, as these cells’ 

contact with nutrient-rich coelomic fluid would support their role as nutritive cells 

(Braem, 1893).  

We found no evidence for inductive specification of cystocyte fate in O. 

labronica, however, as intraovarian oocytes and nurse cells exhibit neither consistent 

location, nor orientation, whether along an axis, or with respect to surrounding tissues 

(Fig. 6E). The seemingly random distribution of nurse cells and oocytes within the ovary 

is not consistent with a gradient of a signaling molecule secreted by extraovarian tissues; 

furthermore, close contact between germ cells and somatic cells appears to occur only on 

the surface of ovaries (Fig 6A,C,D). It therefore seems unlikely that the observed 
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distribution of cystocyte types in the ovary could be the result of inductive contacts 

between certain cystocytes and somatic cells.  

The latter, “hierarchical” mechanism of cystocyte determination has been 

carefully described in insects with polytrophic meroistic ovaries, such as Drosophila. In 

such insects, the the cystocytes that will become oocytes can reliably be identified based 

on their location within the cyst (Štys and Bilinski, 1990). Pfannenstiel and Grünig 

(1982a) have previously suggested that cystocyte fate in Ophryotrocha puerilis is 

specified hierarchically. They proposed that in this species, 16-cell cysts form in much 

the same way as in Drosophila, by four synchronous, oriented mitotic divisions of a 

cystoblast and its progeny. According to their model, the parental cysts subsequently 

fragment into eight 2-cell units, such that the cells attached to the original parental cyst 

by a single bridge become oocytes (Pfannenstiel and Grünig, 1982a). Fragmentation of 8-

cell parental cysts into 2-cell nurse cell/oocyte complexes units was convincingly 

described in the earwig Anisolabis maritima (Yamauchi and Yoshitake, 1982), 

demonstrating that fragmentation of parental cysts does occur in some animals. However, 

Pfannenstiel & Grünig did not present the three-dimensional or kinetic data necessary to 

confirm conclusively the similar mode of fragmentation they proposed. 

Like Pfannenstiel and Grünig, we found that presumptive oocytes in parental 

cysts were invariably cystocytes connected to the larger cyst by a single bridge (Fig. 5), 

suggesting that the fate of cystocytes is indeed associated with their hierarchical position 

in the cyst. However, we found the nature of the parental cysts to be markedly different 

from that described by these authors. In short, and importantly, the incomplete mitotic 

divisions that generate parental cysts are asynchronous, indeterminate, and not 
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consistently oriented, resulting in variable patterns of branching (Figs 4 and 5). Early 

studies of other species in the genus Ophryotrocha also suggest that Pfannenstiel and 

Grünig’s description of cyst formation in O. puerilis is anomalous. For example, in O. 

hartmanni, 2-cell cysts appear to be produced in a series within an ovary; whether or not 

the 2-cell units are interconnected or produced individually is not known (Parenti, 1962). 

In O. gracilis, only a single oocyte is produced per segment in a given reproductive cycle 

(Åkesson, 1975) — a phenomenon that is difficult to reconcile with a model in which 

several oocytes are produced synchronously from a single cyst. 

 

4.1.2 - A Stochastic, Hierarchical Model for Specification of Cystocyte Fates 

In Drosophila, the process of oocyte specification within a cyst involves the 

progressive localization of oocyte-specific factors, or determinants, (i.e., Orb, Egl, and 

Bic-D proteins, and oskar mRNA) to one of the two cystocytes with four bridges 

(Navarro et al., 2001). In the germarial stages of oogenesis, these factors travel primarily 

by dynein-mediated transport along microtubules associated with the fusome (Theurkauf 

et al., 1993; Grieder et al., 2000; Bolivar et al., 2001; Simonova and Vorontsova, 2008). 

Mutations in such oocyte-specific factors, proteins involved in their transport, or in 

factors that regulate the early stages of the meiotic cell cycle frequently manifest 

themselves phenotypically as cysts in which all cystocytes become nurse cells, either 

directly, or after failure to maintain an early oocyte-like identity. This suggests that in 

flies, the “default” fate for cystocytes is a nurse cell fate; the oocyte must be actively 

specified as such, and its identity actively maintained during cyst formation, by the 

polarized transport of molecular factors within the cyst (Huynh and St Johnston, 2004; 
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Navarro et al., 2001). Thus, oocyte specification in Drosophila is essentially hierarchical, 

and hierarchical processes (as well as interactions between the oocyte and surrounding 

follicle cells) also play a role in maintaining oocyte identity.  

Given that in O. labronica, presumptive oocytes are always connected to the 

parental cyst by a single bridge, it may appear that oocyte specification must follow a 

process similar to that of flies, involving the transport of “oocyte determinants” to the 

periphery of parental cysts with each cyst-forming mitotic division. However, such a 

mechanism cannot explain parental cysts with a branching growth pattern in which 

multiple branches end in a presumptive oocyte. Such cysts were observed in every ovary 

we examined (Fig. 5C-E). Because the cytoplasmic bridges at a branch point form 

sequentially, rather than simultaneously, outward transport of putative determinants 

would result in only one branch receiving such material. Put differently, for cysts whose 

ultimate size and branching structure is indeterminate, the cells to which determinants 

must be transported would be “moving targets”. While it is possible that the worms have 

evolved a process to cope with such shifting transport pathways (i.e., retention or de novo 

synthesis of some oocyte-specific factors in all cystocytes, for future transport as 

required) the complex regulation necessary to make such a process function would seem 

to be a rather non-parsimonious explanation of the pattern of differentiation we have 

observed.  

A simpler explanation is outlined in Figure 8. In this “stochastic, hierarchical” 

model, naïve cyst progenitors have the potential to follow three fate pathways, each 

involving a distinct type of cell cycle (step 1). Each may (a) divide mitotically to grow 

the cyst, (b) commit to an oocyte fate and switch to the meiotic cycle, or (c) commit to a  
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Figure 8 - Stochastic, hierarchical model for specification of cystocyte fate. Initially 

(1), a cystocyte has 3 paths it may follow: to divide mitotically and produce another 

cystocyte; to enter meiosis and commit to oocyte fate, or to commit to a nurse cell fate 

and endocycle to become polyploid. (2) Asynchronous mitoses expand the cyst. (3) Cells 

with >1 bridge (grey) do not become oocytes (Fig. 5); their fate options are now restricted 

to mitosis or endocycle. We propose that a factor (A) localized to the bridge imposes this 

restriction: a cell with 2 or more “doses” of factor A becomes restricted in this way. Thus, 

fate specification is dictated in part by the hierarchy of cells within a parental cyst. (4,5) 

The cyst grows by further mitoses. Eventually, a peripheral cell will commit to oocyte 

fate (green). The indeterminate nature of cyst growth suggests that this decision is a 

stochastic event. (6) Oocyte commitment involves association of a second factor (B) with 

the bridge, which signals to the attached cell that it must become a nurse cell. All 

remaining bridges involving this cell must ultimately be severed (red). (7) Cyst growth 

and patterning continues in this way. (8) Two-cell units begin to be released to the 

coelom, where they will grow and mature. (9) Eventually, all cells’ fates have been 

specified. The cyst now completely fragments into 2-cell units. 
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nurse cell fate and undergo a series of endocycles to become polyploid. One difference 

between O. labronica and flies is that in the worms, the key event appears to be not so 

much the active initiation of oocyte differentiation in presumptive oocytes, but rather the 

suppression of oocyte fate in cystocytes that will become nurse cells. Presumptive nurse 

cells invariably have >1 intercellular bridge, which leads us to speculate that the 

possession of two bridges in some way instructs the affected cystocyte to suppress its 

ability to become an oocyte (Fig 8, steps 2-4). The concentration of cytoskeletal elements 

(Brubacher and Huebner, 2009) and presence of adherens junctions adjacent to bridges 

(Fig. 7A) would enable bridges to act as signaling centres within cystocytes, as such 

structures frequently act as scaffolds to recruit and localize signaling molecules, 

particularly in polarized cells (Pugacheva et al., 2006; McCrea et al., 2009). The presence 

of bridge-localized factors (“Factor A” in Fig 8) would then provide a means for a 

cystocyte to “know” how many bridges it contains, and restrict its developmental 

potential accordingly.  

The stochastic component of the model has to do with the timing of oocyte 

commitment. Cystocytes at the periphery of the cyst retain the ability to differentiate as 

oocytes, but do not necessarily do so at a pre-ordained time, or after a particular number 

of mitotic divisions. This stochasticity in fate commitment would explain the 

indeterminate size of cysts in O. labronica. Ultimately, a peripheral cystocyte will 

commit to an oocyte fate, which must set another series of events in motion (Fig. 8, step 

5).  

First, the adjoining cystocyte must be instructed to commit to a nurse cell fate, 

and switch from the mitotic cell cycle to the endocycle. Within a context of closely 
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packed germ cells, the instructive signal must be delivered to the attached cell only, and 

therefore is unlikely to be a secreted factor, or a broadly distributed cell-surface 

molecule, either of which would trigger nurse-cell differentiation in non-target cells 

contacting the presumptive oocyte. Again, a factor localized to the bridge connecting the 

two cells could serve this purpose (e.g. “factor B”, Fig 8, step 6). It seems reasonable that 

changes occuring in a cystocyte as it commits to becoming an oocyte could affect the 

molecular composition of its bridge, by recruitment of novel factors, or alteration of 

factors already localized there. Alternatively, oocyte commitment may involve 

production of a mobile signal that is transported through the bridge from the presumptive 

oocyte to its partner cell. In the latter case, however, such a factor would have to be 

prevented from moving beyond the partner cell into other connected cystocytes. 

The second event that must follow oocyte commitment is the breakdown of all the 

other bridges in the cystocyte connected to the presumptive oocyte. Based on results 

described above (Fig. 7) it appears that bridge breakdown involves the endocytic 

internalization of the bridge by one of the cells that share it. The molecular changes in or 

around the bridge connecting the presumptive nurse cell to its partner oocyte may also 

serve to protect this bridge against degradation.  

 

4.1.3 - Lack of a Fusome-Like Organelle in O. labronica. 

In an early study of cystocyte organization in Drosophila, King and coworkers 

initially proposed that a cystocyte’s identity is determined by the number of cytoplasmic 

bridges it possesses (Koch et al., 1967). This turned out to be only indirectly true: instead, 

this control is exerted by the bridge-associated fusome, as described above, rather than 
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the bridges themselves. The fusome is an endoplasmic-reticulum-derived agglomeration 

of membrane vesicles, associated membrane skeleton components and other factors, 

which extends between all ring canals in the early Drosophila cyst, excluding other 

organelles (Telfer, 1975; Snapp et al., 2004). It functions by helping to organize the 

polarized microtubule cytoskeleton for directional transport of cytoplasmic material 

(Grieder et al., 2000; Bolivar et al., 2001; Cox and Spradling, 2003), regulating the 

cystocyte cell cycle (Lilly et al., 2000), and it may also play a key role in recycling 

membranes and signaling proteins (Lighthouse et al., 2008). Fusomes are found in all 

pterygote insects with polarized oogenic cysts (Büning, 1994), and thus are likely to 

regulate cystocyte differentiation in many insects other than flies. 

The central role of the fusome in Drosophila oogenesis, and its presence in the 

cysts of many other insect species, raise the question of the extent to which this organelle 

is evolutionarily conserved in other animals.  Kloc et al. (2004) have suggested that a 

fusome-like structure is present in the cysts of Xenopus laevis, which they interpret as 

evidence of widespread evolutionary conservation in the development of oogenic cysts. 

In O. labronica, however, there is no fusome-like structure associated with ring canals, 

even in very early stages analogous to those occurring in the germarium of fruit flies 

(e.g., Fig. 3F). Likewise, in a recent study of early cyst development in six species of 

clitellate annelids, no fusomes were observed (Swiatek et al., 2009). 

The lack of fusomes in O. labronica (and other annelids) is perhaps not 

surprising, for a number of reasons. First, in Drosophila, the fusome is required to 

coordinate and synchronize the cyst as a unified whole. Given that cystocyte 

development within O. labronica cysts is asynchronous, there is less need for such a 
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coordinating structure. Second, in insects, the fusome extends through all bridges as a 

continuous structure. Fusomal continuity is facilitated by the clustering of bridges to 

make a rosette structure (Büning, 1993). In O. labronica, bridges do not cluster.  Thus, a 

single, continuous fusome presumably would be impractically large and intrusive. Third, 

among insects, fusomes appear to be a derived trait of pterygotes — they are not found in 

the more basal apterygotes (Štys and Bilinski, 1990; Büning, 1994). Thus, the presence of 

fusomes in non-insects would be an example of a (presumably rare) evolutionary 

convergence, rather than conservation.  

In summary, although female cysts in O. labronica and Drosophila are both 

polarized, with polyploid nurse cells, they differ markedly in organization, and in the 

cytological processes through which they develop. Table 1 summarizes and contrasts 

some of the major features of cyst development and cystocyte differentiation in these 

species. 

 

4.2 Diversity of Oogenic Cysts in Annelids and other Phyla 

In most annelid species studied to date, oogenesis includes a cyst stage in which 

developing germ cells are interconnected by cytoplasmic bridges. The structure of these 

cysts varies markedly among different species in the phylum, however. In most clitellate 

annelids (leeches and oligochaetes) cysts consist of germ cells connected to a cytophore: 

a central acellular canal of cytoplasm, similar to the rachis found in nematode cysts. 

(Gibert et al., 1984; Swiatek et al., 2009). Polychaete cysts typically lack a cytophore, 

and are instead arranged as a globular package or string of interconnected cells 

(Eckelbarger, 2005). Cysts in which some cystocytes differentiate as nurse cells are  
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Table 1 - Comparison of Cyst Formation and Cystocyte Differentiation in  

D. melanogaster  and O. labronica . 
 

Trait/Process Drosophila melanogaster Ophryotrocha labronica 

cyst-producing mitotic 
divisions 

• synchronous • asynchronous 

cyst geometry • invariant, determined by 
fusome-anchored 
orientation of mitotic 
spindles 

• variable size and 
branching pattern 

fusome • present; plays crucial 
regulatory role 

• absent 

oocyte specification • determined by position in 
hierarchy (one of the two 
most-connected 
cystocytes) 

• associated with directional 
transport of oocyte-
associated factors  

• position in hierarchy 
constrains the 
developmental potential of 
cystocytes (only peripheral 
cystocytes become oocytes)  

• oocyte specification is 
partly stochastic 

• directional transport of 
oocyte factors is unlikely to 
greatly affect fate decision 

unity of cysts • cysts function as unified 
structures, each supporting 
a single oocyte 

• parental cysts fragment 
into independent 2-cell 
units, each maturing 
asynchronously 
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common among leeches (Swiatek, 2008; Swiatek et al., 2009), but among polychaetes, 

are mostly found in species of the order Eunicida, particularly in the families Onuphidae 

and Dorvilleidae (Eckelbarger, 2005). The genus Ophryotrocha belongs to the latter 

family. Cysts of such well-studied polychaetes as Nereis and Capitella are non-polarized, 

with all cystocytes differentiating as oocytes (Eckelbarger and Grassle, 1982; Dhainaut, 

1984). In a particularly notable case of cyst diversity among closely related species, some 

worms of the genus Micromaldane (Order Capitellida: Maldanidae) have homogeneous 

cysts in which all cystocytes become oocytes, while cystocytes in M. nutricula 

differentiate into nurse cells and oocytes (Rouse, 1992). In light of this diversity, the 

patterns of cyst organization and cystocyte differentiation we have observed in O. 

labronica can hardly be viewed as characteristic of annelids generally.  

Diversity among oogenic cysts is also the rule among insects — the group in 

which cysts have been most comprehensively characterized. This diversity is an under-

appreciated aspect of cyst evolution in insects, as it seems that Drosophila is often 

assumed to be representative of the entire clade. In fact, the ancestral type of ovary in 

hexapods appears to have been panoistic. In such ovaries, cysts do not form at all; rather, 

each precursor germ cell develops into an oocyte without cytoplasmic connections to 

other germ cells, and nurse cells do not occur (Štys and Bilinski, 1990; Büning, 1993). 

From this state, meroistic ovarioles (those in which cysts do form) appear to have 

evolved in three independent insect lineages (Štys and Bilinski, 1990; Gottanka and 

Büning, 1993; Heming, 2003). Among insects with meroistic ovarioles, a range of 

configurations occur. These include “neo-panoistic” ovarioles, in which all cystocytes 

fragment to become solitary oocytes; polytrophic ovarioles (such as those found in flies) 
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in which distinct egg chambers enclose separate sets of nurse cells and oocytes; and 

telotrophic ovarioles (Hemipteran orders, some Ephemeroptera, Coleoptera and 

Neuroptera), in which many nurse cells in a syncytial tropharium collectively nourish 

individual oocytes via trophic cords (Štys and Bilinski, 1990; Büning, 1993; Büning, 

1994). 

Outside insects and annelids, oogenic cysts are widespread, but again, these vary 

in their organization. These are usually non-polarized cysts, without morphologically 

distinct nurse cells, as in vertebrates (Ruby et al., 1969; Kuznicki et al., 2000; Kloc et al., 

2004) and nematodes (Gibert et al., 1984) although it is possible or even likely that 

certain cystocytes within such cysts serve as “cryptic” nurse cells, contributing their 

cytoplasm to cystocytes that will persist as oocytes, via apoptosis (Gumienny et al., 

1999). In nematodes, cyst morphology is similar to that found in clitellate annelids, with 

peripheral germ cells connecting a common, central cytoplasmic channel or rachis 

(Gibert et al., 1984). Vertebrate cysts more closely resemble those of insects and 

polychaete annelids in lacking a central anuclear cytoplasmic channel (Kuznicki et al., 

2000; Kloc et al., 2004). In some well-studied phyla (e.g. Mollusca and Echinodermata) 

however, cysts have yet to be described, and all known oogenesis involves solitary 

oocytes (though these may be nourished by associated somatic cells).  

 

4.3 A Reconsideration of the Functional Significance of Oogenic Cysts 

The widespread existence of cysts as a feature of oogenesis in the animal 

kingdom has led some authors to suggest that oogenic cysts must serve a common, 

essential function in oocyte development (Pepling et al., 1999; Matova and Cooley, 
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2001). Proposed roles include synchronization of cell cycles and oocyte development 

(Matova and Cooley, 2001), selection of high-quality organelles for inclusion in 

surviving oocytes (Pepling and Spradling, 2001; Cox and Spradling, 2003), and 

regulation of cell division to suppress uncontrolled proliferation (Gondos, 1987). 

However, the complete lack of oogenic cysts in many taxa, the diversity of cyst types and 

arrangements, and the highly distinct cytological processes by which superficially similar 

cysts can be produced argue against a common, necessary function for cysts in oocyte 

development.  

The situation with respect to female germline cysts is markedly different from that 

in males, as cyst formation does appear to be a universal, essential feature of 

spermatogenesis (Guo and Zheng, 2004). An interesting explanation of the importance of 

cysts in spermatogenesis has been advanced, proposing that intercellular connections may 

be a way of buffering stochastic variations in gene expression among spermatocytes in a 

cyst (Guo and Zheng, 2004; Seydoux and Braun, 2006). Along similar lines, Jurgen 

Büning has hinted that the presence of cysts in female insects may be a consequence of 

the need to maintain cyst-forming machinery for male gametogenesis (Büning, 1993; 

Büning, 1994). This hypothesis would help to explain the evolutionary loss and re-

appearance of female cysts at various points in insect phylogeny, and that of animals 

more generally.  

Note that we do not mean to imply that female cysts are unimportant in species in 

which they are found. Rather, we are simply suggesting that the variability in female cyst 

architecture, and the absence of female cysts in large clades of animals, strongly suggest 

that cysts are not intrinsically essential for oogenesis, and may serve different functions 
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in different species. In contrast to spermatogenic cysts, there must be less selective 

pressure to constrain female cyst development to a particular pattern, and more flexibility 

for individual species to evolve modifications to female cyst architecture and function 

that are adaptive for their particular life histories and ecological context. 

 

4.4 Concluding Thoughts 

We have observed that despite some superficial similarities between cysts in 

Ophryotrocha labronica and Drosophila melanogaster (i.e., the presence of polyploid 

nurse cells) the formation of female germline cysts, and cytological mechanisms by 

which cystocytes differentiate are quite distinct in these two species. These differences 

underscore the diversity in architecture and development of female cysts in the animal 

kingdom — diversity which is too often underappreciated, due to focusing on a few well-

established model species. This complex, tangled story of cyst evolution provides a great 

opportunity for future research, as the remarkable plasticity of oocyte development 

presents an interesting paradox. On the one hand, oocytes are essential to sexual 

reproduction and genetic continuity in animals. One would therefore expect the selective 

pressure on the development of such evolutionarily critical cells to be strongly 

conservative. And yet, female cysts are marked by diversity and plasticity. Explaining 

this paradox will provide fruitful avenues for comparative studies well into the future. 
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CHAPTER 4 
 

Isolation and characterization of DEAD-box RNA helicase genes  
in Ophryotrocha labronica 

 
1. Introduction 

The question of how germ cells differentiate and become distinct from somatic 

tissue during embryogenesis remains a fundamental problem in developmental biology. 

Two general modes of germ cell specification have been described in the animal 

kingdom. These are (1) deterministic specification, in which germ cells arise from early 

blastomeres that inherit maternally deposited ooplasm (germ plasm), which contains key 

germline determinants, and (2) inductive specification, in which germ cells differentiate 

somewhat later in embryonic development, following exposure to signaling molecules 

from surrounding cells (Extavour and Akam, 2003). 

Deterministic specification is typical of certain important model organisms, such 

as Drosophila melanogaster, Caenorhabditis elegans, and Xenopus laevis. In these 

species, the molecular basis for germline differentiation has been relatively well studied 

— many of the key proteins involved have been identified, along with the mechanisms by 

which they are deployed (Ikenishi, 1998). Inductive specification is less well understood; 

however, it now appears that it is both more prevalent than deterministic specification in 

the animal kingdom, and probably also the ancestral mode of germline development 

(Extavour and Akam, 2003). Thus, there is a need to study germline differentiation, and 

the signaling pathways underlying inductive specification, in a broad array of animal 

species. 

A distinguishing feature of germ cells is the relative importance of post-

transcriptional regulation in their gene-expression programs (Leatherman and Jongens, 
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2003; Seydoux and Braun, 2006; Kimble and Crittenden, 2007; Cinalli et al., 2008). In 

early stages of development, germ cells produce a complement of mRNA molecules, then 

enter a period of transcriptional quiescence (Leatherman and Jongens, 2003; Cinalli et al., 

2008). As such, germ cells contain a rich endowment of RNA-binding proteins, which 

play diverse roles in RNA metabolism.  

An important family of proteins involved in RNA metabolism is the DEAD-box 

RNA helicase family (named after the D-E-A-D, or Asp-Glu-Ala-Asp, motif shared by 

members of the family). DEAD-box proteins participate in nearly all aspects of RNA 

processing, including ribosome biogenesis, mRNA splicing, regulation of translation, 

nucleocytoplasmic trafficking, and mRNA stability, among others (Cordin et al., 2006). 

Aside from the DEAD box motif itself, proteins in this family share a number of 

conserved, functionally important motifs, which are summarized in Table 1. 

Given the large number of proteins in the DEAD-box family — 38 have been 

identified in the human genome (Linder, 2006) — and the importance of RNA processing 

in the germline, it is not surprising that certain DEAD-box helicases are strongly 

associated with germ cells and the establishment of the germline. One of the first such 

proteins described was the product of the vasa gene in D. melanogaster (Lasko and 

Ashburner, 1988; Hay et al., 1988). In flies, Vasa protein is found in polar granules — 

components of the germ plasm — in all stages of development, and is required for germ 

cell differentiation and maintenance (Styhler et al., 1998). Homologues of vasa have been 

found in representatives of all major animal phyla (reviewed in Mochizuki et al., 2001). 

Expression of vasa is largely restricted to germ cells in most species, and Vasa proteins 

have been shown to be functionally necessary for germline development in nematodes  
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Table 1 - Conserved motifs in DEAD-box proteinsa 

Motif Sequence Functional Role 

Q motif GaccPoxlQ ATP binding (adenine recognition) 

motif I AxTGoGKT ATP binding 

motif Ia PTRELAxQ RNA binding, intramolecular interactions 

GG doublet GG RNA binding 

motif Ib luTPGRlxc RNA binding  

motif II llDEADcM ATP binding, intramolecular interactions 

motif III SAT intramolecular interactions 

motif IV llFhxo+ RNA binding 

QxxR motif QxxR intramolecular interactions 

motif V LlxoxlhxRGlD RNA binding, intramolecular interactions 

motif VI YhHRluRxGRhG ATP binding, intramolecular interactions 

 

a Compiled from (Linder, 2006; Cordin et al., 2006; Sengoku et al., 2006) 

b Symbols: a: F, W, Y (aromatic);  c: D, E, H, K, R (charged);  o: S,T (alcohol);  x: any; l: I, L, V 
(aliphatic); u: A, G (small)  h: A, F, G, I, L, M, P, V, W, Y (hydrophobic);  +: H, K, R (basic) 



143 
 

(Kuznicki et al., 2000), oysters (Fabioux et al., 2009) and male mice (Sella and Ramella, 

1999), among others.  

Identification of molecules that serve as markers of germ cells is a valuable tool 

for studies of germline specification and development. An ideal molecular marker of 

germ cells would be a protein that is required for germline development, expressed in all 

germ cells (and only germ cells) at all stages of development. The vasa gene product 

comes close to meeting this ideal condition, but its role in various animals (and that of 

other DEAD-box proteins in the germ line) is more complex and nuanced than this. For 

instance, Vasa is dispensable for germline development in at least some cases: vasa-

knockout mice display no phenotype other than late inhibition of spermatid 

differentiation, with no effect on establishment of the germline or any stage of oogenesis 

(Sella and Ramella, 1999).  

Furthermore, vasa RNA and/or protein have been detected in somatic tissues of 

several animals, including a number of annelids, typically in embryonic or adult tissues 

with a high proportion of stem cells (Ikenishi and Tanaka, 2000; Mochizuki et al., 2001; 

Rebscher et al., 2007; Oyama and Shimizu, 2007; Shukalyuk et al., 2007; Sugio et al., 

2008; Dill and Seaver, 2008). Similarly, the expression of Vasa may rise and fall 

substantially at different stages of germline development. For example, in mammals, 

Vasa protein is not produced until migrating primordial germ cells arrive at the somatic 

gonad, and it disappears in later stages of both spermatogenesis and oogenesis (Noce et 

al., 2001). Thus, Vasa is not necessarily an unambiguous marker of germ cells in all 

cases.  
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Finally, though Vasa was the first DEAD-box helicase to be associated with 

development of germ cells, a growing number of other DEAD-box family members have 

also been found to play a role in germline development. It may well be that the relative 

importance of Vasa and its paralogs varies depending on the species in question. In the 

mouse, for instance, the DEAD-box helicase gene PL10 is expressed specifically in the 

male germ line, and is essential for spermatogenesis (Leroy et al., 1989). Mammals 

typically have 2-3 paralogs of PL10, also known as ddx3, (mammalian vasa homologues 

are known as ddx4). At least one ddx3 paralog plays a crucial role in spermatogenesis in 

many mammalian species (Rosner and Rinkevich, 2007). In invertebrates, PL10/ddx3 

homologues are usually present in 1-2 copies, and are expressed in both the germline and 

in pluripotent stem cells (Shibata et al., 1999; Mochizuki et al., 2001; Rebscher et al., 

2007; Rosner and Rinkevich, 2007). The D. melanogaster and C. elegans PL10 

homologues (named belle and vbh-1, respectively) have been shown to play essential 

roles in germline development (Johnstone et al., 2005; Salinas et al., 2007). Overall, 

PL10-like genes are widely conserved in animals, and have also been identified in yeasts, 

whereas true vasa homologues are only known to exist in animals. Thus, vasa likely 

represents a derived paralog of an ancestral PL10-like gene that has evolved a 

predominantly germline-related function in animals (Mochizuki et al., 2001).  

Our growing appreciation of the complex role played by DEAD-box helicases in 

germ cell specification, maintenance, and differentiation highlights the fascinating 

biology and evolutionary history of this protein family. vasa and its relatives are more 

than just convenient germline markers; thus, there is a need to characterize additional 

members of this family, in an array of species. Here, I describe the isolation of fragments 
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of three PL10-like genes in Ophryotrocha labronica: ol-dbp1, 2, and 3. Of these genes, 

ol-dbp1 appeared to be expressed most abundantly, and was selected for further 

characterization. A clone covering most of the coding region of this gene was recovered 

from a cDNA library. A comparison of the ol-dbp1 sequence with those of other PL10 

and vasa genes is included here, and provides a starting point for a discussion of the 

characteristics that distinguish PL10 proteins from Vasa proteins. This work has also 

generated a number of tools that will be useful for future molecular genetic research on 

the origin of the germline in O. labronica. These include markers with which to assess 

germ cell specification and development, optimized protocols for various molecular 

biological methods, and an O. labronica cDNA library.  

 

2. Materials and Methods 

Unless otherwise mentioned, all chemicals used were molecular biology grade 

(certified nuclease and protease free) from Sigma (Oakville, ON).  

 

2.1 Worm culture 

Ophryotrocha labronica subsp. labronica (Paxton and Åkesson, 2007) were 

maintained at room temperature in glass bowls containing artificial seawater (salinity 

32.5 ‰, specific gravity 1.019). Each week, worms were fed chopped spinach, and half 

of the seawater in each bowl was replaced. 

 

2.2 Reverse transcription PCR 

2.2.1 Isolation of RNA and synthesis of cDNA 
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RNA was isolated from pooled worms and embryos of both sexes and various 

stages of development. For at least two days prior to processing, worms were cultured in 

Petri dishes containing 1.5% (w/v) agar (Invitrogen, Carlsbad, CA) as a substrate. On this 

substrate, the worms eat the agar, which then largely replaces gut contents, helping to 

decrease the amount of contaminating nucleic acids that may be present in the worms’ 

food. For a typical RNA isolation, ~40 mg (wet weight) of worms were snap frozen in 

liquid nitrogen, and ground into a frozen powder using a DUALL® glass micro tissue 

grinder (Kontes, Vineland, NJ). Total RNA was then isolated from the homogenized 

tissue using either a GenElute RNA isolation kit (Sigma) or RNeasy spin column kit 

(Qiagen, Mississauga, ON) according to manufacturers’ instructions. The resulting RNA 

was concentrated by ethanol precipitation, re-dissolved in diethylpyrocarbonate-treated 

nanopure water (DEPC H2O), and its concentration determined by UV 

spectrophotometry. RNA integrity was confirmed by gel electrophoresis and staining 

with SYBR Gold nucleic acid stain (Molecular Probes, Eugene, OR).  

Polyadenylated RNA (poly-A+ RNA) was isolated from total RNA by binding to 

oligo-(dT)25-conjugated magnetic beads (Dynal, Oslo, Norway) and elution in DEPC 

H2O. Remaining DNA contamination was removed by DNase digestion using the 

TURBO DNA-free™ kit (Ambion, Austin, TX) according to manufacturer’s instructions. 

The resulting poly-A+ RNA was dissolved in 11 µl TURBO DNase buffer. 

For each reverse transcription reaction, 10 µl of poly-A+ RNA was used as a 

template. To reduce secondary structure, template RNA was heated to 65 °C for 5 min 

along with 1.25 µg oligo-(dT)12-18 primer, then chilled on ice. Complementary DNA was 

synthesized by incubating for 50 min at 42 °C in the following buffer, in a total volume 
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of 50 µl: 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 0.5 mM dNTPs, 10 mM 

dithiothreitol (DTT), 2 units/µl RNaseOUT RNase inhibitor, and 10 units/µl SuperScript 

II reverse transcriptase (all from Invitrogen). After synthesis of the first cDNA strand, the 

reaction mixture was heated to 70 °C for 15 min to inactivate reverse transcriptase, then 

stored at -20 °C. 

 

2.2.2 Degenerate PCR for vasa and PL10-like DEAD-box genes 

All primers used in this study are listed in Table 2. The polymerase chain reaction 

was carried out using Platinum Taq DNA polymerase (Invitrogen) according to 

manufacturer’s instructions. For initial attempts to isolate vasa-like genes, I used a semi-

nested approach, amplifying from 2 µl of template cDNA with primers vasa_f1 and 

vasa_r1 in the first round, followed by a second round of amplification using Rhpvasa_F1 

as the forward primer, and 2 µl of products from the first reaction as template. Typical 

reaction conditions involved an initial incubation for 2 min at 94 °C followed by 35 

cycles of 1 min at 94 °C, 1 min at 55 °C, and 1.25 min at 72 °C, and finishing with 5 min 

at 72 °C, using a TechGene thermal cycler (Techne, Burlington, NJ) with the lid 

preheated to 105 °C. The highest yield and specificity were obtained using 1.5 mM 

MgCl2 in the reaction mixture, 400 nM primers, and 200 µM dNTPs. Products were 

analyzed by electrophoresis on 1.75% agarose gels, stained with SYBR Gold 

(Invitrogen), using 100 bp or 1 kb+ ladders (Invitrogen) as size markers. In later 

amplifications, primers vasdeg_F3 and vasdeg_F4 were used as forward primers (see 

Results). These primers were designed using the consensus-degenerate hybrid 

oligonucleotide primer (CODEHOP) approach, as described by Rose et al. (2003). 
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Table 2 – Primer sequences used in this study 

Primer name Sequence (5’-3’)a Target aa sequence 
vasa_f1b tciggicgigaiytiatggc SGRDLMA 

vasa_r1b tggagacgrtciccrtgdat IHGDRLQ 

RhpvasaF1c tggcccagacgggttctgg AQTGSG 

vasdeg_F3 atggcktgtgcncagcanggd MACAQQG 

vasdeg_F4 atggcktgtgcncagacngg MACAQTG 

dbp1_slipf1 tgttccctattgtctctggtct FPIALVL 

dbp1_slipr1 ccttacgttgattatagcgacca GRYNQRK 

Seqdbp1 aggaagctctgcagacctt EALQTF 

 
a IUPAC base symbols: i=inosine, y = c/t, r = g/a, s = c/g, w = a/t, k = g/t, m = a/c, b = c/g/t, d = a/g/t,  

h = a/c/t, v = a/c/g, n = a/t/g/c 
b Designed by Dr. Miodrag Grbic, University of Western Ontario 
c Designed by Roxane Graham, University of Manitoba 
d Underlined bases were accidentally reversed, forming a codon for glutamine (Q), rather than threonine 

(T). This error was corrected with vasdeg_F4 primer. 
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2.2.3 Cloning of PCR products 

To purify PCR-amplified DNA for cloning, PCR products were loaded into 4 

adjacent lanes of a gel, alongside a lane with 1 kb+ ladder, and electrophoresed. (The 1 

kb+ ladder contains a known proportion of its total mass in the 1600 bp fragment, which 

can be used to roughly estimate the mass of other DNA bands in the gel). Bands at ~770 

bp were excised from gels, and pooled in a single microfuge tube. DNA was extracted 

from these gel fragments using a QIAquick gel extraction kit (Qiagen), into 50 µl of 10 

mM Tris, pH 8.5). Extracted DNA was then ethanol-precipitated and concentrated by re-

dissolving in 10 µl of nanopure water.  

Purified PCR products were mixed with pGEM-Teasy vector (Promega, Madison, 

WI) at a molar ratio of ~3:1 (insert:vector) and ligated overnight at 4 °C, using T4 DNA 

ligase in rapid ligation buffer (Promega) in 10 µl total reaction volume. One-fifth (2 µl) 

of ligation products were mixed with 25 µl electrocompetent Escherichia coli strain 

JM109 on ice, transferred into chilled 0.1 cm electroporation cuvettes (Bio-Rad, 

Mississauga, ON) and electroporated using a Bio-Rad Gene Pulser set at 1.25 kV (for an 

electrical field strength of 12.5 kV/cm), 25 µF, and Pulse Controller set 200 Ω resistance. 

Electroporated bacteria were immediately mixed with 1 ml SOC medium (2% w/v 

tryptone, 0.5% w/v yeast extract, 10 mM NaCl, 5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, 20 mM glucose, pH 7.0) in sterile test tubes, and allowed to recover for 1 h at 37 

°C with shaking at 225 rpm. Recovered cultures were diluted 1:10 in LB broth (10 g/l 

tryptone, 5 g/l yeast extract, 10 g/l NaCl) and 100 µl of the resulting suspensions were 

spread on 90 mm LB agar plates (1.5% w/v agar in LB broth) containing 50 µg/ml 
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ampicillin, 80 µg/ml X-gal and 0.5 mM IPTG. Plates were incubated at 37 ºC until 

colonies had grown to ~1 mm in diameter (usually 16-18 h). 

To generate sufficient plasmid for sequencing and further analysis, 5 ml aliquots 

of LB broth + 50 µg/ml ampicillin were inoculated with individual colonies of 

transformed bacteria. Some blue colonies were used for this purpose, and found to 

contain inserts — blue/white colony screening is not always an accurate indicator of 

recombination for short inserts (Keese and Graf, 1996). Broth cultures were incubated 

overnight at 37 ºC with shaking at 225 rpm. Bacteria from overnight cultures were 

harvested by centrifugation at 2800 g for 10 min, then processed to isolate plasmid DNA 

using the either the GenElute plasmid mini-prep kit (Sigma) or the QIAprep Spin 

Miniprep kit (Qiagen), according to manufacturers’ instructions. Plasmid DNA was 

ethanol-precipitated, dissolved in nanopure water, and DNA concentrations were 

determined by UV spectroscopy. Clones to be sequenced were sent to the University 

Core DNA Services at the University of Calgary (Calgary, AB). 

 

2.3 Whole mount in-situ hybridization 

2.3.1 Synthesis of probes 

Fragments of three distinct genes were obtained by RT-PCR and subsequent 

cloning, and named ol-dbp1, 2, and 3 (ol-dbp = O. labronica dead box protein). 

Digoxygenin-labelled ribonucleotide probes were synthesized for each gene by in vitro 

transcription. Prior to probe synthesis, a single plasmid clone was selected for each gene 

fragment, and linearized by restriction digestion. The clones used as templates, restriction 
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endonucleases used for linearization, and RNA polymerase used for transcription of each 

probe are summarized in Table 3.  

Following restriction digestion, linearized clones were purified from other 

reaction components using QIAquick spin columns (Qiagen), ethanol-precipitated, and 

re-dissolved in 10 µl nuclease-free water. DNA concentrations were determined by UV 

spectroscopy. Plasmid templates prepared by digestion with ApaI or PstI were incubated 

15 min at room temperature with 0.25 units/µl Klenow fragment polymerase (Invitrogen) 

to remove free 3’ overhangs. In vitro transcription was carried out for 2 h at 37 °C in 

transcription buffer (40 mM Tris-HCl, 10 mM NaCl, 6 mM MgCl2, 10 mM DTT, 2 mM 

spermidine, 0.05% v/v Tween-20, pH 7.9, Promega) containing 1X DIG RNA labeling 

mix (Roche, Penzberg, Germany; 1 mM each ATP, CTP, and GTP + 0.65 mM UTP and 

0.35 mM digoxygenin (DIG)-11-UTP).  

Following probe synthesis, DNA was removed from reaction mixtures with 

TURBO DNAfree DNase (Ambion) as described above. Protein and low-molecular-

weight compounds were removed from riboprobe solutiuons using GenElute RNA 

purification columns (Sigma) according to manufacturer’s instructions, and RNA was 

eluted into 50 µl nuclease-free water. Integrity of the probes was confirmed by non-

denaturing electrophoresis, in a 1.25% agarose gel in DEPC-treated 1X MOPS buffer (20 

mM 3-(N-morpholino)propanesulfonic acid (MOPS), 5 mM sodium acetate, 1 mM 

EDTA, pH 7.0) followed by staining with SYBR Gold (Invitrogen).  

To confirm incorporation of DIG-labelled UTP into the riboprobes, and roughly 

estimate probe concentrations, I performed dot blots with serial dilutions of riboprobes 

and control DIG-labelled RNA (Roche). One µl of each dilution was spotted onto Zeta- 
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Table 3 – Preparation of DIG-labelled riboprobes 

Probe Clone Inputa Digestb Outputa Polc  Sized 

antisense dbp1  jb040308-b2 7.5 PstI 3.4 T7 796e 

sense dbp1 jb040308-b2 7.5 XhoI 2.1 SP6 786f 

antisense dbp2 jb040308-w3 10.0 ApaI 7.7 SP6 884g 

sense dbp2 jb040308-w3 10.0 PstI 8.6 T7 788e 

antisense dbp3, jb040702-vw5 10.0 ApaI 8.3 SP6 896g 

sense dbp3 jb040702-vw5 8.0 XhoI 6.8 T7 751e 

 
a Input = amount of DNA used for restriction digest (µg); output = amount of DNA recovered after 

linearization and cleanup (µg). 
b Restriction endonuclease used to linearize the clone 
c RNA polymerase used for transcription  
d Length of probe, in bases 

e Including 61 bases of vector at 5’ end 
f Including 83 bases of vector at 5’ end 
g Including 83 bases of vector at 5’ end and 46 bases at 3’ end 
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Probe charged nylon membrane (Bio-Rad). Membranes were baked for 30 min at 125 °C 

to irreversibly bind RNA, then washed 5 min in 0.1X washing buffer (1X = 100 mM 

maleic acid, 150 mM NaCl, 0.3% v/v Tween-20). The blots were blocked for 30 min in 

1X maleic acid buffer (same as washing buffer, but without Tween-20) containing 1% 

(w/v) blocking reagent (Roche), then incubated 30 min with alkaline-phosphatase-

conjugated sheep anti-DIG Fab fragments (Roche) diluted 1:5000 in blocking buffer. 

After this incubation, blots were washed 2x15 min in 0.1X washing buffer, then 

equilibrated in alkaline phosphatase colour development buffer (100 mM Tris, 5 mM 

MgCl2, 100 mM NaCl, pH 9.5). Colour was developed by incubating 1h or longer at 

room temperature in AP colour development buffer + 112.5 µg/ml nitoblue tetrazolium 

(NBT; Sigma) and 58.3 µg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP; Roche). 

Intensities of the control RNA spots were used to estimate the concentration of 

riboprobes. 

  

2.3.2 Probe hybridization and detection 

The procedure described here is based on previously published methods of 

Nardelli-Haefliger and Shankland (1992), Harland (2000), Koopman (2001), and Song et 

al. (2002). All solutions used for hybridization were treated with 0.1% (v/v) DEPC 

(Sigma) and autoclaved prior to use, except Tris-containing buffers, which were made by 

dissolving nuclease-free Tris in DEPC-treated solutions of the other buffer components.  

Ophryotrocha labronica of both sexes, in various stages of post-embryonic 

development, were collected and cultured on 1.5% agar for 3-4 days prior to processing. 

Worms were paralyzed in a 1:1 mixture of seawater and 370 mM MgCl2, then fixed 2 h 
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in 5% (w/v) paraformaldehyde in modified van Loon’s buffer (125 mM HEPES, 2.5 mM 

MgSO4, 1.25 mM EGTA, 0.03% Tween-20, pH 6.9) (Seaver et al., 2001). This fixative 

was preheated to 50 °C, then allowed to cool at room temperature during fixation. Fixed 

worms were washed several times with van Loon’s buffer. To help extract lipids, 

specimens were dehydrated through graded concentrations of ethanol (Harland, 2000) 

(30%, 50%, 70%, and 95% in van Loon’s buffer, 15 min per step) then re-hydrated 

through 95%, 70% and 50% ethanol in phosphate-buffered saline (8.5 mM Na2HPO4, 2 

mM KH2PO4, 2.7 mM KCl, 137.3 mM NaCl, 0.9 mM CaCl2, 0.5 mM MgCl2, pH 7.4) + 

0.1% (v/v) Tween-20 (PBS-T). 

Worms were permeabilized by treating with 10 µg/ml proteinase K (Sigma) in 

PBS-T for 30 min at room temperature. Specimens were rinsed three times in PBS-T, 

then re-fixed in PBS-T + 5% paraformaldehyde for 45 min to destroy residual protease 

activity. After thorough washing with PBS-T, worms were equilibrated in hybridization 

solution (5X SSC in 50% v/v formamide, + 100 µg/ml tRNA, 50 µg/ml heparin, 0.1% 

w/v CHAPS, 1X Denhardt’s solution [0.2 mg/ml each bovine serum albumin, polyvinyl 

pyrrolidone, and Ficoll 400], and 0.1% v/v Tween-20, pH 6.0, adjusted with 1 M citric 

acid) (Song et al., 2002) by incubating 10 min in a 1:1 mixture of PBS-T and 

hybridization solution, then 10 min in full-strength hybridization solution. Specimens 

were pre-hybridized in fresh hybridization solution for 3-4 h at 65 °C. The hybridization 

solution was then changed to fresh hybridization solution containing ~1 ng/µl probe, pre-

heated to 65 °C.  

Following hybridization (16h at 65 °C), worms were washed at 65 °C as follows: 

2x5 min in hybridization solution, 5 min in 1:1 hybridization solution:2X SSC, 5x5 min 
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in 2X SSC, 20 min in 2X SSC, 20 min in 1X SSC, and 2x20 min in 0.2X SSC (Harland, 

2000; Koopman, 2001). Following all SSC washes, worms were transferred to room-

temperature PBS-T and washed twice for 5 min. 

To block non-specific antibody binding, worms were incubated 1 h at room 

temperature in maleic acid buffer + 1% (w/v) Roche blocking reagent. Alkaline-

phosphatase-conjugated sheep anti-DIG Fab fragments were pre-adsorbed by incubating 

this antibody at 1:250 dilution with formaldehyde-fixed worms for 1 h at room 

temperature. Supernatant from the pre-adsorption mixture was diluted 1:10 with blocking 

solution, for a total antibody dilution of 1:2500. Worms were incubated in this solution 

for 4h at room temperature, then washed a minimum of 3x5 min and 3x30 min in PBS-T. 

Worms were equilibrated 2x5 min in AP colour development buffer + 2 mM levamisole 

to inhibit endogenous phosphatases, then transferred into fresh buffer containing NBT 

and BCIP as described above. Colour was developed for 2 h to overnight, and then 

worms were washed thoroughly in PBS. Worms were cleared in either 90% glycerol, or a 

2:1 mixture of benzyl benzoate and benzyl alcohol (the latter was used after fixation with 

Bouin’s fixative, and dehydration in methanol as described by Harland, 2000). Samples 

mounted in clearing agent were observed with a Zeiss Photomicroscope II or a Nikon 

SMZ-U dissecting microscope, and photographed with either a Sony DXC-390 or Sony 

DXC-950 CCD camera, controlled with Northern Eclipse 6.0 software (Empix, 

Mississauga, ON) and a Meteor frame grabber (Matrox, Dorval, QC). 

 
 
2.4 cDNA library construction 

The cDNA library was developed using a Creator™ SMART™ cDNA library 

construction kit (Clontech, Mountain View CA). SMART: switching mechanism at the 5’ 
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end of RNA transcript (Zhu et al., 2001). Details of library construction are given in 

Appendix A.  

 

 

2.5 Screening cDNA library for Ol-dbp1 by self ligation of inverse PCR products 

(SLIP) 

To obtain more sequence information for ol-dbp1, the O. labronica cDNA library 

was screened following the “self-ligation of inverse PCR products” (SLIP) procedure 

described by Hoskins et al. (2005). This method (illustrated schematically in Fig. 1) is 

based on PCR amplification of the target sequence using forward and reverse primers that 

point in opposite orientations, and abut precisely at their 5’ ends (without overlap). 

 

2.5.1. Primer design 

Ol-dbp1-specific primers were designed from sequence information obtained 

from the RT-PCR studies described above, using the web-based interface for Primer3 

(http://fokker.wi.mit.edu/primer3/input.htm, retrieved June 25, 2008). As Primer3 is not 

designed to identify primer pairs that meet the requirements for SLIP screening, the input 

sequence and search parameters were modified to force the software into doing so 

(Hoskins et al., 2005). Briefly, in Microsoft Word, the 5’-most 26 nucleotides of the 765-

bp Ol-dbp1 sequence were cut, and pasted at the 3’ end of the sequence. This modified 

sequence was copied, and the 5’-most base of the copy was pasted at the 3’ end of the 

sequence. The resulting sequence was copied again, then pasted into the Primer3 input 

box. Software parameters were set to constrain Primer3 to select only primer pairs that  
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Figure 1. Overview of cDNA library screening by self-ligation of inverse PCR 

products (SLIP). The process starts with heterogeneous plasmid DNA purified from 

cDNA library bacterial cultures. In step 1, plasmids containing the target sequence are 

amplified by inverse PCR, using primers that abut without overlap at their 5’ ends. In this 

way, the entire plasmid is copied in a linearized form. The resulting PCR products are 

then phosphorylated and ligated to recircularize the target plasmids (2). Digestion with 

the restriction endonuclease DpnI (3) specifically degrades the remaining (methylated) 

plasmids isolated from bacteria, leaving the (unmethylated) PCR-amplified plasmids 

intact. These remaining plasmids are then used to transform bacteria (4), and individual 

clones can be isolated by standard methods (after Hoskins et al., 2005, Fig 1).
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would generate a 765 bp amplimer from the modified input template – in effect, 

restricting the software to search for primer pairs that would abut, but not overlap, at their 

5’ ends. The process of copying the modified input sequence, moving its 5’-most base to 

its 3’ end, and then using the new sequence as input data for Primer3 was iterated 347 

times. The 5’-most suitable primer pair returned by Primer3 was then used for screening 

(dbp1_slipf1 and dbp1_slipr1; see Table 2). Primers were ordered from Sigma Genosys 

(Oakville, ON), with their 3’-most nucleotides linked by phosphorothioate bonds, to 

resist 3’  5’ exonucleolytic attack by the proofreading polymerase used in PCR. 

 

2.5.2. Inverse PCR, purification and cloning of amplified plasmids 

Template DNA for screening was obtained by isolating plasmid DNA from 1 ml 

of the amplified library, as described in section 2.2.3 above. PCR was conducted in a 50 

µl reaction volume, containing 500 nM of each primer, 200 µM dNTPs (Invitrogen), 1 

unit “Phusion” hot-start high-fidelity DNA polymerase (Finnzymes, Woburn, MA), and 

0.5 µl diluted library template, in Phusion HF buffer (supplied with polymerase by 

manufacturer): 25 mM N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid 

(TAPS), 50 mM KCl, 2 mM MgCl2, 1 mM β-mercaptoethanol. Cycling parameters were: 

initial denaturation at 98ºC for 30 s, 30 cycles of {10 s at 98ºC, 15 s at 62ºC and 3.5 min  

at 72ºC}, and a final extension at 72ºC for 5 min. 

Following amplification, PCR products from 25 µl of the reaction were 5’-

phosphorylated using T4 polynucleotide kinase (Promega) according to manufacturer’s 

instructions. The kinase reaction mixture was then extracted with an equal volume of 
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phenol:chloroform:isoamyl alcohol (25:24:1), ethanol-precipitated, and re-dissolved in 50 

µl nanopure water. 

The purified PCR product was then re-circularized by incubating the entire 

sample with 5 Weiss units of T4 DNA ligase (Invitrogen) in a 100 µl reaction at 14ºC for 

20 hrs. Remaining non-target plasmid DNA (methylated by its original bacterial host) 

was removed from (unmethylated) PCR product by digestion with DpnI (New England 

Biolabs), which cleaves only methylated DNA, for 1 h at 37 °C. DpnI was subsequently 

heat-inactivated by incubation at 80ºC for 20 min. Undigested (target) plasmid DNA was 

then re-extracted with phenol:chloroform:isoamyl alcohol as above, ethanol precipitated, 

and dissolved in 10 µl nanopure water. 

Electrocompetent JM109 E. coli cells were transformed with 2 µl of self-ligated 

PCR product as described in section 2.2.3 above, allowed to recover, and plated on LB 

agar containing chloramphenicol (30 µg/ml) to grow overnight at 37ºC. Six colonies on 

the resulting plate were used to inoculate overnight LB + chloramphenicol broth cultures, 

each of which was then processed to isolate plasmid DNA as described in section 2.2.3. 

To confirm the presense of inserts and estimate their size, 1 µg of each plasmid clone was 

digested with EcoRI and XhoI (Invitrogen) and analysed by gel electrophoresis. Samples 

of all 6 clones were sent to the University of Calgary for sequencing. Plasmid inserts 

were sequenced in three stages. First, all 6 clones were sequenced from the 5’ end of the 

insert using an M13 forward primer that binds within vector sequence flanking the insert. 

Three of the 6 clones were selected for further sequencing, using an forward primer, 

Seqdbp1 (Table 2) ~800 bp downstream of the 5’ end of the inserts. Finally, the 

remaining 3’ sequence for these three clones was obtained using a reverse M13 primer 
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complementary to pDNR-LIB sequence flanking the 3’ end of the inserts (Clontech, 

supplied with cDNA library construction kit).  

 

2.6 Sequence analysis 

2.6.1. Basic sequence analysis 

Sequence data was imported into the freeware sequence editing software package, 

ApE (A Plasmid Editor, version 1.1.1, for Windows, currently available at 

http://www.biology.utah.edu/jorgensen/wayned/ape, retrieved Sept 1, 2009). DNA 

sequence was translated into deduced amino acid sequence data either in ApE, or using 

the ORF Finder website hosted by the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/projects/gorf, retrieved Sept 1, 2009).  

Routine sequence alignments were conducted using the web-based 

implementation of ClustalW (Thompson et al., 1994) hosted by the European 

Bioinformatics Institute (http://www.ebi.ac.uk/Tools/clustalw2/index.html, retrieved Sept 

1, 2009) with all alignment parameters set to default values. Searches for sequence motifs 

present in the 3’ untranslated region (UTR) of the ol-dbp1 gene were conducted using the 

UTResource web site (http://www.ba.itb.cnr.it/UTR/) hosted by the Italian node of the 

European Molecular Biology Network (EMBnet). 

 

2.6.2. Phylogenetic analysis of ol-dbp genes 

Multiple sequence alignments of the deduced amino acid sequence of the core 

DEAD-box region ol-dbp1 (amino acid residues 1-355 of the cDNA library sequence 

illustrated in Fig. 4) and the ol-dbp2 and 3 fragments with the corresponding regions of 
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other Vasa- and PL10-related sequences were constructed using ClustalX version 2.0 

(Larkin et al., 2007). For later rooting of phylogenetic trees, I also included the D. 

melanogaster eukaryotic initiation factor 4a (eIF4a) protein, a more-distantly related 

DEAD-box helicase. The penalties for gap opening and extension used for alignment 

were 20 and 0.4, respectively, and the Gonnet series was used as the substitution matrix. 

These amino acid sequence alignments were then converted to codon-based alignments 

of the corresponding DNA sequences using the PAL2NAL program (Suyama et al., 2006). 

Phylogenetic relationships among aligned sequences were inferred by Bayesian 

analysis (Huelsenbeck et al., 2001) using MrBayes version 3.1.2 (Ronquist and 

Huelsenbeck, 2003). Alignment data was divided into 3 partitions according to position 

within codons, as decribed by Hall (2004), and analysed using a GTR + I + Γ model for 

substitution rates (general time-reversible model with invariant sites and gamma-

distributed rates across sites). Two parallel Metropolis-coupled Markov-chain Monte 

Carlo runs, each with 4 chains (1 cold and 3 hot) were run for 1000000 generations, 

sampling trees every 100 generations. Consensus trees were generated after discarding 

the first 2500 trees as “burn-in”. The period after burn-in corresponds to that after which 

the standard deviation of split frequencies between parallel runs stabilized at <0.015. The 

consensus trees were drawn in TreeView X version 0.5.0 for Mac OS X (downloaded 

from http://darwin.zoology.gla.ac.uk/~rpage/treeviewx/download.html, May 30, 2008), 

and confidence values for each node were estimated as the proportion of trees in which 

the given node was recovered after the burn-in period. 
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3. Results and Discussion 

3.1 Three DEAD-box gene fragments isolated by RT-PCR 

Semi-nested reverse-transcription PCR with primers RhpvasaF1 and vasa_r1 gave 

rise to products approximately 770 bp in size, based on gel electrophoresis (data not 

shown). Bands of this size were eluted from gels, cloned into pGEM-Teasy vector, and 

used to transform Escherichia coli strain JM109. Sequencing of 5 clones identified 2 

distinct gene fragments, which I named ol-dbp1 and 2 (ol-dbp: O. labronica DEAD-box 

protein). A BLAST search with each of these two sequences yielded PL10-like genes as 

the closest matches, rather than “true” vasa genes.  

The forward primer in this first trial was non-degenerate, decreasing the 

likelihood of recovering more than one vasa-related sequence, which may have 

accounted for my not having isolated a “true” vasa homolog from the worms. Thus, I 

repeated the RT-PCR  procedure with a new, degenerate forward primer (vasdeg_F3) in 

order to amplify genes other than ol-dbp1 and 2 — ideally a closer match to vasa. I also 

used a fresh, independent cDNA sample as the template for the second trial. From these 

reactions and subsequent cloning, I submitted 6 new clones for sequencing. Of these, one 

was a 5th  clone of ol-dbp1, while the other 5 were clones of a new gene fragment, named 

ol-dbp3. At this time, I realized that I had accidentally reversed two bases in the 

vasdeg_F3 primer (see Table 2). I repeated the RT-PCR and cloning with a corrected 

primer (vasdeg_F4), sequencing 5 more clones. Of these clones, 4 were oldbp1, and 1 

was ol-dbp3, demonstrating that the latter gene could be amplified using the corrected 

primers.  
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In summary, sequencing of 16 clones amplified from 2 pools of cDNA yielded 9 

clones of ol-dbp1, 1 clone of ol-dbp2 and 6 clones of ol-dbp3. The consensus nucleotide 

sequences for each of these gene fragments are given in Fig. 2, with deduced amino acid 

sequences of all three O. labronica genes shown above the nucleotide alignment. BLAST 

searches on the ol-dbp3 sequence suggested that, like dbp’s 1 and 2, this gene is more 

closely related to PL10-like genes than it is to vasa.  

Comparing the nucleotide and deduced amino acid sequences of the three genes 

shows that each is ~55% identical to the others, at the nucleotide level (Table 4). At the 

amino acid level, percent identity is also in this range, except between ol-dbp1 and ol-

dbp3, which are 64% identical. The greater similarity between ol-dbp1 and ol-dbp3 is 

consistent with a more recent divergence of these two genes from each other, relative to 

ol-dbp2 (see below for more discussion of the phylogeny of these genes). 

 

3.2 Analysis of gene expression by in situ hybridization 

Expression of the ol-dbp genes was assessed in juvenile and adult worms by 

whole-mount in situ hybridization. Of the three genes, only ol-dbp1 transcripts were 

detectable by this method (Fig. 3). Failure to detect expression of ol-dbp2 and 3 does not 

appear to have been due to problems with the probes used for these genes; gel 

electrophoresis and immunolabeling for digoxigenin (DIG) on dot blots demonstrated 

that the probes were intact and successfully DIG-labeled (data not shown). In one trial, 

hybridizations for all three genes were run in parallel on worm specimens from the same 

batch, and gave positive results for ol-dbp1, but not 2 or 3, even when probes for the  
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Figure 2. Consensus sequences of O. labronica DEAD-box proteins (Ol-dbp) 1-3. 

Fragments of three genes encoding DEAD-box proteins amplified by RT-PCR using 

degenerate primers. Primer binding sites are indicated by red lines over the text. 

Sequence data for ol-dbp1 and ol-dbp3 are the consensus sequences from 9 and 6 clones, 

respectively. ol-dbp2 was recovered in only a single clone. Deduced amino acid 

sequences from the above fragments, are shown above each codon, with ol-dbp1 in the 

first position, ol-dbp2 in the second position, and ol-dbp3 in the third position. Identical 

nucleotides in two or more of the sequences are shown in white type on a black 

background, and identical amino acid residues are highlighted in yellow.
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         __________________________ 
     M-M A-A CCC AAA QQQ TTT GGG SSS GGG KKK TTT AAA AGA FFF LLL VFM PPP ITS LII SMA                                            
dbp1 ATG GCT TGT GCC CAG ACG GGT TCT GGT AAA ACT GCA GCT TTC CTA GTT CCT ATT CTC AGC   60 
dbp2 --- --- TGT GCC CAG ACG GGT TCT GGG AAA ACT GCT GGG TTC TTG TTT CCC ACC ATC ATG   54 
dbp3 ATG GCG TGT GCT CAG ACG GGA TCG GGA AAG ACG GCG GCA TTC TTG ATG CCC TCC ATT GCC   60 
 
     QAR IML YII TAK TRV GGG PG- GR- DD- -P- -S- DD- KER KEK EEP PAS QQN PGE THQ GRS 
dbp1 CAG ATC TAC ACT ACT GGC CCT GGA GAT --- --- GAC AAG AAG GAA CCA CAA CCC ACT GGT  114 
dbp2 GCA ATG ATT GCG CGT GGT GGT CGG GAC CCC TCG GAC GAG GAA GAG GCC CAA GGT CAT CGT  114 
dbp3 CGT CTC ATC AAG GTG GGT --- --- --- --- --- --- CGC AAG CCG TCC AAT GAG CAG AGT  102 
 
     RSG YHG NRR QRR RRR KQR VTA FYA PPP INA AAI LLL VLV LLL AAA PPP TTT RRR EEE LLL 
dbp1 CGC TAT AAT CAA CGT AAG GTG TTC CCT ATT GCT CTG GTT CTT GCA CCA ACA AGA GAA CTT  174 
dbp2 AGC CAC CGT CGT CGC CAG ACC TAC CCC AAC GCC CTT TTG TTG GCC CCG ACT CGT GAG TTG  174 
dbp3 GGC GGA CGT CGT CGT CGT GCA GCA CCG GCA ATT CTG GTG CTG GCA CCA ACG CGA GAG TTG  162 
 
     AAA SQS QQQ III HHW DEE EEE SGS RKK KRK FFF ATC YYY RCR STS HGN VIL RAR PTT CVV 
dbp1 GCT TCA CAG ATC CAT GAT GAA AGT CGT AAG TTT GCG TAC AGA TCT CAT GTG CGT CCA TGT  234 
dbp2 GCC CAG CAG ATT CAC GAG GAG GGC AAG CGC TTT ACC TAT TGT ACC GGT ATC GCG ACT GTG  234 
dbp3 GCA TCG CAA ATC TGG GAA GAA TCC AAG AAG TTC TGC TAC CGC TCC AAT CTG CGC ACG GTT  222 
 
     VVV VIV YYY GGG GGG AAA DDD IVT GRR GES QQQ ILM RRQ DQE LIL SEE RRR GGG CCS HDD 
dbp1 GTG GTG TAT GGT GGG GCA GAC ATT GGA GGT CAG ATA AGA GAT TTG TCA CGC GGT TGC CAT  294 
dbp2 GTC ATT TAC GGA GGT GCT GAT GTC CGT GAG CAG TTG CGT CAG ATT GAG CGC GGA TGC GAT  294 
dbp3 GTC GTC TAC GGA GGA GCT GAC ACG CGC TCG CAA ATG CAA GAG CTT GAG CGT GGA TCG GAC  282 
 
     LLI LLL VVV AAA TTT PPP GGG RRR LLL VVV DDD MLM III EEE RRR GGG KYR VLV GAT MML 
dbp1 CTG TTG GTT GCT ACT CCT GGC AGA TTG GTA GAT ATG ATT GAG AGA GGC AAA GTT GGC ATG  354 
dbp2 TTG CTT GTC GCT ACT CCC GGT CGT TTG GTC GAT CTC ATT GAG CGT GGG TAC TTG GCC ATG  354 
dbp3 ATT CTC GTG GCC ACT CCC GGA CGC CTC GTT GAT ATG ATT GAG CGT GGC CGT GTC ACG TTG  342 
 
     DES KHA IVV RSQ YFF LLL IVI LLL DDD EEE AAA DDD RRR MMM LLL DDD MMM GGG FFF EEE 
dbp1 GAT AAA ATC AGA TAC CTG ATT TTG GAT GAA GCA GAC AGA ATG TTG GAT ATG GGT TTC GAG  414 
dbp2 GAG CAC GTC TCC TTT TTG GTT CTT GAC GAG GCC GAT CGT ATG CTT GAC ATG GGT TTT GAG  414 
dbp3 AGT GCA GTG CAA TTC CTG ATT TTG GAT GAG GCT GAC CGC ATG TTG GAC ATG GGA TTC GAG  402 
 
     PPP QQQ III RRR RRR III VVV EEE KEG DCE TGD MMM PPG RA- TGT GDE VDD RRR QQQ TTT 
dbp1 CCC CAA ATC CGT CGT ATT GTG GAG AAA GAC ACA ATG CCC AGA ACT GGA GTA AGA CAA ACC  474 
dbp2 CCC CAA ATC CGT CGC ATC GTG GAA GAG TGT GGC ATG CCC GCG GGC GAT GAT CGT CAG ACG  474 
dbp3 CCG CAA ATT CGT CGC ATT GTG GAG GGA GAA GAC ATG GGA --- ACA GAG GAT CGC CAA ACG  459 
 
     LML MMM FFF SSS AAA TTT FFF PPP KAR ENE III QQQ MRR LLL AAA RSS DDD FFF LML QRN 
dbp1 CTC ATG TTC AGT GCT ACT TTC CCC AAA GAA ATT CAG ATG TTA GCA CGT GAC TTC CTA CAG  534 
dbp2 ATG ATG TTT AGT GCT ACC TTC CCT GCC AAC ATT CAA CGT TTG GCT AGC GAC TTT ATG CGC  534 
dbp3 TTG ATG TTC TCG GCC ACG TTC CCC CGT GAG ATT CAG CGC CTT GCC TCT GAC TTC TTG AAC  519 
 
     NDD YYY IVV FFF LLL ATT VVV GGG RRR VVV GGG SSS TAT SST EKD NDF IVI TTT QQQ KTK 
dbp1 AAC TAC ATT TTC TTG GCT GTT GGT CGT GTT GGC AGT ACC AGT GAG AAT ATT ACA CAG AAG  594 
dbp2 GAC TAC GTC TTT TTG ACG GTC GGT CGT GTT GGT TCT GCG TCA AAG GAT GTC ACG CAG ACT  594 
dbp3 GAC TAC GTC TTC TTG ACT GTC GGA CGT GTT GGA TCC ACC ACT GAT TTC ATC ACC CAG AAG  579 
 
     VVV VEM WYW VVV EED EEE NHG DED KKK RMR SED FAK LLL LML DRE LFV LLL NLS ATA SIV 
dbp1 GTT GTC TGG GTA GAG GAG AAT GAT AAG AGA TCA TTC CTT TTG GAC CTG CTT AAT GCC TCT  654 
dbp2 GTC GAG TAT GTC GAA GAG CAC GAA AAG ATG GAA GCT CTC ATG CGT TTC TTG TTG ACG ATT  654 
dbp3 GTC ATG TGG GTT GAT GAG GGA GAC AAG CGT GAC AAG TTG TTG GAG GTA CTC TCG GCT GTG  639 
 
     GEP PEG EG- S-- LLL TIT LLL VII FFF VVV EEE TTT KKK KRR GSG ACA DDD AYS LVL EEE 
dbp1 GGT CCT GAG TCT TTG ACT TTG GTG TTT GTG GAG ACC AAG AAG GGA GCT GAT GCA CTC GAG  714 
dbp2 GAG GAG GGA --- TTG ATC CTT ATC TTT GTC GAG ACC AAG CGC TCG TGC GAC TAC GTG GAA  711 
dbp3 CCC GGA --- --- TTG ACG TTG ATT TTC GTC GAG ACG AAG CGC GGT GCA GAC TCG CTC GAG  693 
                                                     _______________________ 
     HDD YVF LLL YCY NSH ERE GDG YFL PPP AAV TCT SSS III HHH GGG DDD RRR LLL 
dbp1 CAT TAC CTA TAT AAT GAA GGG TAT CCT GCT ACT AGC ATC CAC GGC GAC CGT CTC  762 
dbp2 GAT GTC CTC TGC AGT CGT GAC TTT CCC GCT TGT TCC ATT CAC GGC GAC CGT CTC  759 
dbp3 GAT TTC CTC TAC CAC GAA GGT TTG CCC GTC ACG TCG ATC CAC GGC GAC CGT CTC  747 
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Table 4 – Nucleotide and amino acid similarity in O. labronica DEAD-box proteinsa 

pair nucleotide identity amino acid identityb 

dbp1 vs dbp2 53.3% 53.7% 

dbp1 vs dbp3 56.8% 64.0% 

dbp2 vs dbp3 57.7% 58.5% 
 

 
aBased on the PAL2NAL sequence alignment shown in Fig. 3. Calculations used only sequence regions 
without gaps, and did not include primer sequences. 

bBased on amino acid sequence deduced from nucleotide sequences. 
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latter two genes were used at 10x the concentration of that used for ol-dbp1. Given that 

annealing temperatures of these probes are likely to be highly similar, it seems unlikely 

that methodological factors were responsible for the difference in staining intensity. 

Thus, it appears that ol-dbp1 is simply expressed at significantly higher levels than the 

other two genes. Relatively high expression of ol-dbp1 is consistent with the fact that it 

accounted for over half of the sequenced dbp RT-PCR clones. Thus, efforts at further 

characterization of these genes focused on ol-dbp1. 

The specificity of hybridization of the ol-dbp1 probe was confirmed using sense-

stranded probes as negative controls (Fig. 3g). Transcripts of ol-dbp1 were most abundant 

in nurse cells of extraovarian cysts (Fig 3a-c). Expression was not detected in oocytes, 

but the hybridized probe may have been concealed by yolk, which remained moderately 

opaque even after clearing specimens in glycerol. Ol-dbp1 messages were also detected 

in segmental patches on the ventral side of the gut in both males and females, consistent 

with the location of gonads (Fig. 3d-f). Overall, dbp1 expression appears to be largely 

restricted to germ cells; however, positive staining was occasionally observed near the 

posterior of worms, particularly in juveniles (Fig. 3f).  

Unlike vasa, pl10-like genes are often found to be expressed in somatic cells as 

well as germ cells in various animal species, particularly in pluripotent somatic stem cells 

(Shibata et al., 1999; Mochizuki et al., 2001). Thus, expression of ol-dbp1 in the posterior 

growth zone of O. labronica may simply reflect the presence of segmental stem cells. 

Interestingly, however, posterior expression of vasa itself has been observed in other 

annelid worms (Rebscher et al., 2007; Sugio et al., 2008; Dill and Seaver, 2008). Some 

authors have interpreted this pattern as evidence that in annelids, vasa is expressed in  
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Figure 3. Whole-mount in situ hybridization analysis of ol-dbp1 expression. (a) Low-

magnification view of several worms, showing expression largely restricted to dispersed 

spots. (b) At higher magnification, the spots can be identified as nurse cells in coelomic 

cysts. (c) Within nurse cells, ol-dbp1 transcripts are primarily localized in the cytoplasm, 

with the nucleus visible as a lighter spot (arrowhead). (d) Segmental patches of positive 

staining are also apparent along the ventral side of worms (arrowheads). (e) Higher 

magnification view of one such patch, which, by its position in the worm, size, and shape, 

appears to be a gonad. (f) Juvenile worm, showing bilateral segmental staining consistent 

with the location of early gonads (square bracket) and also a bilaterally symmetrical 

stained region near the posterior end of the worm (dashed outline). (g) Negative control 

worms hybridized with sense-strand probe. Scale bars: a - 500 µm; b - 100 µm; c - 50 

µm; d - 100 µm; e - 50 µm; f - 100 µm; g - 500 µm.
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certain somatic cells, as well as the germline (Dill and Seaver, 2008). Others, however, 

have been more provocative, suggesting that a population of stem cells exists in the 

posterior growth zone that can give rise to both somatic and germline cells (Rebscher et 

al., 2007; Sugio et al., 2008). If the latter interpretation is correct, the segregation of 

germline and soma is incomplete in some annelids, at least through juvenile stages. This 

would make annelids somewhat similar to their lophotrochozoan cousins, the planarian 

worms, whose neoblasts retain the potential to generate both soma and germline 

throughout life (Baguñà et al., 1989; Wang et al., 2007).  

 

3.3 Construction and screening of cDNA library 

To isolate and characterize more of the gene sequence for ol-dbp1, I constructed a 

cDNA library from pooled stages and sexes of O. labronica. Preliminary characterization 

of this library is summarized in Appendix A of this thesis. Screening the library by the 

SLIP (self-ligation of inverse PCR products) method generated a product with a size of 

roughly 6300 bp, including the 4.0 kb pDNR-LIB plasmid vector5, corresponding to an 

insert size of 2.3 kb (data not shown). This product was purified by gel extraction, 

ligated, and subcloned. Six clones were sequenced from near the 5’ end of the insert, and 

were essentially identical. Three of these clones were selected for further sequencing. The 

full insert sequence was covered in three sequencing runs: the initial run using a T7 

primer 5’ of the insert within the pDNR-LIB plasmid, a second run with a forward primer 

binding near the end of the first run, and a third using a reverse M13 primer from within 

pDNR-LIB, 3’ of the insert. Sequences from these three runs were assembled manually, 

                                                             
5 The size of the full pDNR-LIB vector is actually 4.2 kb, but a 189 bp fragment is eliminated during 
preparation of the vector for library construction. Therefore, the plasmid backbone in library clones is 4.0 
kb. 
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showing that the insert is 2311 bp long, including the full 3’ UTR and part of the poly-A 

tail of the source mRNA molecule (Fig 4). The library clone covers most of the original 

RT-PCR fragment, except for 77 bp at the PCR fragment’s 5’ end. The combined 

sequence spanned by all clones isolated in this study (RT-PCR and cDNA library) is 

shown in Fig. 4. 

The cDNA library clone contains the remaining conserved DEAD-box helicase 

motifs not present in the original RT-PCR clone: QxxR, V, and VI (see Table 1). The 

clone appears to contain the full 3’-untranslated region (UTR), spanning 1040 bp not 

including a 31-nucleotide “poly-A tail”. Note that the primer used for reverse 

transcription has a run of 30 T’s at its 5’ end, and the PCR cycles used to amplify cDNA 

during the first steps of library construction would have added a single A overhang 

(Clark, 1988). Thus, any product cloned by the SMARTTM library construction method 

would be expected to terminate in a 31-nucleotide-long poly-A tail, and, though unlikely, 

it is technically possible that tail observed here is not a “true” poly-A tail.  

A number of motifs in the 3’ UTR of the cloned sequence, however, suggest that 

the 3’ tail observed here is genuine. While no canonical polyadenylation signals 

(=A[A/T]TAAA) are present, there is a non-canonical polyadenylation signal sequence 

(AATATA, shown in magenta in Fig. 4) 13 bp upstream of the beginning of the poly-A 

tail, suggesting that this particular position of the poly-A tail is a reasonable reflection of 

transcript processing in vivo (Beaudoing et al., 2000; MacDonald and Redondo, 2002).  

Furthermore, the 300 bp of 3’ UTR upstream of the poly-A tail is rich in TGTA motifs, 

which appear to enhance the efficiency of polyadenylation, particularly when mediated 

by non-canonical signal sequences (Venkataraman et al., 2005). The 3’ UTR also  
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Figure 4. Complete 3’ sequence of ol-dbp1. Ol-dbp1 DNA sequence and deduced amino 

acid sequence obtained by RT-PCR and SLIP screening of cDNA library. Sequence in 

blue type was obtained by RT-PCR alone, and that in black type was obtained by SLIP 

screening alone. The red region indicates the overlapping sequence covered by both 

gene-isolation procedures. Coloured amino acid motifs are the core DEAD-box helicase 

motifs (see Table 1). The full 3’UTR is also shown, including part of the poly-A tail. The 

sequence in underlined green type is a K-box motif. That underlined in magenta is a 

putative non-canonical polyadenylation signal.
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M   A   C   A   Q   T   G   S   G   K   T   A   A   F   L   V   P   I   L   S      20   
ATG GCT TGT GCC CAG ACG GGT TCT GGT AAA ACT GCA GCT TTC CTA GTT CCT ATT CTC AGC    60 

Q   I   Y   T   T   G   P   G   D   D   K   K   E   P   Q   P   T   G   R   Y      40 
CAG ATC TAC ACT ACT GGC CCT GGA GAT GAC AAG AAG GAA CCA CAA CCC ACT GGT CGC TAT   120 

N   Q   R   K   V   F   P   I   A   L   V   L   A   P   T   R   E   L   A   S      60 
AAT CAA CGT AAG GTG TTC CCT ATT GCT CTG GTT CTT GCA CCA ACA AGA GAA CTT GCT TCA   180 

Q   I   H   D   E   S   R   K   S   A   Y   R   S   H   V   R   P   C   V   V      80 
CAG ATC CAT GAT GAA AGT CGT AAG TCT GCG TAC AGA TCT CAT GTG CGT CCA TGT GTG GTG   240 

Y   G   G   A   D   I   G   G   Q   I   R   D   L   S   R   G   C   H   L   L     100 
TAT GGT GGG GCA GAC ATT GGA GGT CAG ATA AGA GAT TTG TCA CGC GGT TGC CAT CTG TTG   300 

V   A   T   P   G   R   L   V   D   M   I   E   R   G   K   V   G   M   D   K     120 
GTT GCT ACT CCT GGC AGA TTG GTA GAT ATG ATT GAG AGA GGC AAA GTT GGC ATG GAT AAA   360 

I   R   Y   L   I   L   D   E   A   D   R   M   L   D   M   G   F   E   P   Q     140 
ATC AGA TAC CTG ATT TTG GAT GAA GCA GAC AGA ATG TTG GAT ATG GGT TTC GAG CCC CAA   420 

I   R   R   I   V   E   K   D   T   M   P   R   T   G   V   R   Q   T   L   M     160 
ATC CGT CGT ATT GTG GAG AAA GAC ACA ATG CCC AGA ACT GGA GTA AGA CAA ACC CTC ATG   480 

F   S   A   T   F   P   K   E   I   Q   M   L   A   R   D   F   L   Q   N   Y     180 
TTC AGT GCT ACT TTC CCC AAA GAA ATT CAG ATG TTA GCA CGT GAC TTC CTA CAG AAC TAC   540 

I   F   L   A   V   G   R   V   G   S   T   S   E   N   I   T   Q   K   V   V     200 
ATT TTC TTG GCT GTT GGT CGT GTT GGC AGT ACC AGT GAG AAT ATT ACA CAG AAG GTT GTC   600 

W   V   E   E   N   D   K   R   S   F   L   L   D   L   L   N   A   S   G   P     220 
TGG GTA GAG GAG AAT GAT AAG AGA TCA TTC CTT TTG GAC CTG CTT AAT GCC TCT GGT CCT   660 

E   S   L   T   L   V   F   V   E   T   K   K   G   A   D   A   H   E   H   Y     240 
GAG TCT TTG ACT TTG GTG TTT GTG GAG ACC AAG AAG GGA GCT GAT GCA CAC GAG CAT TAC   720 

L   Y   N   E   G   Y   P   A   T   S   I   H   G   D   R   S   Q   R   E   R     260 
CTA TAT AAT GAA GGG TAT CCT GCT ACT AGC ATC CAT GGT GAT AGA TCT CAG AGA GAG CGT   780 

E   E   A   L   Q   T   F   R   Q   G   N   T   P   I   L   V   A   T   A   V     280 
GAG GAA GCT CTG CAG ACC TTC AGA CAA GGA AAT ACT CCC ATT TTA GTT GCC ACT GCT GTT   840 

A   A   R   G   L   D   I   P   H   V   K   H   V   V   N   F   D   L   P   S     300 
GCT GCT CGT GGA TTG GAT ATT CCT CAT GTG AAA CAT GTT GTC AAC TTC GAT TTG CCC AGT   900 

D   I   E   E   Y   V   H   R   I   G   R   T   G   R   M   G   N   L   G   L     320 
GAC ATT GAG GAG TAT GTG CAT CGT ATT GGC CGT ACT GGA CGT ATG GGT AAT CTA GGA CTT   960 

A   T   S   F   F   N   D   K   N   K   N   I   V   G   D   M   V   D   L   L     340 
GCA ACG TCA TTC TTC AAT GAC AAG AAC AAG AAC ATT GTG GGA GAC ATG GTA GAT CTG TTG  1020 

V   E   A   K   Q   D   V   P   T   W   L   E   S   T   A   Y   D   A   R   H     360 
GTA GAA GCT AAA CAA GAC GTC CCT ACC TGG CTG GAG TCC ACT GCT TAT GAT GCA AGA CAC  1080 

S   Q   G   Q   R   K   S   A   N   K   R   F   G   S   G   G   F   G   A   R     380 
TCA CAA GGA CAA AGG AAA TCT GCC AAC AAG AGG TTT GGC AGT GGA GGA TTT GGA GCT CGT  1140 

D   Y   R   Q   M   G   R   G   G   N   K   H   P   T   A   Q   Q   N   F   G     400 
GAT TAC CGT CAA ATG GGT CGT GGA GGC AAC AAA CAT CCA ACT GCC CAA CAG AAC TTT GGT  1200 

G   G   G   M   G   G   G   Y   G   G   F   N   P   G   Y   G   G   S   Y   G     420 
GGT GGT GGT ATG GGA GGC GGG TAC GGT GGA TTC AAT CCA GGA TAT GGA GGA TCT TAT GGT  1260 

G   A   Y   Q   Q   P   M   P   T   Q   S   Q   N   D   W   W   G   S   stop      438 
GGA GCA TAC CAG CAG CCG ATG CCA ACT CAA TCT CAG AAC GAC TGG TGG GGC AGT TAA ATT  1320 

GTC ATC CGG ATG CAG CTA TGA ACA AGC AAC GGG AAG CAA TGT GCA GTA AAT GTG TGC ATT  1380 
GCG ATT AGT GTG TGG ATG GAT AGG TGT ATA TAC ACT TGA TTC TTT ATA TAT CAT AGC TAT  1440 
TGT CAC ACC AAC CTT CAC CGT GTT TGC GTT TGG TTG TTT GGT ATT CAT ATT ACA ATG ATT  1500 
GGT GTA TGT GTT CTA TAG CTT GTT TAT CAA GCA ATG TGC TTA TCT TTG TAC AAA ATG ATT  1560 
ATT GCG ATT CAT TTA CAC CCA ACT GTA ACT CAG TTG TGG TGA TTT TGT GAC ATG AGC CTT  1620 
GGT GTT TGC CCC ACA ATA CCC CAT TAG GCT GTT GGG TAT AGA GTG GTA CAC ATT GAG GTT  1680 
TAC TGA TTT TGA GAA GAC TTA TCT ATC AAA GGA GAG ATG TAG GAG GTA GAG AGA AAA ATA  1740 
TCA CGC TGT TAA CTT TCA TGT AAC TTT GTC CGT GCA ATA CCT TAG ATT GTA ATG GCA TTC  1800 
TGT GCT CAA ACA GTT AGG ATT TAT TAT TTA TTA TTT TAT AGC ATA ACT TTA TAC CGC TGC  1860 
CTT GTC TGA TTA ATA TCC CTA GTG GTG GCT GTT CTC AGG GAT TGA ATA AGT ATT TTA AAA  1920 
ATC ACA TTT TCA TCA TGT ACT ACC CAT AGC AAA GTA AAC GTG CAC AAA GAT CAA CTA TGC  1980 
TAT GGT TGG TAT ACA TGT ATG GAG GAT GTA GAG AGC GTT GAC CAC TAG GTA TGG TTA GTA  2040 
GGC AGG CAT GCA GGT GGT AGG TAA CTA ATG TTC TAT CTG TGA TGC TAG GTC TTA TGA TGA  2100 
TAC ATA GAG TAC TGC TGG TTA CAC TGT ATA CAC TCA CAC TAC CAC TTG CAT GGT TTG GTG  2160 
GTG AAT GAT GCT CAC TAG TAG ACA GAC CGG GCT CAT GTG TAT CGG GCA GTG TAC TAT TTC  2220 
AAG TTG GAG CTA GTC ATT CGT GTA TAT CAA GTT TGT TAA GAA GCT CAC CCG GCT CAT TTT  2280 
GCT TCA GTG ATC AGT TTT GTT ACC TTG ATG TGT GTG TTT CAT ATT TAA AGT TTC CTG TAA  2340 
TAT AAG TTT TCA TCA GCA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA                  2388
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contains a “K box” motif (cUGUGAUa) (Lai et al., 1998). In D. melanogaster, this motif 

is complementary to several microRNAs (miRNAs) that suppress translation of 

transcripts to which they bind (Lai, 2002). MicroRNAs complementary to K-box motifs 

have also been identified in humans and C. elegans, suggesting that this particular 

regulatory mechanism is not unique to flies. As such, it is possible that translation of ol-

dbp1 is regulated by miRNAs in O. labronica. 

 

3.4 Phylogenetic Analysis of Ol-dbp genes 

Bayesian analysis of the relationships between the DEAD-box core regions of ol-

dbp1 and various animal vasa and PL10 genes are shown in Fig. 5. Ol-dbp1 reliably 

clustered with PL10-like genes in a group distinct from vasa-like DEAD-box proteins. 

Predictably, the O. labronica gene was most similar to the PL10 gene of the polychaete 

Platynereis dumerilii. However, the gene tree shown in Fig. 5 does not entirely match the 

species tree one would expect for the species represented here. For example, the P. 

dumerilii vasa gene clusters with chordate homologs, rather than its lophotrochozoan 

relatives, Ilyanassa obsoleta (snail) and Enchytraeus japonica (oligochaete worm) though 

the polychaete/chordate clade was not well supported by the analysis (posterior 

probability of 0.53). Also, the mouse PL10 gene groups with those of Hydra magnipillata 

and the sponge Ephydatia fluviatilis, rather than with other bilaterian PL10 genes. 

Figure 6 summarizes a Bayesian analysis of shorter segments of the core DEAD-

box region represented by the ol-dbp2 and ol-dbp3 fragments. A notable feature of this 

tree is that ol-dbp3 and ol-dbp1 do appear to have diverged from each other more 

recently than ol-dbp2. In fact, in this analysis, the latter gene branches basally with the 
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“outgroup” gene, eIF4a, and does not cluster with the common vasa/PL10 clade. 

However, likely because of the shorter sequences used in this analysis, this tree is not as 

well resolved as that shown in Fig. 5, and its deeper branch points are relatively poorly 

supported. Certain aspects of this tree’s topology differ from the full-core-region tree. For 

example, the fly vasa gene clusters with chordate vasa homologs (rather than in sitting in 

its own subclade with the sponge vasa) in this analysis, though the posterior probabilities 

associated with the fly/chordate groupings are not high.  

The poorer resolution in the second tree makes it difficult to draw clear 

conclusions about the interrelationships between the three ol-dbp genes and other 

species’ PL10 and vasa homologs. For example, ol-dbp3 and the fly belle gene branch in 

a polytomy with a clade containing both PL10 and vasa homologs, but this pattern was 

recovered in only 55% of sampled trees. The splitting of belle (the canonical Drosophila 

PL10 gene – see Johnstone et al., 2005) from other PL10-like genes casts further doubt 

on the reliability of this tree. Nevertheless, as in the analysis of longer sequences 

described above, ol-dbp1 reliably clustered with all other PL10 genes. While the tree in 

Fig. 6 does imply that ol-dbp3 is more closely related to ol-dbp1 than to ol-dbp2, and that 

it fits (weakly) into the vasa/PL10 subfamily of DEAD-box helicases, neither ol-dbp2 nor 

ol-dbp3 can confidently be assigned to specific PL10-like or Vasa-like sub-families from 

this analysis.  

Of the two DEAD-box gene subfamilies considered here, PL10-like genes are 

found in animals, plants, and fungi, whereas vasa-like genes occur only in animals. Thus, 

it appears that vasa genes originated when a gene duplication event generated the  
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Figure 5. Phylogenetic analysis of ol-dbp1. Phylogram of various animal PL10 and vasa 

sequences, based on Bayesian analysis of core DEAD-box helicase region, rooted with 

Dm-eIF4a as outgroup. Species represented are O. labronica (Ol), Platynereis dumerilii 

(Pd; polychaete worm), Mus musculus (Mm; mouse), Ephydatia fluviatilis (Ef; sponge), 

Hydra magnipapillata (Hm; hydra), Drosophila melanogaster (Dm; fly), Caenorhabditis 

elegans (Ce; nematode), Enchytraeus japonica (Ej; oligochaete worm), Ilyanassa 

obsoleta (Io, snail), Ciona savignyi (Cs; tunicate). Gene-product abbreviations: bel - 

Belle, vbh - Vasa & Belle-like helicase, glh - Germ Line Helicase, mvp - Mouse Vasa 

Homologue, eIF4a - Eukaryotic Initiation Factor 4a. Branch lengths are proportional to 

sequence divergence (scale bar indicates 0.1 substitutions per site). Posterior probabilities 

(x100) associated with each clade are shown on the branches leading to the 

corresponding nodes.  
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Figure 6. Phylogenetic analysis of all three ol-dbp genes. This phylogram was 

generated using the sequences for ol-dbp2 and ol-dbp3 along with corresponding regions 

of the genes listed in Fig. 5. Species and gene abbreviations are as in Fig. 5. Branch 

lengths are proportional to sequence divergence (scale bar indicates 0.1 substitutions per 

site). Posterior probabilities (x100) associated with each clade are shown on the branches 

leading to the corresponding nodes.  
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ancestors of the two subfamilies, somewhere near the root of the animal lineage 

(Mochizuki et al., 2001). The existence of two or more copies of vasa- or PL10-like 

genes, or both, in several species (including O. labronica, as shown here, and taken to 

extremes by C. elegans with its four vasa-like glh genes) makes it clear that further 

duplications of either or both genes have occurred in a number of animal lineages. It is 

therefore likely that the sets of “PL10” and “Vasa” proteins considered in this analysis 

are not truly orthologous sets, but contain a mix of orthologs and paralogs. This paralogy 

would explain at least some of the deviation between the topology of the gene tree in Fig. 

5, and the presumed phylogeny of the species in the analysis.  

 

3.5 Vasa and PL10-Specific Motifs 

One question that arises from these assessments of homology between the ol-dbp 

genes, vasa, and PL10-like genes is, “What makes a particular protein Vasa-like, or 

PL10-like?” In other words, what specific amino acid residues or motifs are characteristic 

of one of these two DEAD-box helicases, but not the other? The fact that particular 

DEAD-box proteins in highly divergent animal species can be identified as vasa-like, or 

PL10-like, suggests that these two DEAD-box subfamilies acquired distinct, 

evolutionarily conserved, functional roles soon after the duplication event that gave rise 

to them. While, at present, we know little of the specific biochemical function of either 

gene in any species, it is nevertheless useful to consider the structural differences that 

underlie the functional differences between the two. To the best of my knowledge, there 

has been no commentary on this question in the literature; however, the characteristic 
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motifs of each subfamily can be identified readily, by examining alignments that 

illustrate which residues are conserved in one subfamily of proteins, but not the other.  

Figure 7 gives an alignment of ol-dbp1 with several vasa- and pl10-like genes, 

showing PL10-associated motifs highlighted in red, and Vasa-associated motifs 

highlighted in blue. This alignment shows that ol-dbp1 shares many of the conserved 

PL10 motifs, consistent with the BLAST and phylogenetic analyses described above. 

One of the conserved motifs is a run of three basic residues N-terminal to the DEAD-box 

motif Ia. Even more markedly, much of the region between DEAD-box motifs III and IV 

is well-conserved among PL10 proteins, particularly the STSENIT, KVVW, and 

NASGPDSL motifs. Finally, C-terminal to the DEAD-box motif VI is a run of 7 mostly 

charged and polar residues that are well-conserved in PL10 proteins, but quite variable 

among Vasa-like molecules.  

Perhaps not surprisingly, PL10-specific motifs and residues do not include any 

residues within the core DEAD-box motifs. Presumably, the residues within the these 

motifs are crucial for general DEAD-box helicase function, and would not be likely to 

vary much among members of the larger family. Likewise, none of the characteristic 

PL10 motifs involve residues known to play a direct role in binding to ATP or RNA 

(Sengoku et al., 2006) (indicated by “=” signs in Fig. 7).  

The crystal structure of the core helicase domains of D. melanogaster Vasa has 

been solved recently (Sengoku et al., 2006), which makes it possible to see where 

residues of interest sit within the folded structure of the protein. Using Protein Workshop 

v 12.2.4 (Moreland et al., 2005) and the structural data for Vasa available at the Protein 

Data Bank (http://www.rcsb.org/pdb/home/home.do, accessed June 23, 2009), I  
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Figure 7. Common and Divergent Motifs in PL10- and Vasa-like proteins. Multiple 

sequence alignment of deduced amino acid sequences of genes used in Fig 5 (see caption 

to Fig 5 for explanation of gene abbreviations). Core DEAD-box motifs (see Table I) are 

indicated by lines drawn above the alignment. Black and grey highlights indicate 

positions at which at least 70% (16/23) of the aligned residues belong to a conserved 

group, based on the Gonnet 250 amino-acid-substitution matrix (Benner et al., 1994) as 

used in CLUSTAL X. White text on black indicates identity, white text on dark grey 

indicates strong conservation (scores >0.5 in the Gonnet matrix), and black text on light 

grey weak conservation (scores >0, ≤0.5 in the Gonnet matrix). The symbols = and = 

above the alignment indicate positionsof residues in the D. melanogaster Vasa protein 

known to participate in binding to ATP or RNA, respectively (Sengoku et al., 2006). Red 

highlighting indicates a position at which the PL10-like proteins share a conserved 

residue or motif that is not typical of the corresponding position in Vasa-like proteins. 

Blue highlighting indicates positions at which Vasa-like proteins share a conserved 

residue or motif that is not typical of the PL10-like proteins. Green and purple slashes (/ 

or /) indicate positions and motifs, respectively, where the PL10-like proteins are 

particularly divergent from Vasa-like proteins (for instance, where PL10-like proteins are 

invariant and different from most of the Vasa proteins, or where PL10 proteins have a 

basic residue, while Vasa proteins have an acidic residue). 



184 
 

              I                                                 Ia                            GG                  Ib                   II  
              ======           /                  ///         = =       /       / /   /   == /                   = ==  =/                == 
Ol-dbp1  MACAQTGSGKTAAFLVPILSQIYTTGPGDDKKEPQPTGRYNQRKVFPIALVLAPTRELASQIHDESRKSAYRSHVRPCVVYGGADIGGQIRDLS-RG-CHLLVATPGRLVDMIERGKVGMDKIRYLILDE 128 
Pd-PL10  MACAQTGSGKTASFLVPVLSQMFLDGQPEFIREQNNR---NNRKQYPIALVLAPTRELASQIYEEARKFAYRSHVRPCVVYGGADIGAQMRDLPERG-CHLLVATPGRLVDMLERGKIGLDHIRFVVLDE 126 
Mm-PL10  MACAQTGSGKTAAFLLPILSQIYTDGPGEALRAMKENGKYGRRKQYPISLVLAPTRELAVQIYEEARKFSYRSRVRPCVVYGGADIGQQIRDLE-RG-CHLLVATPGRLVDMMERGKIGLDFCKYLVLDE 128 
Ef-PL10  MACAQTGSGKTAAFLIPILDLVFQQG---CPRPPSDSRYSGRRKQYPTALVLGPTRELAVQIFEEARKFSYRSRVRPCVVYGGADIGAQMRDLE-HG-CHLLVATPGRLVDMMERGKIGLDGVRYLVLDE 125 
Hm-PL10  MACAQTGSGKTAAFLVPILSRIFEEGP---FENPSNVRQGGKKKQYPIALVLAPTRELASQIYDESRKFVYRSCIRPCVVYGGADVSTQMRDID-RG-CHLLVATPGRLVDMIQRGKVGLECIKFLVLDE 125 
Dm-bel   MACAQTGSGKTAAFLVPILNQMYELG---HVPPPQSTRQYSRRKQYPLGLVLAPTRELATQIFEEAKKFAYRSRMRPAVLYGGNNTSEQMRELD-RG-CHLIVATPGRLEDMITRGKVGLENIRFLVLDE 125 
Ce-vbh-1 MSCAQTGSGKTAAFLLPIIQHILAGGP---DMVKPPAFTNGRRTYYPCALVLSPTRELAIQIHKEATKFSYKSNIQTAILYGGRENYRDQVNRLRAG-THILIATPGRLIDIIEQGFIGLAGCRYLVLDE 126 
Ce-glh-1 MACAQTGSGKTAAFLLPIMTRLIDDNN-------LN--TAGEGGCYPRCIILTPTRELADQIYNEGRKFAYQTMMEIKPVYGGLAVGYNKGQIE-KG-ATIIVGTVGRIKHFCEEGTIKLDKCRFFVLDE 119 
Ce-glh-2 MACAQTGSGKTAAFLLPIMARLIDEND-------LN--TAGEGGCYPRCIILTPTRELTDQIYNEGRKFAYQTMMEIRPVYGGLAVGYNKGQIE-KG-ATIIVGTVGRIKHFCEEGTIKLDKCRFFVLDE 119 
Ce-glh-3 LACAQTGSGKTAAFLLPIMSRLILEKD-------LN--YGAEGGCYPRCIILTPTRELADQIYNEGRKFSYQSVMEIKPVYGGINVGYNKSQIM-KG-CTIIVGTIGRVKHFCEDGAIKLDKCRYLVLDE 119 
Ce-glh-4 VACAHTGSGKTLAFLIPFVIKLMEEFE-------KDR-DVTDEKPSPRLLIVAPTRELVNQTFTTARQLTYETGLKCGLAFGGYSRNANVQHLRSFSQLNILVATMGRLQDFVNAGEVSLSKMKYIVLDE 122 
Ej-vas2  MGCAQTGSGKTASFLLPMLTKMLGTGF-------EPP-CVEDGCAMPLMLVLAPTRELVLQIFHETRKFSFDTVVRAVVAYGGVSSSYQEKEIL-KG-AHIVIATPGRLIDFFGKKRINLCKLKYLVLDE 120 
Io-vas   MGCAQTGSGKTAAFLLPVLTEMMKEGL-------T--CSPMSVVKEPQAIVVAPTRELADQIYKEARKFSTGTDLRPVVVYGGVAVNHQLRQVD-LG-ANLVVGTPGRLLDFIERGKIGLGKVKYLILDE 119 
Ej-vas1  MACAQTGSGKTAAFLLPVLSTMLRNGI-------E--GSSYSEVQEPQAIIVGPTRELVSQIFNEARKFSYNTIVRPVVVYGGVQTSYQLREIE-KG-AHMIVGTPGRLLDFIGRGKISLKKVKFLILDE 119 
Pd-vas   MGCAQTGSGKTAAFLLPVLTGIIKNDL-------IEGGSGFGGPQYPAAIIVGPTRELVNQIYLEARKFASSTCVRPVVVYGGTSVGYQARELE-KG-AHVVVGTPGRLLDFIGKGKINLSKVKYLILDE 121 
Cs-vasA  MACAQTGSGKTAAFLLPVLTKLITNGL-------Q--SSQFSEKQTPRAIVVGPTRELIYQIFLEARKFSRGTVVRPVVAYGGTSMNHQIRDLQ-RG-CHILIATPGRLMDFINRGLVGLDHVEFVILDE 119 
Cs-vasB  MACAQTGSGKTAAFLLPVLTKLITNGL-------Q--SSQFSEKQTPRAIVVGPTRELIYQIFLEARKFSRGTVVRPVVAYGGTSMNHQIRDLQ-RG-CHILIATPGRLMDFINRGLVGLDHVEFVILDE 119 
Hm-vas1  MSCAQTGSGKTAAFLIPVLNTLMQFRS-------ELTSS-LSEVQAPLALVIAPTRELAVQIQKEARKFAQNTSIKPVVIYGGVQVAYHLRQVQ-QD-CHLLVGTPGRLKDFLGKRKISLANLKYLILDE 120 
Hm-vas2  MACAQTGSGKTASFLLPIITNLMNEGL-------DNIDSNIDGVALPLAAILAPTRELVVQLFTEARKFSYNSSLKPVVLYGGVAVAHQADRLR-MG-CHLLVATPGRLEDFIKRGKVNFQNLKYLILDE 121 
Ef-vas   MACAQTGSGKTAAFLLPAITKLIKEQV-------PGGSQ--AETQSPQVLIISPTRELTLQIYNEARKFTHGTMYRPVVAYGGTAVGYQLKQLE-GG-CNILVGTPGRLLDFLNRGQVQLDQISVLILDE 119 
Dm-vas   MACAQTGSGKTAAFLLPILSKLLED-------------PHELELGRPQVVIVSPTRELAIQIFNEARKFAFESYLKIGIVYGGTSFRHQNECIT-RG-CHVVIATPGRLLDFVDRTFITFEDTRFVVLDE 115 
Mm-mvp   MACAQTGSGKTAAFLLPILAHMMRDGI-------T--ASRFKELQEPECIIVAPTRELINQIYLEARKFSFGTCVRAVVIYGGTQFGHSVRQIV-QG-CNILCATPGRLMDIIGKEKIGLKQVKYLVLDE 119 
Dm-eIF4a IAQAQSGTGKTATFSIAILQQIDTSIR------------------ECQALILAPTRELATQIQRVVMALGEYMKVHSHACIGGTNVREDARILE-SG-CHVVVGTPGRVYDMINRKVLRTQYIKLFVLDE 110 
         1   .   10    .   20    .   30    .   40    .   50    .   60    .   70    .   80    .   90    .  100    .  110    .  120    .  130 
 
 
          II                                 III                                                                           IV   
           =         /                            /   /                    /////      /  /     /     ////           ////     = =    / /   / 
Ol-dbp1  ADRMLD-MGFEPQIRRIVEKDT--MPRTGVRQTLMFSATFPKEIQMLAR-DFLQN-YIFLAVGRVGSTSENITQKVVWVEENDKRSFLLDLLNASG-----------PESLTLVFVETKKGADAHEHYLY 242 
Pd-PL10b ADRMLD-MGFEPQIRRIVEKDT--MPPTGDRRTLMFSATFPKEIQILAR-DFLHN-YIFLAVGRVGSTSENITQKVVWVEEPDKRSFLLDLLNASG-----------PDSLTLVFVETKKGADALDNFLY 240 
Mm-PL10  ADRMLD-MGFEPQIRRIVEQDT--MPPKGVRHTMMFSATFPKEIQMLAR-DFLDE-YIFLAVGRVGSTSENITQKVVWVEEADKRSFLLDLLNATG-----------KDSLILVFVETKKGADSLEDFLY 242 
Ef-PL10  ADRMLD-MGFEPQIRRIVEQDV--MPKTGDRQTLMFSATFPKEIQMLAR-DFLHD-YIFLAVGRVGSTSQNITQKVVWVDECDKRSFLLDLLNASA-----------PDTLTLVFVETKKNCDALDNFLY 239 
Hm-PL10  ADRMLD-MGFEPQIREIVEKCD--MPRTGERQTLMFSATFPKEIQMLAR-DFLDN-YIFLAVGRVGSTSENITQKVVWVEEHDKREFLLDLLNASG-----------PDSLTLVFVETKRGADALEQFLF 239 
Dm-bel   ADRMLD-MGFEPQIRRIVEQLN--MPPTGQRQTLMFSATFPKQIQELAS-DFLSN-YIFLAVGRVGSTSENITQTILWVYEPDKRSYLLDLLSSIRDGPEY-----TKDSLTLIFVETKKGADSLEEFLY 245 
Ce-vbh-1 ADRMLD-MGFEPQIRKIVGQG---MPPKTARTTAMFSATFPKEIQVLAK-DFLKDNYIFLAVGRVGSTSENIEQRLLWVNEMEKRSNLMEILMNEH-----------SENLVLVFVETKRGANELAYFLN 240 
Ce-glh-1 ADRMIDAMGFGTDIETIVNY--DSMPRKENRQTLMFSATFPDSVQEAAR-AFLRENYVMIAIDKIGAANKCVLQEFERCERSEKKDKLLELLGIDIDSYTTEKSAEVYTKKTMVFVSQRAMADTLASILS 246 
Ce-glh-2 ADRMIDAMGFGTDIDTIVNY--ESMPKKENRQTLMFSATFPDSVQEAAR-NHLKEGYIMLAIDKIGAANKCVLQEFEKCDRSEKKDKLLEILGIDIDSYTTEKNSEVYTKKTIVFVSQRAMADTLASILS 246 
Ce-glh-3 ADRMIDSMGFGPEIEQIINY--KNMPKNDKRQTMMFSATFPSSVQEAAR-KLLREDYTMITIDKIGAANKCVIQEFELCDRTSKVDKLLKLLGIDIDTYTTEKNSDVFVKKTIVFVAQQKMADTLASIMS 246 
Ce-glh-4 ADRMVDSNDFGEEVSKIIG-----SPGERTQQTVLFSASFSEDLQSDDLPKFVKEGYTMLQVDKFGTANEKIDQKILPVPRTEKRDAIYKLLGIDENTVTLLPDAPIEKQKTLIFVNSVKFCDTLAALIS 247 
Ej-vas2  VDRMLD-MGFHTAIASILSQGESGMPSVNNRQTVVFSATIPEEVQKLAA-KLLREDYIFITVGCIGSANLDIEQYVLLMEQENKRDKLLEIVQKRGE------------DKIIVSVEEKRMADFISAFLS 236 
Io-vas   ADRMLD-MGFEPSIRKLVDG--LGMPPKSQRQTLLFSATFKPDIQQLAA-DFM-KDYLFITVGIVGGACTDVEQTFLEVDRVQKREYLCDILNTSGTN------------RVLVFVGQKRNADFLASYLS 232 
Ej-vas1  ADRMLD-LGFKDDIKKLMNE--LGMPPKQERQTLMFSATFPEEVQSLAR-ELL-NDYLFVTVGRVGGANTDIEQMVYNVGQFDKRQKLIDLLNACPNE------------RVLVFVEQKRNADFLASFLS 232 
Pd-vas   ADRMLD-MGFEPEIRKLVTT--FDMPEKGQRQTLMFSATFAAEIQQLAK-EFL-SEYVFVTVGRVGGANSDITQEVHQVTKYEKREKLVEILNQAGTD------------RTLVFLETKRSADFLAAYLS 234 
Cs-vasA  ADRMLD-MGFETEIRKLASS--PGMPSKSDRHTLMFSATFPDEIQRLAH-DFLREDFLFLTVGRVGGACTDVTQSIIQVDQDDKRAKLLELISDVAETRS----------RTLVFVETKRGADFLACMLS 235 
Cs-vasB  ADRMLD-MGFETEIRKLASS--PGMPSKSDRHTLMFSATFPDEIQRLAH-DFLREDFLFLTVGRVGGACTDVTQSIIQVDQDDKRAKLLELISDVAETRS----------RTLVFVETKRGADFLACMLS 235 
Hm-vas1  ADRMLD-MGFLPEIKAIIND--FDMPPKEDRHTLMFSATFPTEIQNLAA-EFL-NNYVYLTIGKVGGTHSDITQCIMEVEESAKRDKLIEILDTEGTN------------RNLVFVQTKRLADFLASYLC 233 
Hm-vas2  ADKMID-MGFGPQIEHIIEF--SGMPPKGIRNTLMFSATFPDQIQHLAA-QFL-NDYLFLTVGRVGGTCTDVTQSVIQVSGTKKRETLENLLQTSGTD------------QTLVFVEKKRDADFLANFLS 234 
Ef-vas   ADRMLD-MGFEPEIRKIVSN--YSMPETGKRQTLMFSATFPEEIQRIAN-EFL-SNYLFLTVGRVGGATSDITQRIIEVDEFGKREKLSEILSATGVD------------RTLVFVETKRNADFLATYLS 232 
Dm-vas   ADRMLD-MGFSEDMRRIMTH--VTMRP--EHQTLMFSATFPEEIQRMAG-EFLKN-YVFVAIGIVGGACSDVKQTIYEVNKYAKRSKLIEILSEQADG-------------TIVFVETKRGADFLASFLS 225 
Mm-mvp   ADRMLD-MGFGPEMKKLISC--PGMPSKEQRQTLLFSATFPEEIQRLAG-DFLKSSYLFVAVGQVGGACRDVQQTILQVGQYSKREKLVEILRNIGDE------------RTMVFVETKKKADFIATFLC 233 
Dm-eIF4a ADEMLS-RGFKDQIQDVFKMLP------PDVQVILLSATMPPDVLEVSR--CFMRDPVSILVKKEELTLEGIKQFYVNVKQENWKLGTLCDLYDTLSIT-----------QSVIFCNTRRKVDQLTQEMS 220 
             .  140    .  150    .  160    .  170    .  180    .  190    .  200    .  210    .  220    .  230    .  240    .  250    .  260 
 
 
                        QxxR                    V                               VI      
                     =      =     /           =       =                          =  =     /       / / /        /                 // / 
Ol-dbp1  --NEGYPATSIHGDRSQREREEALQTFRQGNTPILVATAVAARGLDIPHVK-VVNFDLPSD-DIEEYVHRIGRTGRMGNLGLATSFFNDKNKNI---VGDMVDLLVEAKQDVPTWLESTAYDARHSQGQR 365 
Pd-PL10b --NEGYPSACIHGDRSQKEREEALRNFRSGKTPVLVATAVAARGLDIPNVKHVINFDLPS--DIEEYVHRIGRTGRVGNLGLATSFFNDKNKNI---VRDMVDLLIEAKQEVPPWIESIAYEARTMGGGR 363 
Mm-PL10  --HEGYACTSIHGDRSQRDREEALHQFRSGKSPILVATAVAARGLDISNVKHVINFDLPS--DIEEYVHRIGRTGRVGNLGLATSFFNERNINI---TKDLLDLLVEAKQEVPSWLENMAFEHHYKGGSR 365 
Ef-PL10  --TQGYSCTCIHGDRTQGEREQALHSFRTARMPILVATAVAARSLDIPNVKHVVNFDMPA--DIEEYVHRIGRTGKVGNLGLATSFFNERNRNL---CNDLMELLLETMQEVPSWMDSLSYEMKQQARIK 362 
Hm-PL10  RCPENYHATSIHGDRHQREREQALASFRVGTTPILVATAVAAKGLDIPNVKHVINFDMPS--DIEEYVHRIGRTGRAGHTGLAISFFNDKNRNV---ARDLMDILAEAKQEIPSWLESMGYQAQQHQAAK 364 
Dm-bel   --QCNHPVTSIHGDRTQKEREEALRCFRSGDCPILVATAVAARGLDIPHVKHVINFDLPS--DVEEYVHRIGRTGRMGNLGVATSFFNEKNRNI---CSDLLELLIETKQEIPSFMEDMSSDRGHGGAKR 368 
Ce-vbh-1 --RQQIRSVSIHGDLKQIERERNLELFRSGQCPILVATAVAARGLDIPNVRHVINYDLPG--DSDEYVHRIGRTGRCGNLGIATSFFNDKNRGI---GRDLKNLIVESNQEVPEWLHQVAAEGRIGGGQR 363 
Ce-glh-1 --SAQVPAITIHGAREQRERSEALRQFRNGSKPVLIATAVAERGLDIKGVDHVINYDMPD--NIDDYIHRIGRTGRVGNSGRATSFIS--EDCS--LLSELVGVLADAQQIVPDWMQGAAGGNYGASG-- 366 
Ce-glh-2 --SAQVPAITIHGAREQRERSEALRQFRNGSKPVLIATAVAERGLDIKGVDHVINYDMPD--NIDDYIHRIGRTGRVGNAGRATSFIS--EDCN--LLSELVRVLSDADQLVPEWMQGASGGNFGASFG- 367 
Ce-glh-3 --AAQVPAITIHGAREQKERSAALKLFRSGAKPVLIATAVVERGLDIKGVDHVINYDMPN--NIDDYIHRIGRTGRVGNSGRATSFISLADDVQ--ILPQLVRTLADAEQVVPSWMKEAAGGTSNPNK-- 368 
Ce-glh-4 --SAGVSTISMHSYQNQEQRDRTLDDFRRGKYQCMVASNVCARGLNIAGLDHVVNYDMPDKNGFDEYVNRIGRTGRAGFTGTSTAFVDVENDTD--IIPCLVSILNEAKKEVPEWLTEGAGHQEEGGDD- 372 
Ej-vas2  --QASFPTASIHGNLTQQEREKALRDFRSGVSPILVATNVAARGLDIPEVKHVINYDMPP--HIEEYVHRIGRPGRCGNTGKATAFFVAEADNH--LARSLVKVLSDALQEVPEWLEKMAADNIGMGGFS 360 
Io-vas   --QSGYPTTTIHGDRLQREREEALRDFKSGKSPVLIATNVAARGLDIPDVTHVVNYDLPM--DIDEYVHRIGRTGRCGNLGKATSFYSHDTDAN--LASNLVRILMEAKQEVPDWLDEYASMGGGGGGG- 355 
Ej-vas1  --QSELPTTSIHGDREQREREIALNDFKSGRKPILVATSVAARGLDIPGVMHVVNYDMPK--EIDEYVHRIGRTGRCGNMGKATTFFNPETDAG--LARALAKILTDAQQELPDWLEEMAQSSSGYGG-- 354 
Pd-vas   --QEQYPATSIHGDRLQREREEALLDFKTGRAPILIATSVAARGLDIPGVKHVINYDLPS--GIDEYVHRIGRTGRCGNLGKATSFFDPDVNQDKELARSLVKTLGDAQQVVPPWLEEIAEGAISSGFQ- 359 
Cs-vasA  --QEGCPTTSIHGDRLQQEREQALRDFKSAVCPILIATSVAARGLDIPKVEHVINYDMPK--EIDEYVHRIGRTGRCGNLGRATTFYDNNKDGE--LARSLVKILSEAQQEVPGWLEECAESAVGSSFG- 358 
Cs-vasB  --QEGCPTTSIHGDRLQQEREQALRDFKSAVCPILIATSVAARGLDIPKVEHVINYDMPK--EIDEYVHRIGRTGRCGNLGRATTFYDNNKDGE--LARSLVKILSEAQQEVPGWLEECAESAVGSSFG- 358 
Hm-vas1  --QNGFHTTSIHGDRLQQQREEALAEFKAGTQHVLIATAVAARGLDIADVKQVINYDLPD--EIEEYIHRIGRTGRIGNKGKAISFFTRGKDEG--LARALVKTLADAEQEVPSWLEEAAESALGTGYG- 356 
Hm-vas2  --QKNFPPTILFADRTREKRESALRDFRNGIAPILVATAVAARGLDINDVKHVINYDLPK--DANEYVHRIGRTGRIGNKGKATSFFDLDRDGS--LARSLVKLLSDAEQDVPDWLENCALGAVGTGYG- 357 
Ef-vas   --QESFPTTSIHGDRFQREREEALRDFRSGLAPVLVATSVAARGLDIPDVKHVVNYDLPN--NIEEYVHRIGRTGRIGNQGLATAFFHKEKDAP--LARALIKVLSDALQDVPDFLEAAAEAAVGTNYG- 355 
Dm-vas   --EKEFPTTSIHGDRLQSQREQALRDFKNGSMKVLIATSVASRGLDIKNIKHVINYDMPS--KIDDYVHRIGRTGRVGNNGRATSFFDPEKDRA--IAADLVKILEGSGQTVPDFLRTCGAG-------- 341 
Mm-mvp   --QEKISTTSIHGDREQREREQALGDFRCGKCPVLVATSVAARGLDIENVQHVINFDLPS--TIDEYVHRIGRTGRCGNTGRAISFFDTDSDNH--LAQPLVKVLSDAQQDVPAWLEEIAFSTYVPPSF- 356 
Dm-eIF4a --IHNFTVSAMHGDMEQRDREVIMKQFRSGSSRVLITTDLLARGIDVQQVSLVINYDLPS--NRENYIHRIGRGGRFGRKGVAINFITDDDRRI---LKDIEQFYHTTIEEMPANIADLI---------- 333 
             .  270    .  280    .  290    .  300    .  310    .  320    .  330    .  340    .  350    .  360    .  370    .  380    .  390 
 
 
Ol-dbp1  K------SANKRFGS---GGFGARDYRQMGRGGN------------------------------KHPTAQQNFGGG-------------GMGGGYGGFNPGYGGSYGGAYQQPMPTQSQNDWWGS--- 438 
Pd-PL10b R------PQNKRFG----GSFGSRDYRQMGGQGGGRGGS----------------------TQMRSNPVPQAFGGA-------------PMGYGFHQGGGGYGGSYGGPYQQPQ-AHHAHDWWGN--- 442 
Mm-PL10  G------RSKSRFS----GGFGARDYRQSSGASSS--------------------------SFSSGRASNSRSGGG-------------SHGSSRGFGGGSYGGFYNSDGYGGNYSSQGVDWWGN--- 441 
Ef-PL10  S------QTKKYSG----GGFGGRDYRQSRGGGGG--------------------------QSFDRYGSRGGAGGG-------------RGGMSGGGGGS-------------------VDWWGK--- 419 
Hm-PL10  K------AQKTNRYGGGGGGFGGRDYQPTYNHQP---------------------------------AYQQNNYRG-------------TGGRAHSNNSD--------------------DWWEK--- 417 
Dm-bel   A------GRGGGGRYG--GGFGSRDYRQSSGGGGGGRSG----------------------PPPRSGGSGSGGGGGSYRSNGNSYGGNSGGGGYYGGGAGGGSYGGSYGGGSASHSSNAPDWWAQ--- 463 
Ce-vbh-1 GGNRRFGATDYRVGRGGGGSFGGNFSNYNSGGATGGFGSGPAYGGSFGGGAPRRPFTNGGFGAHSSLSSTSNSGGG----------GGFSGPRRGGFNSGMNRQGGGGGGFYSNPGQAPIDHWQAPQA 481 
Ce-glh-1 --------------------FGSSVPTQVPQDEEGW-------------------------------------------------------------------------------------------- 382 
Ce-glh-2 --------------------FESSVPTQK-QDEDCW-------------------------------------------------------------------------------------------- 382 
Ce-glh-3 --------------------FEKSIDTEE--PEEAW-------------------------------------------------------------------------------------------- 382 
Ce-glh-4 ---------------------WNEQEQEW--------------------------------------------------------------------------------------------------- 380 
Ej-vas2  RPGG--GKFGGRDMRNNRPGGYQQQSRPSHQQDEGRFFAG-------------------------------------------------EGSRQGQNPAVASRVQPAAAAAAASSPADEDNEWD---- 433 
Io-vas   ----------------FTGRFASKDIRRKKFDSGDNGGGG-------------------------------------------------QHGFGG--------NGDNYGGSYAPAAADDDEVWD---- 406 
Ej-vas1  ----------------FTGVGGSSDIRGDRFN----GGGG-------------------------------------------------FEGHDD--------MSAMGGSGGASGGGDD--AWD---- 399 
Pd-vas   ----------------GGDRFGAKDTRRGMRK-----TTE-------------------------------------------------DAGFGG--------SSNGFGGDAGGGDDED---WD---- 402 
Cs-vasA  ----------------KEGGFGGRDFRKRGGRNDTGFGGS-------------------------------------------------KGGFGSRSTADCDYNDGGGFGNTAAVSKDDDDSWD---- 417 
Cs-vasB  ----------------KEGGFGGRDFRKRGGRNDTGFGGS-------------------------------------------------KGGFGSRSTADCDYNDGGGFGNTAAVSKDDDDSWD---- 417 
Hm-vas1  ----------------PKGGRFASKDSRFNNAE---LNGG-------------------------------------------------SYNVAD-SNDGWQKNNDNGGG-------GDDDAWE---- 404 
Hm-vas2  ----------------PDNSQFRDQRIKTG-------QNG-------------------------------------------------NSNKKF-PNATAATKPTSVLN-------DDEEEW----- 400 
Ef-vas   ----------------PAGGRFASKDYRQGGGGGRGLKGD-------------------------------------------------SSGVGN-DQGGFGSFSESATGGFSGSAAADEDKWE---- 413 
Dm-vas   ----------------GDGGYSNQNFGGVDVRG-------------------------------------------------------------------------RGNYVGDATNVEEEEQWD---- 376 
Mm-mvp   ----------------SSSTRGGAVFASVDTRKN---------------------------------------------------------------YQGKHTLNTAGISSSQAPNPVDDESWD---- 401 
Dm-eIF4a ---------------------------------------------------------------------------------------------------------------------------—---- 333 
             .  400    .  410    .  420    .  430    .  440    .  450    .  460    .  470    .  480    .  490    .  500    .  510    .518 
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highlighted the residues involved in ATP and RNA binding, as well as the positions in 

the Vasa sequence that correspond to the most prominent PL10-specific motifs. Figure 8 

shows ribbon and space-filling views of the resulting model, facing the  RNA-binding 

groove in panels a and b, and the opposite side in panels c and d. The side chains of the 

residues corresponding to characteristic PL10 motifs (shown in green and purple) are all 

clearly uninvolved in protein-substrate interactions, and mostly sit at peripheral sites in 

the core domain. Although this is the structure of the Vasa core domain, and not PL10, 

the overall folding of the core domains of both subfamilies of proteins are likely to be 

similar (Sengoku et al., 2006). The peripheral location of residues characteristic of PL10 

suggests that these residues are involved in PL10-specific interactions, rather than core 

helicase functions. They most likely mediate intramolecular interactions between 

domains of the protein, or intermolecular interactions between PL10s and their binding 

partners in vivo.  

Interestingly, in the core region, there appear to be fewer residues and motifs 

conserved among Vasa proteins than are conserved among PL10 proteins. This may 

suggest that Vasa proteins interact with fewer partners than do their PL10 counterparts. 

Such an interpretation would be consistent with the fact that PL10 proteins are typically 

expressed in a broader range of tissues than Vasa proteins. For PL10 proteins to have 

retained their function in a variety of tissues over evolutionary time may have required 

conservation of a greater proportion of surface residues.  
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Figure 8. Structural context of amino acid motifs that vary between Vasa and PL10. 

Figure shows various views of the crystal structure of the Drosophila melanogaster Vasa 

core helicase domains (residues 200-623 of the protein), complexed with the ATP 

analogue AMPPNP and U7 ssRNA (both modelled in yellow) (Sengoku et al., 2006). The 

region of the protein corresponding to the full 3’ ol-dbp1 fragment (residues 286-623) is 

modelled in white, with flanking N-terminal sequence (residues 200-285) in dark grey. 

Selected residues are coloured as follows: RNA-binding residues are shown in blue, and 

ATP-binding residues in red. Green and purple residues indicate positions corresponding 

to the PL10-specific residues and motifs identified by green and purple backslashes (/, /) 

in Fig 6. These residues are largely found on the surface of this core region, away from 

the highly conserved RNA and ATP binding sites. a, b: Views with the RNA-binding 

groove uppermost. Panel (a) shows a ribbon view of the polypeptide backbone, while 

panel (b) shows non-hydrogen atoms, including those in side chains. c, d:  View from the 

face opposite to that shown in panels a and b. This image was generated using Protein 

Workshop software, version 12.2.4 (Moreland et al., 2005), downloaded from the Protein 

Data Bank of the Research Collaboratory for Structural Bioinformatics (PDB; 

http://www.rcsb.org/pdb/home/home.do). 
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CHAPTER 5 

General Conclusions 

1. Further discussion of the evolutionary history of oogenic cysts 

1.1 Are oogenic cysts really evolutionarily conserved and indispensable? 

When I began this project, I assumed that in examining polarized oogenic cysts in 

Ophyrotrocha labronica, I would be studying a process of oogenesis that was largely 

homologous to that of Drosophila melanogaster. The work of Pfannenstiel and Grünig 

(1982a; 1982b) suggested that cyst development in Ophryotrocha involves four 

synchronous mitotic divisions to form a 16-cell cyst, which then fragment into two-cell 

units. Though these authors did not make claims about homology between cysts of the 

polychaete and the fly, the apparent similarity between the two species in the number, 

synchrony, and orientation of mitotic divisions involved in cyst development was 

alluring, especially in light of other studies being published around that time. Early in the 

course of my studies, Kloc et al (2004) reported on the early stages of oogenesis in 

Xenopus laevis, noting that this process also involved production of a 16-cell cyst (though 

all cells in the cyst develop as oocytes) and concluding,  

Our studies indicate that the processes responsible for the formation of 
female germline cysts and the establishment of germ cell polarity are 
highly conserved between invertebrates and vertebrates. It seems that the 
dissimilarities that we found between Drosophila and Xenopus and the 
uniqueness of each system evolved through the modifications of the same 
fundamental design of the germline cyst. 

Additionally, review articles on germline cysts (Pepling et al., 1999; Matova and 

Cooley, 2001) claimed that oogenic cysts were broadly conserved among animals. These 
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authors quite reasonably assumed that conservation of the cyst stage in various taxa 

implied a common functional role for cysts in oocyte development, though the precise 

nature of that role was uncertain. Despite well-characterized architectural and cytological 

differences among cysts of different taxa (e.g. Gibert et al., 1984; Pepling and Spradling, 

1998; Büning, 1994) the prevailing thought seemed to be that such differences were 

largely superficial, and masked underlying similarities among cyst types. For example, 

though the female cysts of mammals and nematodes lack cytologically distinct nurse 

cells, it seems that certain germ cells within such cysts nevertheless play a nurse-cell-like 

role, functionally speaking, by contributing their cytoplasm to presumptive oocytes 

(Gumienny et al., 1999; Pepling and Spradling, 2001).   

In the preceding chapters, however, I have described a number of problems with 

the view outlined above. First, with respect to Ophyrotrocha specifically, there are a 

number of issues with Pfannenstiel and Grünig’s work on O. puerilis that make it 

difficult to place much confidence in their work. I am most vocal about these issues in 

Chapter 2, but it is in Chapter 3, where I describe my observations of early cyst 

development, that it becomes simply impossible to reconcile my observations with 

Pfannenstiel and Grünig’s description of consistent 16-cell cysts in O. puerilis. Of course, 

it is possible that the development of parental cysts is indeterminate in O. labronica, but 

tightly regulated to form 16-cell cysts in O. puerilis. Even so, such a difference between 

closely related species would only further emphasize the remarkable plasticity evident in 

female cyst development among animals.  

Second, as described in chapters 2 and 3, there are a number of fundamental 

differences between oogenesis in O. labronica and the polytrophic, meroistic insects it 
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superficially resembles, both in the development of oogenic cysts (Ch. 3) and in the 

biosynthetic roles played by nurse cells and oocytes in these cysts (Ch. 2). With respect 

to development, the stochastic, hierarchical model of cystocyte fate specification I 

describe in O. labronica (Ch. 3) contrasts with the highly deterministic development of 

cysts in D. melanogaster. In the fly (and presumably in other insects that produce cysts 

with a pre-determined number of synchronous mitotic divisions) the regulation of 

cystocyte mitosis appears to be crucial to such processes as oocyte specification and 

maintenance of oocyte fate. For example, several female-sterile mutations affect genes 

whose products directly or indirectly regulate the number of mitotic divisions in cyst 

development (reviewed in Huynh and St. Johnston, 2004). Furthermore, O. labronica 

entirely lacks a fusome-like organelle, which plays a central role in the critical early 

stages of oogenesis in Drosophila (Lighthouse et al., 2008). For these reasons, it is 

difficult to view cyst polarization and cystocyte fate specification in D. melanogaster and 

O. labronica as homologous processes.  

Third, I am increasingly convinced that the widespread occurrence of oogenic 

cysts in the animal kingdom does not necessarily reflect a common functional role for 

these structures in oogenesis. One could argue that in taking this position, I am 

overgeneralizing, taking a lack of homology in cyst polarity to imply that cysts 

themselves are not homologous structures.  On the contrary, I agree that it is almost 

certain that cysts themselves are homologous structures among animals in which they are 

found. In this sense, cysts are evolutionarily conserved structures. However, one must be 

careful not to assume that the evolutionary conservation of a structure necessarily means 

that the structure in question is indispensable for a particular function or process.  
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There are a number of lines of evidence arguing against the indispensability of 

cysts in oogenesis. To give the most obvious example, many animals lack oogenic cysts, 

but successfully produce eggs. As far as I am aware, there are no published reports of 

oogenic cysts in a number of major taxonomic groups, including the molluscs, 

echinoderms, and planarian worms.  

Among animals that do exhibit a cyst stage as part of oogenesis, the diversity 

evident in different shapes, sizes, and modes of development of oogenic cysts suggests 

some flexibility in their functional roles. Though oogenesis in Drosophila melanogaster 

is often taken as representative of insects generally, meroistic ovarioles appear to be a 

derived character among hexapods, rather than an ancestral one. Oogenesis has been 

described in a relatively wide array of insect species, representing most insect orders, and 

these descriptions clearly demonstrate the diversity of cyst types in this class. Similarly, 

my research on O. labronica is part of a growing body of work describing early stages of 

oogenesis in annelids (Siekierska E. 2003; Swiatek, 2005; 2008; Swiatek et al., 2009; and 

see Eckelbarger, 2006 for a recent review) which reinforces this theme of evolutionary 

plasticity in oogenic cysts, and extends it to another phylum of animals.  

As I have mentioned in Ch. 3, an appealing hypothesis that would explain the 

widespread occurrence of oogenic cysts in animals, without requiring a common 

requirement for these cysts, is that it is actually the role of cysts in spermatogenesis that 

drives the persistence of oogenic cysts over evolutionary time. Cytologically speaking, 

gametogenesis in males is far more conserved among animals than is oogenesis; the cyst 

stage of development does appear to be universal in animal spermatogenesis, which 

suggests a truly crucial role for cysts in sperm production (Guo and Zheng, 2004). A 
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telling demonstration of the relative importance of cysts in spermatogenesis, compared to 

oogenesis, comes from the work of Greenbaum and co-workers on tex14-knockout mice. 

The TEX14 protein is a component of intercellular bridges in cysts of both male and 

female mice, and in the knockout mice, bridges (and therefore, cysts) fail to form in 

either sex. However, the effect of abrogating cyst development is distinctly dependent on 

the sex of the animal in question: male knockout mice are rendered sterile, while females 

remain fertile (Greenbaum et al., 2009). 

To summarize, it seems at least reasonable – if not unavoidable – to conclude that 

female cysts are not intrinsically necessary for oogenesis, but persist in most animal 

lineages because of the crucial importance of cysts in spermatogenesis. This requirement 

for cysts in males provides the selective pressure necessary to ensure that the molecular 

pathways and modules required for cyst production are maintained in both males and 

females. Such a situation would explain the phylogenetic distribution of female cysts in 

the hexapods, for example, in which the more basal, primary panoistic orders lack female 

cysts (having presumably lost them) while the meroistic/neopanoistic clade has regained 

them (Büning, 1994; Heming 2003). 

 

1.2 The paradox of plasticity in modes of oogenesis 

Though cysts may be a dispensable feature of oogenesis in animals, it does not 

necessarily follow that the process of oogenesis is free to evolve without constraint. In 

animal lineages in which oogenic cysts are found, a common functional role for cysts 

appears to be to direct the biosynthetic activity of several cells toward supporting the 

development of a smaller number of oocytes. As described above, even in animals that do 
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not produce cytologically distinct nurse cells, certain cystocytes may contribute their 

products to other cystocytes destined to become oocytes.  

In meroistic insects, another critical role for cysts is evident in the fact that cyst 

polarization is intimately tied to the establishment of axes in the oocyte, which will 

subsequently be translated into embryonic axes during development. Mutations that 

impair proper cyst formation in female insects therefore also cause gross developmental 

abnormalities (reviewed in Huynh and St. Johnston, 2004). 

Successful oogenesis is essential for evolutionary survival in sexually reproducing 

species, and cyst formation is a key component of oogenesis in many species. In Chapter 

3, I concluded by noting that the plasticity evident in oogenic cysts therefore presents a 

paradox, given that one would expect strong selective pressure against changes to the 

process of oogenesis. Consider, for example, what is required to evolve a polarized cyst 

with polyploid nurse cells from a putative non-polarized, ancestral cyst. At a minimum, 

this process would require the development of a polarized cytoskeletal network, 

directional transport of material between cystocytes, and the maintenance of distinct cell 

cycle regimes among nuclei within a syncytium. Furthermore, to avoid an evolutionary 

dead end, all of these innovations would have to airse without disrupting the overall 

process of oogenesis. How could such a seemingly improbable series of events occur, not 

just once, but in a number of independent animal lineages? Let me finish this section by 

noting two points that may provide a way around this paradox.  

First, as mentioned in Chapter 1, one of the implications of the new animal 

phylogeny is that a number of fundamental aspects of animal body plans must be more 

labile than previously thought. For example, segmentation appears to have evolved 
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independently a number of times in the animal lineage (Chipman, 2010), and also to have 

been secondarily lost in some lineages in which it arose, notably within the annelid 

radiation (Struck et al., 2007). Furthermore, among arthropods, the molecular 

underpinnings of segmentation have been dramatically altered in the lineage leading to 

“long-germ-band” insects6, such as D. melanogaster (Damen, 2007). Such well-

documented examples of evolutionary lability in fundamental aspects of animal 

development suggests that the plasticity evident in modes of oogenesis among animals is 

not a unique, improbable phenomenon.  

Second, the evolution of complex polarized cysts from non-polarized cysts may 

not be as unlikely an event as I have implied above. As with the evolution of any 

complex system, the evolutionary process can be broken into a series of smaller, adaptive 

steps, making the overall innovation more feasible. From a non-polarized, ancestral cyst 

in which all cells develop as oocytes, it would not be a huge step to move to a process in 

which some cystocytes undergo apoptosis. The cytoplasmic connectivity within the cyst 

would then favour uptake of cytoplasmic contents of apoptotic cells by surviving 

cystocytes. Further mutations leading to polarization of cytoskeletal network within the 

cyst would establish directional transport of materials, and help to more formally 

distinguish certain cystocytes as nurse cells, though these cells may not otherwise appear 

different from those that will become oocytes. From this state, the evolution of 

polyploidy in nurse cells would have adaptive value as a way of producing oocytes more 

rapidly, due to the increased biosynthetic output possible for polyploid cells. (This would 

                                                             
6 Long-germ-band insects are those in which embryonic segments develop simultaneously in a syncytial 
blastoderm stage, rather than one at a time from a posterior growth zone, as in short-germ-band insects. 
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explain why such cysts are typically found in animals like O. labronica, which breed 

frequently throughout the year).  

Though the endoreplicative cell cycle involved in polyploidization of nurse cells 

and the meiotic cell cycle operating in oocytes are nearly opposite in their effects, the 

transition from a mitotic or meiotic cycle to the endocycle appears to be a fairly simple 

switch. As described in the discussion of Chapter 3, in Drosophila, the nurse-cell fate 

appears to be a default state for cystocytes — generally, more than one cystocyte enters 

into the meiotic cycle, but then all but one revert into the endocycle (Huynh and St 

Johnston, 2004; Navarro et al., 2001). Indeed, the endocycle is a common feature of 

development in multicellular organisms, and can be activated in a wide variety of cells by 

a number of different stimuli (Lee et al, 2009). Thus, it is not unreasonable to think that 

in several animal lineages, cysts could have been productively modified in this way, 

contributing to the diversity of oogenic cysts present today. 

 

2. Ophryotrocha labronica as a model organism in the genomic era 

At present, there is a major push to develop new model species for studies of the 

evolution of developmental processes (Jenner and Wills, 2007; Abzhanov et al., 2008; 

Sommer, 2009). I have suggested earlier in this thesis that O. labronica has excellent 

promise as a model organism for the study of oogenesis, and other developmental 

phenomena. There are many features of this species that make it a tractable subject: a 

reasonably rapid life cycle, ease and inexpensiveness of care, year-round breeding, 

fecundity, and capacity for culture at high population densities, among others.  
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In Chapter 4 of this thesis, the main topic is the isolation of vasa/PL10-like 

DEAD-box helicases in O. labronica. However, arguably the more significant outcome 

of the research described in that chapter is the development of molecular genetic methods 

for use with this species. At the outset of this study, there were essentially no published 

molecular techniques specifically optimized for this species. Now, however, I have 

refined methods for the isolation of nucleic acids from the worms, produced a cDNA 

library of reasonable quality (see Appendix A), and successfully developed a workable 

protocol for in situ hybridization. Additionally, in chapters 2 and 3, I have described 

methods for whole-mount immunostaining of worms, and identified a number of 

antibodies that cross-react with worm antigens. Together, these tools will greatly 

facilitate further study of the worms using modern techniques, which is crucial to the 

utility of any would-be study subject in evolutionary developmental biology. 

There do remain a number of molecular tools that need to be developed before O. 

labronica can fully realize its potential as a model organism. In particular, tools for 

studying gene function, such as RNA interference (RNAi) for gene knockdowns and 

transgenic techniques, are glaringly absent from the O. labronica toolkit at this time. In 

principle, RNAi should be achievable — the main hurdle will be finding an effective 

delivery method for double-stranded RNA (dsRNA). Because O. labronica is an aquatic 

organism, soaking worms in dsRNA is one possible approach. Alternatively, feeding 

worms food laced with dsRNA, as described for planarian worms (Newmark et al, 2003), 

may be a fruitful approach. Failing either of those two methods, microinjection directly 

into the worms’ bodies would be a direct, albeit labour-intensive, delivery method. 

Developing transgenic worms is likely to be more difficult, but novel technologies for 
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gene delivery and stable incorporation into target animals will make this objective more 

feasible in time.  

Further development of genetic resources and databases for O. labronica is also 

greatly desirable. Though at the moment, full genome sequencing projects remain major, 

expensive initiatives, costs of DNA sequencing are ever-decreasing, and rates of 

throughput ever-increasing. In the near future, it should be feasible for even a fairly small 

lab to undertake, for example, an EST (expressed sequence tag) sequencing project to 

develop a useful database of sequences for coding genes, and further characterize the 

cDNA library developed here, or others. 

One other aspect of working with O. labronica that needs to be further optimized, 

particularly for the study of embryonic development, is the optimization of methods to 

efficiently remove the worms’ embryos from the egg shells and mucus collars in which 

they develop. It is possible to isolate embryos manually with fine needles and forceps, but 

this is a laborious, time-consuming approach, which ultimately yields only a small 

number of undamaged embryos. Though developing a “high-throughput” approach to 

isolating embyos (or at least, removing the sticky mucus coat to ease entry of large 

molecules like labelled antibodies or nucleic acids) would lack the “genomic appeal” of 

the molecular methods mentioned above, it would nevertheless be a critical step toward 

making examination of early developmental stages in the worms more feasible. Like the 

tools above, there is no reason why it should not be possible to do this, in principle. All 

that is required is time and patience. 
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Appendix A  
 

Construction and Characterization of an Ophyotrocha labronica cDNA Library 
 

1. Library Construction: Methods 

The cDNA library was constructed using the Clontech CreatorTM SMARTTM cDNA 

Library Construction Kit. This procedure is largely based on the user manual supplied 

with the kit, but with some modifications to enrich for long inserts, as described by 

Wellenreuther et al. (2004). Unless otherwise noted, materials are from Clontech.  

	  

1.1 cDNA synthesis and amplification 

Poly-A+ RNA was isolated from O. labronica as described on p. 146. 

Approximately 0.25 µg of this mRNA was reverse transcribed using SuperScript II 

reverse transcriptase (Invitrogen) as described in Ch. 4, except that the reaction was 

carried out for 2 h at 42 ºC, and the CDSIII/3’ oligonucleotide (5’-ATTCTAGAGGCC 

GAGGCGGCCGACATG-d(T)30VN-3') was used as a primer, at a concentration of 240 

nM. The reaction also contained 240 nM of a second oligonucleotide (SMART IV oligo, 

5’-AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGG-3’) which is 

incorporated at the 5’ end of the 1st-strand cDNA due to template switching by reverse 

transcriptase (Zhu et al., 2001). The resulting cDNA molecules have non-complementary 

SfiI restriction sites (GGCCNNNN’NGGCC) at each end (underlined above). Thus, when 

digested with SfiI, cDNA inserts will be directionally ligated into the vector plasmid, 

pDNR-LIB, which is supplied pre-digested, with ends complementary to these distinct 

SfiI sites. 
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Second-strand cDNA was synthesized using 20 µl of the 30 µl 1st-strand reaction 

mixture. Residual RNA in this sample was hydrolyzed by adding 2 µl of 25 mM NaOH 

to the tube, and incubating at 68 ºC for 30 min. To the resulting 22 µl solution, I added: 

10 µl 10X Advantage 2 buffer, 2 µl 10 mM dNTP mix, 2 µl 12 µM “5’ PCR primer” (5'-

AAGCAGTGGTATCAACGCAGAGT-3', equivalent to 5’ end of SMART IV oligo), 2 

µl CDSIII/3’ oligonucleotide, 2 µl 50X Advantage 2 polymerase mix, and PCR-grade 

water to bring the total reaction volume to 100 µl. The reaction mixture was globally 

amplified by long-distance PCR in the TechGene thermocycler using the following 

cycling protocol: 72 ºC 10 min, 95 ºC 1 min, 5 × {95 ºC 45 sec, 68 ºC 15 min}.  

Amplified cDNA was extracted twice with equal volumes of 25:24:1 

phenol:chloroform:isoamyl alcohol (all from Sigma) then ethanol-precipitated and 

redissolved in 11 µl nanopure water. Ten microlitres of this solution was electrophoresed 

in one lane of a 1.4% (w/v) low-melting point agarose gel (Sigma), with the remaining 1 

µl in a separate lane, adjacent to a lane of 1 kb+ DNA ladder (Invitrogen). After 

electrophoresis, the lanes with 1 µl cDNA and DNA ladder were cut from the gel, and 

stained with SYBR Gold (Invitrogen). The stained gel was used as a reference to divide 

the (unstained) 10 µl cDNA lane into two sections: one spanning ~1 kb - 2.5 kb, the other 

containing molecules >2.5 kb (Wellenreuther et al., 2004) . DNA was isolated from these 

gel fragments using the QIAquick gel extraction kit (QIAgen) according to 

manufacturer’s instructions, and eluted into separate 30 µl samples.  

Twelve-microlitre aliquots of each sample were separately amplified by a further 

round of LD-PCR with the same volumes of reactants as the initial round, using the 

following cycling protocol: 95 ºC 1 min, n × {95 ºC 30 sec, 68 ºC 10 min} (n=16 for the 
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small-cDNA sample, n=20 µl for the large-cDNA sample) followed by an extra 10 min at 

68 ºC.   Five µl of each amplification was analyzed by gel electrophoresis to confirm 

successful amplification. In the following steps, each size sample was processed in 

parallel, but separately (not pooled). 

cDNA samples were purified by digestion with 0.8 µg/ml proteinase K for 20 min 

at 45 ºC, two extractions with phenol:chloroform:isoamyl alcohol (25:24:1 by volume), 

and ethanol precipitation. Pellets of cDNA were dissolved in 84 µl PCR-grade water, 5 µl  

of which was set aside for future reference. The remaining 79 µl samples were digested 

in 100 µl reactions with 2 units/µl SfiI at 50 ºC for 135 min. Digested samples were 

fractionated by size-exclusion chromatography on CHROMA SPIN-400 columns. 

Fractions were analyzed by gel electrophoresis, and those that contained DNA were 

pooled (still in separate tubes for each size class of input cDNA). Each sample was again 

ethanol-precipitated, this time re-dissolving in 7 µl PCR-grade water. 

 

1.2 Preparation of unamplified cDNA library 

A series of 3 ligation reactions was set up for each cDNA sample, containing 100 

ng of SfiI-digested pDNR-LIB plasmid vector and 0.5, 1.0, or 1.5 µl of cDNA in a total 

reaction volume of 5 µl. Ligations were allowed to proceed for 16 h at 16 ºC. Ligations 

were ethanol-precipitated, then each dissolved in 5 µl nanopure water. The full volume of 

each ligation was mixed with 25 µl of ElectroMAX™ E. coli strain DH10B™ 

(Invitrogen) on ice, and electroporated as described on p. 150. All transformation 

mixtures were immediately mixed with 1 ml SOC medium, and allowed to recover for 1 

h at 37 ºC, shaking at 225 rpm. 
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To confirm successful transformation and estimate the number of independent 

clones in the library, 1 µl of each transformation mixture was mixed with 100 µl LB 

broth, and plated on LB agar with 30 µg/ml chloramphenicol to select for pDNR-LIB 

transformants. Plates were incubated at 37 ºC for 44 h, then colonies were counted. From 

this round of transformation, summing the colonies from all 3 transformations per size 

class, the number of transformants was substantially greater for the small size class than 

for the large class.  

To produce more clones, I set up a second round of ligations — two reactions for 

each size class, each with 1.5 µl of cDNA. The pDNR-LIB vector is not compatible with 

blue/white screening for recombinants, so a 5th ligation reaction was carried out with 

vector only, to assess the extent of recircularization of plasmid. Ethanol precipitation and 

transformation was done as in the first round of ligations, and 1 µl of each transformation 

mixture was plated and incubated as before. Only 23 colonies grew on the 

recircularization control plate, suggesting that only 2.3 x 104 bacteria were successfully 

transformed by the no-insert ligation. As the number of transformants generated by the 

cDNA ligations was on the order of 106 per electroporation, the percentage of true 

recombinants from among bacteria transformed by cDNA ligations should be >99%. At 

this point, transformation mixtures for all ligations and size classes were pooled to make 

the unamplified library.  

 

1.3 Library amplification 

The library was titered by plating 100 µl of serial 10X dilutions of the pooled 

transformants on LB agar + 30 µg/ml chloramphenicol. From this analysis, the titer of the 
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unamplified library was estimated to be 1.08 x 106 CFU/ml. Given that the volume of 

unamplified library was 8.2 ml, this titer equates to a total of 8.9 x 106 independent 

clones. A volume of library equivalent to 6 x 106 independent clones was diluted to a 

density of 1.67 x 105 CFU/ml and plated LB agar + 30 µg/ml chloramphenicol, at a 

density of 2.5 x 104 clones (150 µl diluted library) per 150 mm plate, for a total of 240 

plates. I also repeated the titering of the library, by spreading a few extra plates with 

further-diluted library stock. From this re-analysis, the titer of the solution used for 

plating was estimated to be 1.65 x 105 CFU/ml, which is essentially the same as the 

originally estimated titer of 1.67 x 105. 

Plates were incubated for 24 h at 37 °C. Some plates near the rear of the incubator 

(by the fan) dried out, inhibiting bacterial growth in these regions. I estimate that drying 

resulted in loss of ~25% of clones plated. Thus, the amplified library likely represents 

growth of 4.5 x 106 independent clones. Bacterial colonies were harvested by rinsing with 

5 ml LB broth + 20% (v/v) glycerol per plate. All resulting suspensions were pooled, and 

dispensed in 45 ml aliquots which were frozen at -80 °C for long-term storage. The 

amplified library was also titered on LB-chloramphenicol agar, and determined to be 1.45 

x 1010 CFU/ml. Thus, on average, each independent clone should be represented by 

>3000 bacteria in 1 ml of amplified library.  
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1.4 Characterization of Random Clones 

To further characterize the library, 21 colonies were randomly picked from the 

plates used for titering the unamplified library, and used to inoculate overnight broth 

cultures (LB broth + 30 µg/ml chloramphenicol). Plasmid DNA was isolated from each 

culture as described on p. 150. Approximately 1 µg of each plasmid clone was digested 

with EcoRI and XhoI (Invitrogen) and examined by gel electrophoresis to confirm the 

presence of an insert, and estimate its size. (Restriction sites for these two enzymes flank 

the SfiI insertion site in the pDNR-LIB vector). Samples of each clone were also sent to 

the University of Calgary, for sequencing.  

Sequenced clones were analyzed for the presence of open reading frames (ORFs) 

using the web-based ORF Finder application at 

http://www.ncbi.nlm.nih.gov/projects/gorf/. Putative homologs of clones with large 

(>400 bp) ORFs were identified by a blastp search from the ORF Finder platform, using 

default settings. For clones lacking large ORFs, blastx searches (in which the translated 

nucleotide sequence was used to search the non-redundant GenBank protein database) 

were conducted to identify possible homologs. In cases where neither of the above 

approaches yielded a likely match, I repeated the search using a nucleotide-nucleotide 

(blastn) search.  
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2. Summary of Library Characteristics  

2.1 General Library Characteristics 
 
• Plasmid vector: pDNR-LIB (Clontech) 
• Host cells: Escherichia coli DH10B (Invitrogen) 
• Estimated complexity of unamplified library: 8.9 x 106 independent clones 
• Clones plated for amplification: 6 x 106, of which an estimated 4.5 x 106 survived 
• Titer of amplified library: 1.45 x 1010 CFU/ml (stored at -80 °C, in LB broth + 

20% glycerol) 
 
 
2.2 Analysis of Randomly Chosen Clones 
 

The random clones from the unamplified library had an average insert size of 1430 bp 

(range: 550 - 3200). Of the 21 clones, 11 had large (>400 bp), identifiable open-reading 

frames, and were classed as putative protein-coding genes. Three were mitochondrial 

genes (two 16S rRNA, one cytochrome c oxidase subunit I). The remaining 7 lacked 

identifiable large ORFs. None of this latter category yielded an identifiable homolog by 

any of the BLAST search strategies used.  

Of the 11 putative nuclear, protein-coding genes, the sequenced regions of 3 appear 

almost certain to include the 5’ end of the coding sequence, while only 2 appear almost 

certain to not include the 5’ end. For the remaining 6 clones, completeness of the cloned 

transcripts could not be determined. Summaries of each clone follow, beginning on the 

next page. 
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A. Clones of genes with identifiable open-reading frames (putative protein-coding 
genes) 

 
1. Clone jb060412-01 

Insert Size: 1400 bp 
Sequenced Length: 764 bp 
ORF?: yes (in blue below) 
5’ UTR sequence?: possibly 
3’ UTR sequence?: not in sequenced region 
BLAST Homology: subtilisin-like serine proteases 

 
 
Insert sequence: 
 
AGGTTCAACCTGAATCATGAGAGCTGTGATCTTGTTGTGCTGCTTGGCAGCAGTGGCCTGGGCCGCGCCCAGCGCCGAGAAATACGTAT
CTGGAGAATACGTCGTCAGAGTCAATGACTTTGCATCCCTCAGAATGAGGAACGAACTCATCAGAACCCTGAAACTGCAATATGGCTAT
GATCTGAAGAGAACCTTGGACATCGGCAAGCTGCAATTCTTGGTGCTGAAGGGAAGCGATGAGAACATGCAGAAGGTTGCCAAGCTACC
AATGGTCAGATACATCGAGAGGAACAACATCGGTGGTGTGGACCAGTGCGCTGAGCGGCCATCACCTGGTACCTGGGGTCTCGACAGAG
TAGACCAGAGAGATGGTTTGACCTACAGCGACCCAACAAGCCCTGATGCCACCTACAACTACGGTGAGGACACCGGAGCAAGCACATCT
GTGTACGTTCTGGACACCGGTATCGAAATTGAGCACTCTGAATTCGTCGGCAGAGCCAGATGGGGATTCAGCGCTGACGGTCTTGAGGA
GTTTGACGATCACGGACACGGAACCCACTGCGCTGGTACCGTTGGTGGAACCAACTACGGAGTTGCCAAGGACACCGAGGTTGTAGCCG
TCAAGGTCATCGACTGGTGGGGGGGTGGCACCACTGAGATGTTCCTCCAGGGAACTGACTGGATCTTGAGTGATCATCAGGCCAGACGT
GAGGCTAATGGAGGCGTACAGGTCGGCAGTGTAGTGAGCATCTCTCTGGGAT 
 
 
ORF Finder translation: 
 
     17 atgagagctgtgatcttgttgtgctgcttggcagcagtggcctgg 
        M  R  A  V  I  L  L  C  C  L  A  A  V  A  W  
     62 gccgcgcccagcgccgagaaatacgtatctggagaatacgtcgtc 
        A  A  P  S  A  E  K  Y  V  S  G  E  Y  V  V  
    107 agagtcaatgactttgcatccctcagaatgaggaacgaactcatc 
        R  V  N  D  F  A  S  L  R  M  R  N  E  L  I  
    152 agaaccctgaaactgcaatatggctatgatctgaagagaaccttg 
        R  T  L  K  L  Q  Y  G  Y  D  L  K  R  T  L  
    197 gacatcggcaagctgcaattcttggtgctgaagggaagcgatgag 
        D  I  G  K  L  Q  F  L  V  L  K  G  S  D  E  
    242 aacatgcagaaggttgccaagctaccaatggtcagatacatcgag 
        N  M  Q  K  V  A  K  L  P  M  V  R  Y  I  E  
    287 aggaacaacatcggtggtgtggaccagtgcgctgagcggccatca 
        R  N  N  I  G  G  V  D  Q  C  A  E  R  P  S  
    332 cctggtacctggggtctcgacagagtagaccagagagatggtttg 
        P  G  T  W  G  L  D  R  V  D  Q  R  D  G  L  
    377 acctacagcgacccaacaagccctgatgccacctacaactacggt 
        T  Y  S  D  P  T  S  P  D  A  T  Y  N  Y  G  
    422 gaggacaccggagcaagcacatctgtgtacgttctggacaccggt 
        E  D  T  G  A  S  T  S  V  Y  V  L  D  T  G  
    467 atcgaaattgagcactctgaattcgtcggcagagccagatgggga 
        I  E  I  E  H  S  E  F  V  G  R  A  R  W  G  
    512 ttcagcgctgacggtcttgaggagtttgacgatcacggacacgga 
        F  S  A  D  G  L  E  E  F  D  D  H  G  H  G  
    557 acccactgcgctggtaccgttggtggaaccaactacggagttgcc 
        T  H  C  A  G  T  V  G  G  T  N  Y  G  V  A  
    602 aaggacaccgaggttgtagccgtcaaggtcatcgactggtggggg 
        K  D  T  E  V  V  A  V  K  V  I  D  W  W  G  
    647 ggtggcaccactgagatgttcctccagggaactgactggatcttg 
        G  G  T  T  E  M  F  L  Q  G  T  D  W  I  L  
    692 agtgatcatcaggccagacgtgaggctaatggaggcgtacaggtc 
        S  D  H  Q  A  R  R  E  A  N  G  G  V  Q  V  
    737 ggcagtgtagtgagcatctctctggga 763     
        G  S  V  V  S  I  S  L  G  
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2. Clone jb060412-03 (nearly identical to jb060412-01) 
Insert Size: 1400 bp 
Sequenced Length: 808 bp 
ORF?: yes (in blue, below) 
5’ UTR sequence?: possibly 
3’ UTR sequence?: yes 
BLAST Homology: subtilisin-like serine protease 

 
 
Insert sequence: 
 
AGGTTCAACCTGAATCATGAGAGCTGTGATCTTGTTGTGCTGCCTGGCAGCAGTGGCCTGGGCCGCACCCAGCGCCGAGAAATACGTAT
CTGGAGAATACATCGTCAGAGACAATGACTTTGCATCCCTCAGAATGAGAAACGAACTCATCAGAACCCTGAAACTGCAATATGGCTAT
GATCTGAAGAGAACCTTGGACATCGGCAAGCTGCAATTCTTGGTACTGAAGGGTAGCGATGAGAACATGCAGAAGGTTGCCAAGCTACC
AATGGTCAGATACATCGAGAGGAACAACATCGGTGGTGTTGACCAGTGCGCGGAGCAGCCATCACCTGGTACCTGGGGTCTCGACAGAG
TAGACCAGAGAGATGGTTTGACCTACAGCGACCCAACAAGCCCTGATGCCACCTACAACTACGGTGAGGACACCGGAGCAAGCACATCT
GTGTACGTTCTGGACACCGGTATCGAAATCGAGCACTCTGAATTCGTCGGCAGAGCCAGATGGGGATTCAGCGCTGACGGTCTTGAGGA
GTTTGACGATCACGGACATGGAACCCACTGCGCTGGTACCGTCGGTGGAACCAACTACGGAGTTGCCAAGGACACCGAGGTCGTAGCCG
TCAAGGTCATCAACTGGTGGGGAGGTGGCACCACTGAGATGTTCCTCCAGGGAACTGACTGGATCTTGAGCGATCATCAGGCCAGACGT
GAGGCTAACGGAGGCGTACAGGTCGGCAGTGTAGTGAGCATCTCTCTGGATACTCACCCACACAGTCCATTGATGACGCTGTCAACGAG
CTGAACG 
 
 
ORF Finder translation: 
 
     17 atgagagctgtgatcttgttgtgctgcctggcagcagtggcctgg 
        M  R  A  V  I  L  L  C  C  L  A  A  V  A  W  
     62 gccgcacccagcgccgagaaatacgtatctggagaatacatcgtc 
        A  A  P  S  A  E  K  Y  V  S  G  E  Y  I  V  
    107 agagacaatgactttgcatccctcagaatgagaaacgaactcatc 
        R  D  N  D  F  A  S  L  R  M  R  N  E  L  I  
    152 agaaccctgaaactgcaatatggctatgatctgaagagaaccttg 
        R  T  L  K  L  Q  Y  G  Y  D  L  K  R  T  L  
    197 gacatcggcaagctgcaattcttggtactgaagggtagcgatgag 
        D  I  G  K  L  Q  F  L  V  L  K  G  S  D  E  
    242 aacatgcagaaggttgccaagctaccaatggtcagatacatcgag 
        N  M  Q  K  V  A  K  L  P  M  V  R  Y  I  E  
    287 aggaacaacatcggtggtgttgaccagtgcgcggagcagccatca 
        R  N  N  I  G  G  V  D  Q  C  A  E  Q  P  S  
    332 cctggtacctggggtctcgacagagtagaccagagagatggtttg 
        P  G  T  W  G  L  D  R  V  D  Q  R  D  G  L  
    377 acctacagcgacccaacaagccctgatgccacctacaactacggt 
        T  Y  S  D  P  T  S  P  D  A  T  Y  N  Y  G  
    422 gaggacaccggagcaagcacatctgtgtacgttctggacaccggt 
        E  D  T  G  A  S  T  S  V  Y  V  L  D  T  G  
    467 atcgaaatcgagcactctgaattcgtcggcagagccagatgggga 
        I  E  I  E  H  S  E  F  V  G  R  A  R  W  G  
    512 ttcagcgctgacggtcttgaggagtttgacgatcacggacatgga 
        F  S  A  D  G  L  E  E  F  D  D  H  G  H  G  
    557 acccactgcgctggtaccgtcggtggaaccaactacggagttgcc 
        T  H  C  A  G  T  V  G  G  T  N  Y  G  V  A  
    602 aaggacaccgaggtcgtagccgtcaaggtcatcaactggtgggga 
        K  D  T  E  V  V  A  V  K  V  I  N  W  W  G  
    647 ggtggcaccactgagatgttcctccagggaactgactggatcttg 
        G  G  T  T  E  M  F  L  Q  G  T  D  W  I  L  
    692 agcgatcatcaggccagacgtgaggctaacggaggcgtacaggtc 
        S  D  H  Q  A  R  R  E  A  N  G  G  V  Q  V  
    737 ggcagtgtagtgagcatctctctggatactcacccacacagtcca 
        G  S  V  V  S  I  S  L  D  T  H  P  H  S  P  
    782 ttgatgacgctgtcaacgagctga 805     
        L  M  T  L  S  T  S  *  
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3. Clone jb060412-05 
Insert Size: 1200 bp 
Sequenced Length: 828 bp 
ORF?: yes, in blue below 
5’ UTR sequence?: possibly 
3’ UTR sequence?: yes 
BLAST Homology: universal stress protein family  
 

 
Sequence of insert: 
 
GGACTCGCTGCTCCTCAACCGTGATATCAGTTGTCAATCAGTGATCAGTCACCACTGTCAGTAAGCCATGACGTCACCACCGCGTGTAG
CCGAGGACCCCCGTATCCGCACCCTATCAGCCAGCAGCACTGGATCAGGGGAGCTGTCAGGAGCCCGCAGGAGGACTTTCTCTACAGGC
AGCGGATACAACCGCGCTGTGCTGCTCGCCATTGATGCCAGTGATACCGCTAAGAATGCATTCGACTGGTTCTTGGAGAACGTGTATCG
GTCAGATGATCTAATCGTGCTGGTGCACTGTCCCGAGGCACCCAAGCTGCCGTCCTTCTCTTTCAAAAGTCCAATGGCTCCACCTCTTC
AGGACTGGAAGGAAATTTTGGATGAAATGAACACAAAAACAAGGAAGCTAGAAGAAGACTATGAAACCaCATGTGTTGGCAGAAAGTTG
AAGTACAAGATCCGCGGAGAAGCCTCCAAGAAGCCGGGAGAAGGAATCGTGAAGATCGCAGAGGACGAGAAGTGTAACCTGATCGTGAT
GGGAACCAGAGGACTGGGAACCATGAAGAGGGCCATACTGGGCAGCGTGTCTGATTACGTCATCAGACACTCCTCTCTGCCGGTCATTG
TTGTACCCGACAAGAAAGTTTGAAACTATCTAGATAACACCTATAGCAGGGCGTAGCCAGGGCGAGTCTGGAGGCCCGAAAACCTTCGC
TATCCTACAACTAATTTTGGGGTAGACAGTTTGCGAAAATCGCAAGAAATTCCGTGTGTGATTTTGTGAGTTTTGAAAATTTGAGTTCT
CTTTGGCAAACTTTTGATTGGGCTCCC 
 
 
ORF Finder translation 
 
     68 atgacgtcaccaccgcgtgtagccgaggacccccgtatccgcacc 
        M  T  S  P  P  R  V  A  E  D  P  R  I  R  T  
    113 ctatcagccagcagcactggatcaggggagctgtcaggagcccgc 
        L  S  A  S  S  T  G  S  G  E  L  S  G  A  R  
    158 aggaggactttctctacaggcagcggatacaaccgcgctgtgctg 
        R  R  T  F  S  T  G  S  G  Y  N  R  A  V  L  
    203 ctcgccattgatgccagtgataccgctaagaatgcattcgactgg 
        L  A  I  D  A  S  D  T  A  K  N  A  F  D  W  
    248 ttcttggagaacgtgtatcggtcagatgatctaatcgtgctggtg 
        F  L  E  N  V  Y  R  S  D  D  L  I  V  L  V  
    293 cactgtcccgaggcacccaagctgccgtccttctctttcaaaagt 
        H  C  P  E  A  P  K  L  P  S  F  S  F  K  S  
    338 ccaatggctccacctcttcaggactggaaggaaattttggatgaa 
        P  M  A  P  P  L  Q  D  W  K  E  I  L  D  E  
    383 atgaacacaaaaacaaggaagctagaagaagactatgaaaccaca 
        M  N  T  K  T  R  K  L  E  E  D  Y  E  T  T  
    428 tgtgttggcagaaagttgaagtacaagatccgcggagaagcctcc 
        C  V  G  R  K  L  K  Y  K  I  R  G  E  A  S  
    473 aagaagccgggagaaggaatcgtgaagatcgcagaggacgagaag 
        K  K  P  G  E  G  I  V  K  I  A  E  D  E  K  
    518 tgtaacctgatcgtgatgggaaccagaggactgggaaccatgaag 
        C  N  L  I  V  M  G  T  R  G  L  G  T  M  K  
    563 agggccatactgggcagcgtgtctgattacgtcatcagacactcc 
        R  A  I  L  G  S  V  S  D  Y  V  I  R  H  S  
    608 tctctgccggtcattgttgtacccgacaagaaagtttga 646     
        S  L  P  V  I  V  V  P  D  K  K  V  *  
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4. Clone jb060412-11 
Insert Size: 2800 bp 
Sequenced Length: 916 bp 
ORF?: Yes, in blue below 
5’ UTR sequence?: Yes 
3’ UTR sequence?: Yes 
BLAST Homology: MAD2 family mitotic spindle assembly checkpoint protein 

 
 
Insert sequence 
 
GAATACAAAATATGGCGGCGTCACTTCAAACTCAAAAGCAAGGCGTCACGCTAAAGGGCTCTGCAGCTATCGTTTCTGAATTTTTTGAC
TATGGAATCAACAGCATTTTATACCAGCGTGGTATCTACCCAGAGTTCATGTTTGCTCGTAAGATGCAGTATGGATTACCATTAATGAT
GACCAATGATGAGAAACTGAAGAAGTATCTATCAACTGTACTGTCTAAAGTACAAGAGTGGTTACTGAATCTCTCAGTTCAAAAGCTTG
TTGTTGTCATCAAGTCTACAGCTGATGATGAAGTTCTTGAAAGATGGCAGTTTGACATAATCTGTGACAAAAGCTGTGACAAGGAAAAG
GCAGTAAGTGGACCAGATGAGTCAACAATACGCAAAGATATACAAGGTGTGATACGTCAGATTACCTCATCTGTCACATTCCTACCTTT
GTTGGATTGTCCTTGCAAGTTTGACATATTAGTGTACACAGATAAAGATACAGAGAGGCCTCACGAATGGCAGGAATGCAGTCCGTGTC
ACATTGAAGGGGAAGAAAAAGTGAAGCTACGATCGTTCTCTACTAACATACACACAGTAGAGAGCATGGTGGGATACAAGTGTTGAGTG
TGCTGGTGTGTTACTGTGTACTGTGGCACAACTTCTACTAATTAATTGTAGTGCGTGCCAGGTTATCGTTGGTCCTATGATTCAACAGC
ATATGTGAATCAATTTAAATCTCAATAGAAAGACAAAACATTGTTCAAATCTGTGAAAACCATAACAACTGCTCCCATATCTTAGTACA
TACTTTGCTTTTGATTTGTAATTTCCGCAAGTTGCAACTTGGGGATCCTGGGATTTTGGCACAATGTGTAATAGAGTTGATAGCGTATA
GANNAAAGTTTTGTACTTGTGCCGTC 
 
 
ORF Finder Translation 
 
      1 atggcggcgtcacttcaaactcaaaagcaaggcgtcacgctaaag 
        M  A  A  S  L  Q  T  Q  K  Q  G  V  T  L  K  
     46 ggctctgcagctatcgtttctgaattttttgactatggaatcaac 
        G  S  A  A  I  V  S  E  F  F  D  Y  G  I  N  
     91 agcattttataccagcgtggtatctacccagagttcatgtttgct 
        S  I  L  Y  Q  R  G  I  Y  P  E  F  M  F  A  
    136 cgtaagatgcagtatggattaccattaatgatgaccaatgatgag 
        R  K  M  Q  Y  G  L  P  L  M  M  T  N  D  E  
    181 aaactgaagaagtatctatcaactgtactgtctaaagtacaagag 
        K  L  K  K  Y  L  S  T  V  L  S  K  V  Q  E  
    226 tggttactgaatctctcagttcaaaagcttgttgttgtcatcaag 
        W  L  L  N  L  S  V  Q  K  L  V  V  V  I  K  
    271 tctacagctgatgatgaagttcttgaaagatggcagtttgacata 
        S  T  A  D  D  E  V  L  E  R  W  Q  F  D  I  
    316 atctgtgacaaaagctgtgacaaggaaaaggcagtaagtggacca 
        I  C  D  K  S  C  D  K  E  K  A  V  S  G  P  
    361 gatgagtcaacaatacgcaaagatatacaaggtgtgatacgtcag 
        D  E  S  T  I  R  K  D  I  Q  G  V  I  R  Q  
    406 attacctcatctgtcacattcctacctttgttggattgtccttgc 
        I  T  S  S  V  T  F  L  P  L  L  D  C  P  C  
    451 aagtttgacatattagtgtacacagataaagatacagagaggcct 
        K  F  D  I  L  V  Y  T  D  K  D  T  E  R  P  
    496 cacgaatggcaggaatgcagtccgtgtcacattgaaggggaagaa 
        H  E  W  Q  E  C  S  P  C  H  I  E  G  E  E  
    541 aaagtgaagctacgatcgttctctactaacatacacacagtagag 
        K  V  K  L  R  S  F  S  T  N  I  H  T  V  E  
    586 agcatggtgggatacaagtgttga 609     
        S  M  V  G  Y  K  C  *  
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5. Clone jb060412-13 
Insert Size: 1600 bp 
Sequenced Length: 878 bp 
ORF?: Yes, in blue below 
5’ UTR sequence?: Yes 
3’ UTR sequence?: not in sequenced region 
BLAST Homology: alpha tubulin 

 
 
Insert sequence: 
 
AATCCAGCCTGATGGACAAATGCCCAGTGACAAGACCATTGGAGGAGGAGATGACTCTTTCAACACCTTCTTTAGTGAGACTGGAGCTG
GCAAGCACGTACCACGTGCCGTGTTTGTAGATCTGGAGCCAACTGTAGTAGATGAGGTCCGTACTGGAACCTACCGTCAGCTGTTCCAC
CCCGAGCAACTGATCACTGGCAAAGAGGATGCTGCCAACAACTATGCTCGTGGTCACTACACCATTGGAAAGGAAATCGTTGACTTGGT
TCTGGACAGAATCAGGAAGCTTGCTGATCAGTGCACTGGTCTTCAGGGATTCTTGATCTTCCACTCCTTCGGTGGTGGCACTGGATCTG
GATTCACCTCACTTCTTATGGAGCGTCTCTCTGTCGACTACGGAAAGAAATCCAAGCTGGAGTTTGCCATCTATCCTGCTCCACAGGTA
TCAACTGCTGTTGTTGAGCCATACAACTCCATCCTGACCACCCACACCACCCTTGAGCACTCTGACTGTGCCTTCATGGTAGACAATGA
GGCTATCTACGACATCTGCAGAAGAAACCTGGACATCGAGCGCCCAACCTACACCAACTTGAACCGCTTGATTGGTCAGATTGTCTCAT
CCATCACTGCCTCTCTGAGATTCGATGGTGCCCTGAATGTGGATCTTACAGAGTTCCAGACCAACTTGGTGCCCTACCCACGTATCCAT
TTCCCTCTGGCTACGTATGCCCCAGTCATCTCTGCTGAGAAGGCCTACCATGAGCAGCTCTCTGTTGCTGAAGTCACCAACGCTTGCTT
TGAGCCAGCCAACCAGATGGTGAAATGTGACCCACGTCACGGCAGTACATGGCATGCTGCATGCTGTACAGAGGAGA 
 
 
ORF Finder Translation 
 
     20 atgcccagtgacaagaccattggaggaggagatgactctttcaac 
        M  P  S  D  K  T  I  G  G  G  D  D  S  F  N  
     65 accttctttagtgagactggagctggcaagcacgtaccacgtgcc 
        T  F  F  S  E  T  G  A  G  K  H  V  P  R  A  
    110 gtgtttgtagatctggagccaactgtagtagatgaggtccgtact 
        V  F  V  D  L  E  P  T  V  V  D  E  V  R  T  
    155 ggaacctaccgtcagctgttccaccccgagcaactgatcactggc 
        G  T  Y  R  Q  L  F  H  P  E  Q  L  I  T  G  
    200 aaagaggatgctgccaacaactatgctcgtggtcactacaccatt 
        K  E  D  A  A  N  N  Y  A  R  G  H  Y  T  I  
    245 ggaaaggaaatcgttgacttggttctggacagaatcaggaagctt 
        G  K  E  I  V  D  L  V  L  D  R  I  R  K  L  
    290 gctgatcagtgcactggtcttcagggattcttgatcttccactcc 
        A  D  Q  C  T  G  L  Q  G  F  L  I  F  H  S  
    335 ttcggtggtggcactggatctggattcacctcacttcttatggag 
        F  G  G  G  T  G  S  G  F  T  S  L  L  M  E  
    380 cgtctctctgtcgactacggaaagaaatccaagctggagtttgcc 
        R  L  S  V  D  Y  G  K  K  S  K  L  E  F  A  
    425 atctatcctgctccacaggtatcaactgctgttgttgagccatac 
        I  Y  P  A  P  Q  V  S  T  A  V  V  E  P  Y  
    470 aactccatcctgaccacccacaccacccttgagcactctgactgt 
        N  S  I  L  T  T  H  T  T  L  E  H  S  D  C  
    515 gccttcatggtagacaatgaggctatctacgacatctgcagaaga 
        A  F  M  V  D  N  E  A  I  Y  D  I  C  R  R  
    560 aacctggacatcgagcgcccaacctacaccaacttgaaccgcttg 
        N  L  D  I  E  R  P  T  Y  T  N  L  N  R  L  
    605 attggtcagattgtctcatccatcactgcctctctgagattcgat 
        I  G  Q  I  V  S  S  I  T  A  S  L  R  F  D  
    650 ggtgccctgaatgtggatcttacagagttccagaccaacttggtg 
        G  A  L  N  V  D  L  T  E  F  Q  T  N  L  V  
    695 ccctacccacgtatccatttccctctggctacgtatgccccagtc 
        P  Y  P  R  I  H  F  P  L  A  T  Y  A  P  V  
    740 atctctgctgagaaggcctaccatgagcagctctctgttgctgaa 
        I  S  A  E  K  A  Y  H  E  Q  L  S  V  A  E  
    785 gtcaccaacgcttgctttgagccagccaaccagatggtgaaatgt 
        V  T  N  A  C  F  E  P  A  N  Q  M  V  K  C  
    830 gacccacgtcacggcagtacatggcatgctgcatgctgtacagag 
        D  P  R  H  G  S  T  W  H  A  A  C  C  T  E  
    875 gag 877     
        E  
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6. Clone jb060412-18 

Insert Size: 553 bp 
Sequenced Length: 553+ bp (including vector on far side) 
ORF?: yes, in blue below 
5’ UTR sequence?: yes 
3’ UTR sequence?: yes 
BLAST Homology: programmed cell death protein 5 (Pdcd5) 

 
 
Insert sequence: 
 
AGTAAACAAAACCGGAAAAGATTAAAATGGATGACTCGGACTTGGAGAAAATTCGAGCACAACGTCTTGCTGAGCTACAGCAGCAATAT
GGGGGGCAAGCCGGGGGAGGAGGGAGTCCAGGTGACCAGGAAAGACAAGCTGAAATGCAGCAACAGCAAGAAGACATGAAGAACAGTAT
GCTGTCACGTGTGCTAGACCAACAGGCTAGGGCTAGATTGAACACCATAGCGTTGACCAAACCAGAGAAAGCTAAAATGGTAGAATCGA
TGCTCATACAGATGCTACAAAGTGGACAGATTGGAGCTAAGCTTTCTGAAGACCAACTGAAAGGTCTACTAGCAAGAGTGACTGAGCAA
ACACAAAAGACCACCACTGTCACGTTTGATCGCAGACGAGCAGCTTTCGATGACAGTGATGATGATTATTGATATCTTTCCCTCTTTGA
TTTTTGTATGCCGCCTTGTTTGCTATACTAGTGTTTTATATATTATTTTGTAAGGCTAATAAACTGCTTTAAATAGATAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAN 
 
 
ORF Finder Translation: 
 
     27 atggatgactcggacttggagaaaattcgagcacaacgtcttgct 
        M  D  D  S  D  L  E  K  I  R  A  Q  R  L  A  
     72 gagctacagcagcaatatggggggcaagccgggggaggagggagt 
        E  L  Q  Q  Q  Y  G  G  Q  A  G  G  G  G  S  
    117 ccaggtgaccaggaaagacaagctgaaatgcagcaacagcaagaa 
        P  G  D  Q  E  R  Q  A  E  M  Q  Q  Q  Q  E  
    162 gacatgaagaacagtatgctgtcacgtgtgctagaccaacaggct 
        D  M  K  N  S  M  L  S  R  V  L  D  Q  Q  A  
    207 agggctagattgaacaccatagcgttgaccaaaccagagaaagct 
        R  A  R  L  N  T  I  A  L  T  K  P  E  K  A  
    252 aaaatggtagaatcgatgctcatacagatgctacaaagtggacag 
        K  M  V  E  S  M  L  I  Q  M  L  Q  S  G  Q  
    297 attggagctaagctttctgaagaccaactgaaaggtctactagca 
        I  G  A  K  L  S  E  D  Q  L  K  G  L  L  A  
    342 agagtgactgagcaaacacaaaagaccaccactgtcacgtttgat 
        R  V  T  E  Q  T  Q  K  T  T  T  V  T  F  D  
    387 cgcagacgagcagctttcgatgacagtgatgatgattattga 428     
        R  R  R  A  A  F  D  D  S  D  D  D  Y  *  
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7. Clone jb060412-20 
Insert Size: 3200 bp 
Sequenced Length: 839 bp 
ORF?: yes, in blue below (potential alternative TTG start codon, in frame with ATG) 
5’ UTR sequence?: yes 
3’ UTR sequence?: not in sequenced region 
BLAST Homology: no (understandable, if N-terminal region of large protein) 

 
 
Insert sequence: 
 
ACTTTTTTGTTGAGCAGACACACAGCTTGCTCATCATGCGTATTCACGTGAGTAGACCACTGCTGGTGGTGGTGCTGGTGGTAGCTGTG
GCTGCTGCAGGCATCCACGCTAGGAGCCTGAAGGCACACAAACACAAGAGGAACGAGGACAACAAGATGACCAGATGGGAGAGGACCAT
GGGGCTGAAGTCTGTGGGACACAAGAAGGGAGCAACTGAGATGGTGGTGAAGAAGGACGGAGACACCAAACACAAGCGGGACCACGACA
CCAACAAGAGAACTATCAGGGTCGACGACTGTTGGGCTGGTGGTCCAGTGCAGGCGCTTAACTACGTGTCAGGCTCGTGGATGAACATC
TTCTCAGAGCTGGTGATAGACTGTCCCGGGGAGGTGATGCGGTGGGAGTTCTACGCCAGGCAGGCTGGTACCTTCTGGGCTTCCGTCTG
GAGACCTGTAGCTGAGGACAGGTTCGGGATGGTCGGCTCTAACATGATCATCGTAGAAAACGCCGGAAAACACGTGACTCAGATCTCTC
CAGCTTCCCGTATACGTGTAGAGGTTGGTGACGTCATCGGTGTGTACTATGACTCCTCAGCTGACGAGGAGACAGGAGGAGTGGTAGCG
TACGAGGACTCTAGGTTCCCTTCATCTGTAGGAGTGCCTGCTGACAGTTTGGGTACCTTCCACAACTCACAGACCTTTGCAGAGAACGT
AGAGGTGGGTACTATGGTGTATGGCGTCATTACTGACTGGGTGTCAAGGACAGTAGCACTGAGGGCGTATGTAGNAGTGGGCTTTAGTG
GTGGCGCTCTGATCACGCTGGGGTATGACAGTGTAGCA 
 
 
     27 ttgctcatcatgcgtattcacgtgagtagaccactgctggtggtg 
        L  L  I  M  R  I  H  V  S  R  P  L  L  V  V  
     72 gtgctggtggtagctgtggctgctgcaggcatccacgctaggagc 
        V  L  V  V  A  V  A  A  A  G  I  H  A  R  S  
    117 ctgaaggcacacaaacacaagaggaacgaggacaacaagatgacc 
        L  K  A  H  K  H  K  R  N  E  D  N  K  M  T  
    162 agatgggagaggaccatggggctgaagtctgtgggacacaagaag 
        R  W  E  R  T  M  G  L  K  S  V  G  H  K  K  
    207 ggagcaactgagatggtggtgaagaaggacggagacaccaaacac 
        G  A  T  E  M  V  V  K  K  D  G  D  T  K  H  
    252 aagcgggaccacgacaccaacaagagaactatcagggtcgacgac 
        K  R  D  H  D  T  N  K  R  T  I  R  V  D  D  
    297 tgttgggctggtggtccagtgcaggcgcttaactacgtgtcaggc 
        C  W  A  G  G  P  V  Q  A  L  N  Y  V  S  G  
    342 tcgtggatgaacatcttctcagagctggtgatagactgtcccggg 
        S  W  M  N  I  F  S  E  L  V  I  D  C  P  G  
    387 gaggtgatgcggtgggagttctacgccaggcaggctggtaccttc 
        E  V  M  R  W  E  F  Y  A  R  Q  A  G  T  F  
    432 tgggcttccgtctggagacctgtagctgaggacaggttcgggatg 
        W  A  S  V  W  R  P  V  A  E  D  R  F  G  M  
    477 gtcggctctaacatgatcatcgtagaaaacgccggaaaacacgtg 
        V  G  S  N  M  I  I  V  E  N  A  G  K  H  V  
    522 actcagatctctccagcttcccgtatacgtgtagaggttggtgac 
        T  Q  I  S  P  A  S  R  I  R  V  E  V  G  D  
    567 gtcatcggtgtgtactatgactcctcagctgacgaggagacagga 
        V  I  G  V  Y  Y  D  S  S  A  D  E  E  T  G  
    612 ggagtggtagcgtacgaggactctaggttcccttcatctgtagga 
        G  V  V  A  Y  E  D  S  R  F  P  S  S  V  G  
    657 gtgcctgctgacagtttgggtaccttccacaactcacagaccttt 
        V  P  A  D  S  L  G  T  F  H  N  S  Q  T  F  
    702 gcagagaacgtagaggtgggtactatggtgtatggcgtcattact 
        A  E  N  V  E  V  G  T  M  V  Y  G  V  I  T  
    747 gactgggtgtcaaggacagtagcactgagggcgtatgtagnagtg 
        D  W  V  S  R  T  V  A  L  R  A  Y  V  X  V  
    792 ggctttagtggtggcgctctgatcacgctggggtatgacagtgta 
        G  F  S  G  G  A  L  I  T  L  G  Y  D  S  V  
    837 gca 839     
        A  
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8. Clone jb060424-01 
Insert Size: 1800 bp 
Sequenced Length: 733 bp 
ORF?: Short frame bounded by ATG start and TAG stop codons, in blue below 
5’ UTR sequence?: yes, if ORF is real 
3’ UTR sequence?: yes, if ORF is real 
BLAST Homology: weak and inconsistent 

 
 
Insert sequence: 
 
TAGCTTCACACATCACAGATTCTACTACATCTAGTGCACAATCATGCCCCTCACCAGAACAGTCAGTAGAGAAAACACCCACACAAGAG
CAGTGCTTGGTATCAGATATGGTGCAGAACAATGTAACAAAGTTACTGAAGCCCTCACAAATACGACAGTTTACAAACAAGTGTCGTGG
CACTCAAGTTGATGAAGTATTGAGACATGTCCGCACATCACTAGAAACGCACCAGAACTTGAAGGAAGTACAAATAATGAATCTGCTGC
TGTGCTTGGAAGGCATCATGCATTACGGTCTGTTACCGATGCAAGTCATACGTGACGTCATGCATGAAATAATCACTGCTTTGTCTGAA
AGACAGGAAACAGCTGTGGTGGCTAAAGCCAGAAAGATTCAACTGATCATAAAGAAGACGTTGGAGGATGAGGCGAGCTCTTAGCTCTG
CAACCACCAATGAACACAGAGTATGTCTATTGTGTACCAATCAATTTTTGTGCATTCTTTTTGCAAATCATAGTTGTAATTTTATTTGA
AAGTTTGCCTTCCACATAGAAACTGGTGTAAAATTTTATGGACAAGTTCAGAGTTATTGCATCTAATAACACAATAATGACACAGTCAA
ATGTATTAGTTTTTTACATTTACTGAATTTTTTGCATGTTAAAATAATTATCAATTAGTATGGCGATGTTTTAAATCAAGGATTGTTTA
TCATTGGTTAACATTAGCTGA 
 
 
ORF Finder translation 
 
    108 atggtgcagaacaatgtaacaaagttactgaagccctcacaaata 
        M  V  Q  N  N  V  T  K  L  L  K  P  S  Q  I  
    153 cgacagtttacaaacaagtgtcgtggcactcaagttgatgaagta 
        R  Q  F  T  N  K  C  R  G  T  Q  V  D  E  V  
    198 ttgagacatgtccgcacatcactagaaacgcaccagaacttgaag 
        L  R  H  V  R  T  S  L  E  T  H  Q  N  L  K  
    243 gaagtacaaataatgaatctgctgctgtgcttggaaggcatcatg 
        E  V  Q  I  M  N  L  L  L  C  L  E  G  I  M  
    288 cattacggtctgttaccgatgcaagtcatacgtgacgtcatgcat 
        H  Y  G  L  L  P  M  Q  V  I  R  D  V  M  H  
    333 gaaataatcactgctttgtctgaaagacaggaaacagctgtggtg 
        E  I  I  T  A  L  S  E  R  Q  E  T  A  V  V  
    378 gctaaagccagaaagattcaactgatcataaagaagacgttggag 
        A  K  A  R  K  I  Q  L  I  I  K  K  T  L  E  
    423 gatgaggcgagctcttag 440     
        D  E  A  S  S  *  
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9. Clone jb060424-06 
Insert Size: 1625 bp 
Sequenced Length: 779 bp 
ORF?: yes, in blue below 
5’ UTR sequence?: probably not (BLAST alignments begin internally in putative 
homologs) 
3’ UTR sequence?: yes 
BLAST Homology: yes; unnamed protein, unknown function 

 
 
Insert sequence: 
 
AATTCTAGAAGAATTCAACCCACGTTATCTGTTAATGTTGGAGGATGATATTATACTACACCAAGATCTATTCCCTCTGCTAGAGAATA
CTATATCTAACCACCCAGTAGATGTAGATAGCGAACACATGCATGAAGTGCCTCTGTACTATAAGCTGTACCATCCTGAGCGTTTACTA
GGCTTCATCAATCTGGAAGTAGAACGGTTGCCTGAACTGCTAGCTGTTGGAACCATTCTGGGATCTATTATGACTTTATTTTATCTAAC
TGTAGTTACTCGCAGAGCCCAATCTGCTCAAGTTGTATATTCAGTGTGGATTATATGTATAATCTATGTGATGTTAGTGTTTGTATGCA
TAGGACGTAGCAATGTGTTGGAGCTGAGGCGGTTCTGGGTTCCACATCTATACGAGTATACGCCTGCTCCCAGCTGCTGCACTCAAGCT
ATGTTGTTCACTAATACGGGAGCTAGAGTTATTGAGGAGCATCTAAAACATGTAACCTGTGGTAAACCTGATAACTATGGCAAAGATCT
GGCCATATATGACTACATGAGGAAAGAGGGAGCTAAGGCTCTGGCTATACAGCCTAACCTGGTGACACACATAGGCATGTATACATCCC
TGGGGAAGAAACTTTTGAATCCTGAGCTACTATTGTGATATATGTGTGACTACAGGAAAACACAAGGGAAGCTGGTTAAACAGTCTAGA
TTTGCCTCAATTCTAGGAACACTCAAGCATGTACACTTCCTAGAGAGAAAGNTTTTAAATCCCACTA 
 
 
ORF Finder Translation: 
 
     35 atgttggaggatgatattatactacaccaagatctattccctctg 
        M  L  E  D  D  I  I  L  H  Q  D  L  F  P  L  
     80 ctagagaatactatatctaaccacccagtagatgtagatagcgaa 
        L  E  N  T  I  S  N  H  P  V  D  V  D  S  E  
    125 cacatgcatgaagtgcctctgtactataagctgtaccatcctgag 
        H  M  H  E  V  P  L  Y  Y  K  L  Y  H  P  E  
    170 cgtttactaggcttcatcaatctggaagtagaacggttgcctgaa 
        R  L  L  G  F  I  N  L  E  V  E  R  L  P  E  
    215 ctgctagctgttggaaccattctgggatctattatgactttattt 
        L  L  A  V  G  T  I  L  G  S  I  M  T  L  F  
    260 tatctaactgtagttactcgcagagcccaatctgctcaagttgta 
        Y  L  T  V  V  T  R  R  A  Q  S  A  Q  V  V  
    305 tattcagtgtggattatatgtataatctatgtgatgttagtgttt 
        Y  S  V  W  I  I  C  I  I  Y  V  M  L  V  F  
    350 gtatgcataggacgtagcaatgtgttggagctgaggcggttctgg 
        V  C  I  G  R  S  N  V  L  E  L  R  R  F  W  
    395 gttccacatctatacgagtatacgcctgctcccagctgctgcact 
        V  P  H  L  Y  E  Y  T  P  A  P  S  C  C  T  
    440 caagctatgttgttcactaatacgggagctagagttattgaggag 
        Q  A  M  L  F  T  N  T  G  A  R  V  I  E  E  
    485 catctaaaacatgtaacctgtggtaaacctgataactatggcaaa 
        H  L  K  H  V  T  C  G  K  P  D  N  Y  G  K  
    530 gatctggccatatatgactacatgaggaaagagggagctaaggct 
        D  L  A  I  Y  D  Y  M  R  K  E  G  A  K  A  
    575 ctggctatacagcctaacctggtgacacacataggcatgtataca 
        L  A  I  Q  P  N  L  V  T  H  I  G  M  Y  T  
    620 tccctggggaagaaacttttgaatcctgagctactattgtga 661     
        S  L  G  K  K  L  L  N  P  E  L  L  L  *  
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10. Clone jb060424-07 
Insert Size: 1350 bp 
Sequenced Length: 916 bp 
ORF?: yes, in blue below 
5’ UTR sequence?: possibly 
3’ UTR sequence?: not in sequenced region 
BLAST Homology: unnamed serine protease, subtilisin-like 

 
 
Insert sequence: 
 
AGGTTCAACCTGAATCATGAGAGCTGTGATCTTGTTGTGCTGCTTGGCAGCAGTGGCCTGGGCCGCGCCCAGCGCCGAGAAATACGTAT
CTGGAGAATACATCGTCAGAGTCAATGACTTTGCATCCCTCAGAATGAGGAACGAACTCATCAGAACCCTGAAACTGCAATATGGCTAT
GATCTGAAGAGAACCTTGGACATCGGCAAGCTGCAATTCTTGGTGCTGAAGGGAAGCGATGAGAACATGCAGAAGGTTGCCAAGCTACC
AATGGTCAGATACATCGAGAGGAACAACATCGGTGGTGTGGACCAGTGCGCTGAGCAGCCATCACCTGGTACCTGGGGTCTCGACAGAG
TAGACCAGAGAGATGGTTTGACCTACAGCGACCCAACAAGCCCTGGTGCCACCTACAACTACGGTGAGGACACCGGAGCAAGCACATCT
GTGTACGTTCTGGACACCGGTATCGAAATTGAGCACTCTGAATTCGTCGGCAGAGCCAGATGGGGATTCAGCGCTGACGGTCTTGAGGA
GTTTGACGATCACGGACACGGAACCCACTGCGCTGGTACCGTTGGTGGAACCAACTACGGAGTTGCCAAGGACACCGAGGTTGTAGCCG
TCAAGGTCATCAACTGGTGGGGAGGTGGCACCACTGAGATGTTCCTCCAGGGAACTGACTGGATCTTGAGTGATCATCNNGCCAGACGT
GAGGCTAATGGAGGCGTACAGGTCGGCAGTGTAGTGAGCATCTCTCTGGGATACTCACCCACACAGTCCATTGATGACGCTGTCAACGA
GCTGAACGCTGATGGTGTCGTCATCGTCACTTCCGCCGGAACAGTGATGCTGATGCCTGCGGACAGTCTCCTGCTAGAGCTACATCTGC
CATCGCTATTGGTGCATCTGATGTCG 
 
 
ORF Finder translation: 
 
     17 atgagagctgtgatcttgttgtgctgcttggcagcagtggcctgg 
        M  R  A  V  I  L  L  C  C  L  A  A  V  A  W  
     62 gccgcgcccagcgccgagaaatacgtatctggagaatacatcgtc 
        A  A  P  S  A  E  K  Y  V  S  G  E  Y  I  V  
    107 agagtcaatgactttgcatccctcagaatgaggaacgaactcatc 
        R  V  N  D  F  A  S  L  R  M  R  N  E  L  I  
    152 agaaccctgaaactgcaatatggctatgatctgaagagaaccttg 
        R  T  L  K  L  Q  Y  G  Y  D  L  K  R  T  L  
    197 gacatcggcaagctgcaattcttggtgctgaagggaagcgatgag 
        D  I  G  K  L  Q  F  L  V  L  K  G  S  D  E  
    242 aacatgcagaaggttgccaagctaccaatggtcagatacatcgag 
        N  M  Q  K  V  A  K  L  P  M  V  R  Y  I  E  
    287 aggaacaacatcggtggtgtggaccagtgcgctgagcagccatca 
        R  N  N  I  G  G  V  D  Q  C  A  E  Q  P  S  
    332 cctggtacctggggtctcgacagagtagaccagagagatggtttg 
        P  G  T  W  G  L  D  R  V  D  Q  R  D  G  L  
    377 acctacagcgacccaacaagccctggtgccacctacaactacggt 
        T  Y  S  D  P  T  S  P  G  A  T  Y  N  Y  G  
    422 gaggacaccggagcaagcacatctgtgtacgttctggacaccggt 
        E  D  T  G  A  S  T  S  V  Y  V  L  D  T  G  
    467 atcgaaattgagcactctgaattcgtcggcagagccagatgggga 
        I  E  I  E  H  S  E  F  V  G  R  A  R  W  G  
    512 ttcagcgctgacggtcttgaggagtttgacgatcacggacacgga 
        F  S  A  D  G  L  E  E  F  D  D  H  G  H  G  
    557 acccactgcgctggtaccgttggtggaaccaactacggagttgcc 
        T  H  C  A  G  T  V  G  G  T  N  Y  G  V  A  
    602 aaggacaccgaggttgtagccgtcaaggtcatcaactggtgggga 
        K  D  T  E  V  V  A  V  K  V  I  N  W  W  G  
    647 ggtggcaccactgagatgttcctccagggaactgactggatcttg 
        G  G  T  T  E  M  F  L  Q  G  T  D  W  I  L  
    692 agtgatcatcnngccagacgtgaggctaatggaggcgtacaggtc 
        S  D  H  X  A  R  R  E  A  N  G  G  V  Q  V  
    737 ggcagtgtagtgagcatctctctgggatactcacccacacagtcc 
        G  S  V  V  S  I  S  L  G  Y  S  P  T  Q  S  
    782 attgatgacgctgtcaacgagctgaacgctgatggtgtcgtcatc 
        I  D  D  A  V  N  E  L  N  A  D  G  V  V  I  
    827 gtcacttccgccggaacagtgatgctgatgcctgcggacagtctc 
        V  T  S  A  G  T  V  M  L  M  P  A  D  S  L  
    872 ctgctagagctacatctgccatcgctattggtgcatctgatgtcg 916     
        L  L  E  L  H  L  P  S  L  L  V  H  L  M  S  
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11. Clone jb060424-10 

Insert Size: 1100 bp 
Sequenced Length: 585 bp 
ORF?: yes 
5’ UTR sequence?: probably not (BLAST alignments begin internally in putative 
homologs) 
3’ UTR sequence?: not in sequenced region 
BLAST Homology: bat1/ddx39b DEAD-box RNA helicase, essential mRNA splicing factor 

 
 
Insert sequence: 
 
GTGGGATGCCTATTCAAAAAGATGAGGAAGTACTGAAGAAGAATTGTCCACACATAGTTGTTGGTACTCCTGGACGTATCTTGGCACTT
GTCAAGAACAAGTCTCTCAACCTCAAGAATTTGAAGACGTTTGTTCTGGATGAATGCGACAAAATGTTGGATACCCTTGATATGAGAGG
CGATGTGCAGGAAATCTTCAGATCCACACCCCACGAGAAGCAAGTGATGATGTTCTCTGCTACACTAGCTAAAGAGATTCGTTCTGTCT
GCAAGAAATTCATGCAAGATCCCTTGGAAGTGTTCGTAGACGACGACAGCAAGCTGACGTTGAATGGTTTGCAACAGCATTATGTAAAG
TTGACAGACAACACCAAGAACAGGAAGTTGATTGATCTCCTTGATGCACTGGAATTCAACCAGGTGATCATCTTTGTGAAGTCAGTGCA
GCGATGCATTGCTCTAGCTCAACTGTTGGTAGAGCAGAACTTCCCTGCCATCGCTATCCATCGTGCCATGACACAAGAAGAAAGGTTGT
CCCGTTACCAACAGTTCANGGACTTCCAAAAACGTATTCTAGTAGCTACCA 
 
 
ORF Finder translation: 
 
      6 atgcctattcaaaaagatgaggaagtactgaagaagaattgtcca 
        M  P  I  Q  K  D  E  E  V  L  K  K  N  C  P  
     51 cacatagttgttggtactcctggacgtatcttggcacttgtcaag 
        H  I  V  V  G  T  P  G  R  I  L  A  L  V  K  
     96 aacaagtctctcaacctcaagaatttgaagacgtttgttctggat 
        N  K  S  L  N  L  K  N  L  K  T  F  V  L  D  
    141 gaatgcgacaaaatgttggatacccttgatatgagaggcgatgtg 
        E  C  D  K  M  L  D  T  L  D  M  R  G  D  V  
    186 caggaaatcttcagatccacaccccacgagaagcaagtgatgatg 
        Q  E  I  F  R  S  T  P  H  E  K  Q  V  M  M  
    231 ttctctgctacactagctaaagagattcgttctgtctgcaagaaa 
        F  S  A  T  L  A  K  E  I  R  S  V  C  K  K  
    276 ttcatgcaagatcccttggaagtgttcgtagacgacgacagcaag 
        F  M  Q  D  P  L  E  V  F  V  D  D  D  S  K  
    321 ctgacgttgaatggtttgcaacagcattatgtaaagttgacagac 
        L  T  L  N  G  L  Q  Q  H  Y  V  K  L  T  D  
    366 aacaccaagaacaggaagttgattgatctccttgatgcactggaa 
        N  T  K  N  R  K  L  I  D  L  L  D  A  L  E  
    411 ttcaaccaggtgatcatctttgtgaagtcagtgcagcgatgcatt 
        F  N  Q  V  I  I  F  V  K  S  V  Q  R  C  I  
    456 gctctagctcaactgttggtagagcagaacttccctgccatcgct 
        A  L  A  Q  L  L  V  E  Q  N  F  P  A  I  A  
    501 atccatcgtgccatgacacaagaagaaaggttgtcccgttaccaa 
        I  H  R  A  M  T  Q  E  E  R  L  S  R  Y  Q  
    546 cagttcanggacttccaaaaacgtattctagtagctacca 585     
        Q  F  X  D  F  Q  K  R  I  L  V  A  T  
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B. Clones of mitochondrial genes 
 
1. Clone jb060412-08 

Insert Size: 1100 bp 
Sequenced Length: 878 bp 
ORF?: n/a 
5’ UTR sequence?: n/a 
3’ UTR sequence?: n/a 
BLAST Homology: 16S mitochondrial rRNA 

 
 
Insert sequence 
 
GAAGTTGAATTACTTAAGTAGGCTAATAAAGTTAAGAAGTAGTTGTGGTAAAATTTACCTTTTGTATCATGGGCTGTCAAGATTAAGAA
GGATTATTGAATCCCGAAACTTTAAGATCTAACTGGGGTTTAATAAGAATTAAGGATTTGATGTGGCAATATCAAGGGTAAAATTCTAG
TTAGAGGTGATATGCTTGGCGCGTAAGGTGATATCTGGTTTAGTTAAAATTTTTGTTTATCAGATTAAAGTGGGAACTTATGGTAGACT
ATTTAGGATATGCTAAGTAGTGGGGTGAAGTATATAGTGGTAGGATTTAAAGTTTCTATCTAATTGTGTAATTACAAATAAAATAAAAT
ATTATGAAAATAAATATTCTAAGAAGGGTGAAATAATTACTCTTGTTAAACTGATAGTATCAGTATTTGATTATTTTAGGTGAAGGAAC
TCGGCAAAACTATTTATAGCTGTTTATCAAAAACATAGTTTTATGAAAGTAGTATATAAGATAATTTCTGCCCAGTGTTAAGTTAATAA
ACGGCCGTTTGTACGCTAAGGTAGCATAATCAGTTGTTCCTTAATTGGGGACTAGAATGAAGGGAATCATGTAGATGGACTTTCTTCAC
TTAATATCTAAAACTTAAACTCCTTATGAAAATGTGAGGATCAAAATTAAAGACCAAAAGACCCTAATGAGCTTAAATCTGGGTGAGTT
CTCTATTAACAGATTTTTATTGGGGGGGTAAGGGAAATACATCCTTGTTTTAAACCAATTCTTTAAAACCTTTAGTAAAGTTACCATAG
GGATAACAGGCCTAAATTTTTTAAGAGTTCACATTAACAATAAAATTTGGCACCTCGATGTTGGCTTANATAAACCT 
 
 
 
 
2. Clone jb060412-15 

Insert Size: 900 bp 
Sequenced Length: 750 bp 
ORF?: n/a 
5’ UTR sequence?: n/a 
3’ UTR sequence?: n/a 
BLAST Homology: 16S mitochondrial rRNA 

 
 
Insert Sequence: 
 
GGGTGAAGTATATAGTGGTAGGATTTAAAGTTTCTATCTAATTGTGTAATTACAAATAAAATAAAATATTATGAAAATAAATATTCTAA
GAAGGGTGAAATAATTACTCTTGTTAAACTGATAGTATCAGTATTTGATTATTTTAGGTGAAGGAACTCGGCAAAACTATTTATAGCTG
TTTATCAAAAACATAGTTTTATGAAAGTAGTATATAAGATAATTTCTGCCCAGTGTTAAGTTAATAAACGGCCGTTTGTACGCTAAGGT
AGCATAATCAGTTGTTCCTTAATTGGGGACTAGAATGAAGGGAATCATATAGATGGACTTTCTTCACTTAATATCTAAAACTTAAACTC
CTTATGAAAATGTGAGGATCAAAATTAAAGACCAAAAGACCCTAATGAGCTTAAATCTGGGTGAGTTCTCTATTAACAGATTTTTATTG
GGGGGGTAAGGGAAATACATCCTTGTTTTAAACCAATTCTTTAAAACCTTTAGTAAAGTTACCATAGGGATAACAGGCCTAAATTTTTT
AAGAGTTCACATTAACAATAAAATTTGGCACCTCGATGTTGGCTTAAGATAAAACCTAGGTGCAGAAGTTTAGGTATAAGGCTTGTTCC
GCCTTTAAAATCTTACATGAGCTGAGTTCAGACCGGCGAAAGCCAGGTTAGTTTCTATCTTAATTAATAGTAAACTTATAGTACGAAAG
GATTTAAGTTTAAAGTTGTACTTTAGTTAGAATTAATG 
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3. Clone jb060424-08 
Insert Size: 1350 bp 
Sequenced Length: 908 bp 
ORF?: yes, but with interrupting stop codons & frameshifts. Seems that cloned sequence 
has been altered. 
5’ UTR sequence?: no 
3’ UTR sequence?: not likely 
BLAST Homology: O. labronica mitochondrial cytochrome c oxidase (see Struck et al., 
2006) 

 
 
Insert sequence: 
 
TTTTCTATAATTGTAAATCAGGGTGTGGGGACTGGGTGGACAGTATATCCTCCTTTATCTAGGAGAATGAGTCATGGGGGGTCTTCTGT
TGATTTAGCTATTTTTTCACTTCATTTAGCTGGTATTAGCTCTATTTTAGGGGCAGTAAATTTTATTGGTACTGTAGCTAACATAGGCC
GAAAAGTATTTTCTTTTGAAAAGATGCCTCTATTTGTTTGAAGGGTCTTGATTACGGCTTTTCTTTTATTATTGTCTATACCTGTATTG
GCTGCTGGGATTACAATATTGTTGACTGATCGGAATTTAAATACATCCTTTTTTGATCCTTCGGGTGGGGGAGATCCGATCTTGTTTCA
GCATTTATTCTGGTTTTTTGGTCACCCTGAGGTCTATATTTTAATTTTACCAGGGTTTGGGGTGATTTCTCATGTTGTTATTAATCATT
CAGGGAAAAAGGAGGCTTTTGGTGTAGTAGGAATAATTTATGCCATAATTGGGATTGGGGTGTTAGGATTTATTGTGTGGGCTCACCAC
ATATATACTGTAGGAATGGATGTGGATACTCGAGCTTATTTTGCTGCTGCTACTATAATTATTGCGATTCCTACAGGCATTAAAATTTT
TAGGTGGCTAGCTACAATTTGTGGGCATGGTATAAAGGATATAAATTCAACTATATTATGAACGGTAGGTTTTATTTTTCTATTTACTG
TGGGGGGTCTAACTGGGATTGTTTTAGCTAACTCATCTCTTGATGTTTTGTTACATGATACTTACTATGTGACGGCTCACTTTCACTAT
GTTTTATCTATGGGGGCTGTTTTGCTATGTTTGCGGGATTTGTTTTTGGTACCCATATACCGGGTTAGGGTTACATGAGCGTTGATCTC
GTATTCAGTTTTTTGATG 
 
 
ORF Finder translation: 
 
     67 atgagtcatggggggtcttctgttgatttagctattttttcactt 
        M  S  H  G  G  S  S  V  D  L  A  I  F  S  L  
    112 catttagctggtattagctctattttaggggcagtaaattttatt 
        H  L  A  G  I  S  S  I  L  G  A  V  N  F  I  
    157 ggtactgtagctaacataggccgaaaagtattttcttttgaaaag 
        G  T  V  A  N  I  G  R  K  V  F  S  F  E  K  
    202 atgcctctatttgtttgaagggtcttgattacggcttttctttta 
        M  P  L  F  V  *  R  V  L  I  T  A  F  L  L  
    247 ttattgtctatacctgtattggctgctgggattacaatattgttg 
        L  L  S  I  P  V  L  A  A  G  I  T  I  L  L  
    292 actgatcggaatttaaatacatccttttttgatccttcgggtggg 
        T  D  R  N  L  N  T  S  F  F  D  P  S  G  G  
    337 ggagatccgatcttgtttcagcatttattctggttttttggtcac 
        G  D  P  I  L  F  Q  H  L  F  W  F  F  G  H  
    382 cctgaggtctatattttaattttaccagggtttggggtgatttct 
        P  E  V  Y  I  L  I  L  P  G  F  G  V  I  S  
    427 catgttgttattaatcattcagggaaaaaggaggcttttggtgta 
        H  V  V  I  N  H  S  G  K  K  E  A  F  G  V  
    472 gtaggaataatttatgccataattgggattggggtgttaggattt 
        V  G  I  I  Y  A  I  I  G  I  G  V  L  G  F  
    517 attgtgtgggctcaccacatatatactgtaggaatggatgtggat 
        I  V  W  A  H  H  I  Y  T  V  G  M  D  V  D  
    562 actcgagcttattttgctgctgctactataattattgcgattcct 
        T  R  A  Y  F  A  A  A  T  I  I  I  A  I  P  
    607 acaggcattaaaatttttaggtggctagctacaatttgtgggcat 
        T  G  I  K  I  F  R  W  L  A  T  I  C  G  H  
    652 ggtataaaggatataaattcaactatattatga 684     
        G  I  K  D  I  N  S  T  I  L  *  
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C. Clones without identifiable open-reading frames, or homology to known genes 
 
1. Clone jb060412-06 

Insert Size: 1300 bp 
Sequenced Length: 588 bp 
ORF?: no 
5’ UTR sequence?: possibly 
3’ UTR sequence?: no 
BLAST Homology: none  

 
 
Insert sequence 
 
TACCTACATTTAGATTACTGGTATGCCCACTAGTGGCAAGGGGCTGGGCAGCATGGGTGAAGTTAAGGTTTTGAGAGGATGTCTAGGTT
TCAATATTTCTTTTTTTAACCCCCCCTCCCTCAAACAAGCAATAAAAAATATATTGCAATGATGTTAATTGGGCCCAACCCTCAAAATT
TCTCTGCTTCAAGTATTTCACACCTAAGAAAGCCTTTACCGCTTCTCGACCACCACGCTACGTACAGTGTGTCTTGTATGCTCTTGTAT
CAAGACGAGAAAATTGTGTATGTGCACTAAACACCTAAACATTGAGTGGCCCGACTGCCAGCCATTTCAAAATGTATACATGCATACTT
TCAAAATACATGCATTTTGTTTGTCAGATGTAATTCATATAATTTTACATGAAAATTTTGTAATCATATGTTCAGTATTCAAAGCACCT
AATGAGGGTAATATCCATATAATTTCCCAAGTTTTTCCAAAAAGCCTTTATGCAACTCTAGGTTATATTTTTTTTGCAACGCAGCCCTA
ATCATAATCTCATCATGAAATAATATTCATTTTCNGCTGTNATGTTGCTTTTTG 
 
 
 
2. Clone jb060412-10 

Insert Size: 1000 bp 
Sequenced Length: 726 bp 
ORF?: No 
5’ UTR sequence?: No 
3’ UTR sequence?: No 
BLAST Homology: none 

 
 
Insert sequence 
 
GATGCTGGAGGTTTGGTAAACGTTTTGGAGGTTTGGTAAACGTTTTGGAGGTTTGGTAAACGTTTACTGTTACTGGGTAGTATGAGTAC
TAACAAGGTGACCTTCATAGTTACAGTGTCTATAAAGTAAAGATATTCTAGCTCTGAAAGACTAAAGTCGCGTTTCGTAACTAAAGACA
ACTGAAGATTTTCAGTGAAATCTTCGGTAGAGTATTTTCGCATCATAGAACGACACAAGCAGTGTGCATTTATAAGCTATGCAATGTAA
GAAATATTTTTGATTTAACAGTATTATCATAAATGTGCTTTCGTTTACTAATTAATTAAATAATTAATGTTTAAAGAAAATTGAAAGAC
TTGAAATTTAATTTTGTTCACTGACAATTTACTGATTTGTCAGTTGTAATCaGTTACgAAACGTGACTAAGCGTATCACTGGTCATACa
ATGTGTAATACAGGGTTCAAACATTCTGAAATTGCTGGCTATGATTCTGAAGTATTGCTATGATTCTGAATCaGATGCTATAATTCTGA
ATTGGATTGCTATAATTCTGAATTGGATTGCTATAATTCTGAATTAGATTGCTATAATTCTGAATTAGATTGCTATGATTCTGAATTAG
ATTACTATAATTCTTAATTATATTCtATGATTTTGAACTAGATGGCTATTATTCTGAATTGGATTGCTATGATTCTGAATTGGATTGCT
ATGATAATTTCGCC 
 
 
 
 
3. Clone jb060412-16 

Insert Size: 1800 bp 
Sequenced Length: 833 bp 
ORF?: no 
5’ UTR sequence?: n/a 
3’ UTR sequence?: n/a 
BLAST Homology: n/a 

 
 
Insert sequence: 
 
AAACCAATCGTGCACTTGAATTGCTGAAATGCCGCTAAAACTGGGAAGCTTGGCTTTTGAGATGGGCATGAGCCCAAATCCGGATCCGG
ATGAGTCCAAATCATCTGGAGGTGGTGGGTCATCAGAATCAAGTAGCACAACAGAGGCAACAAAGCCGAAACCGACTGAGGAAAAGTCT
AACCCTCCTAGAAGACCCATGTAGGCTACATGACGTCATAGAGACTGCATCCAACCGACGGGCAACAACCACCACCATCTACCACATCT
TATGCTTACTACAACTTACCACTTTGAGTGACAACCTCCAAATTTGCTTTATAGAAAAAAGTTGAAATTTATGCACTCATGTGATTTCA
CGCTGTTACCAGCAATTTTGTTTTGCAAGCACTTGTTGAATTATCAGCTGTTTACCTTTTTTCTTTAAAGGTGCTCTGTCCCTGAGCAC
TGTTGACCGGCCAAATACAAAAGAAGTCGGGAACATAAACAGAGGTTCCTCCGCCTTCAAAATGCCTAACACTAGGTATTGTAGTCAAG
GCCCTGTGAGTAGTCTAAACAATCTTACGTGCAATAATGCTCGGGGACAGTGCACCTTTATCATGTACTGTGCCCTTCTGACCTATTTG
TCATGTATATATTGCACCATGTGCGAATGTTGTATATGAATGCTGCAGTCGGCTAAATGCTTATGATATGTAATGTTATCTGTGTTATT
TGATTCTTTGCTGTATGTGAATATGTACGTATGAGGAGAACCTAAAAGGAAACCTAAAATATATTGCATATTCGATATTCTCCCCCCCT
CCCCTCTCGTGTAAAATTGCCTGTGCAAATTA
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4. Clone jb060424-02 
Insert Size: 1300 bp 
Sequenced Length: 778 bp 
ORF?: no 
5’ UTR sequence?: ? 
3’ UTR sequence?: ? 
BLAST Homology: none  

 
 
Insert sequence: 
 
TCTGTAGAATGGTTCATGTTTAGGGTTTTTGTTGTATTTGTTACAAGAAATTGTAGTTGTGCATTTCAAGTATCATATTCATGCACCAG
TAACGAATCACGTGTTTTAGTTGTAGGTAGGTAATGTCTAGAAGTGTTACAGTTTTTTGTCTGGTTCATTTCAGCAACAGTTTTTCTAG
TTTCTAGTAACACTATAGTAAATACGCAGGCGTTCTAGTGGGTCCGACTATATTGGTCCCATTTGTATTTTGCTATACTGTATATGTGC
AGGCGTTCTAGTCGGTCCGACTATATTGGTACCATGTGCACTCTGCTATACAGTATATGTGCAGGCGTTCTAGTCGGTCCGACTATATT
GGTACCATGTGTATTCTGCTATATAGTATATGTGCAGGCGTTCTAGTCGATCCGACTATATTGGTACCATGTGTATTCTGCTATATAGT
ATATGTATAGGCGTTCTAGTTGGTCCGACTATATTGGTACCATGTGTATTCTGCTATACAGTATATGCCTGCTGGCATACAGTGTTACA
TTTGTGCTATATATACATGTAGTGTGGTGTAGTGGTATAATTATATTGTGTTCTACTATTTAGGCTATAATCTGTACATCTTACCCTAG
CTACTTTCATGTTGAATGCTCTTTACATGTTCTTACATATCATGCTTCACTGCACGAAAAAAAACTAATTGTTTCACTTCAATAAAACC
ATGGGAAAACTTTAAAAATTGACAAACAAAAACAAAAAAAATTGTCAGTTTTCTGGAGTTTCCTGT 
 
 
5. Clone jb060424-03 

Insert Size: 1050 bp 
Sequenced Length: 855 bp 
ORF?: no 
5’ UTR sequence?: ? 
3’ UTR sequence?: ? 
BLAST Homology: none 

 
 
Insert sequence: 
 
TAGTACTGTGTGTTTGTGTAGAGAATCTAATATATTTGAGCATAACGTGAATAAAGATAGTCAGAAGCTAAAGATATTACTGCTATGCG
AGTCTAACAGTTTAACAAGTATTAGTGCAGGAATGCTTGCGTATTCATGGTGCGCTCAGTATTACCTGTGTCACTACTATACCTATCCT
AAAACTTTTGTGATAAGCTATAATATAATAATGTACTGCATTCTCATTCGTTGATCGAATGTTTACTTTGCACCGTTGCACTTTATTCA
TGCACTTTCACAGGCGCTTTATCGCCTGTTTTTGTGTGAATAAGCGTCCAAAATCATGAATGCGTGTGAATGCGTTTTGTGAAGTAATA
TTTTATTGCTTATGATTGTCTTCTAGTTTAGCATATTGACTTGTGTTTCTTCGTTTATGTTCAAATTTATGTATTTTTTCGAATGTCTT
CTAGGCCTTTTAGCAATGCTAGAAGTCTCAGATATTGCTATGACATTTATTGAAATATTTATGCAGAACACTTTTGAACCCATTTTTAG
CCTGAACACCAGAAGCATACACTTTGAAATTGTAGAGCTGTTATGAGATATATGAGAGAGATATATGACATGTGATTTGTAGTGTAGGG
TTGGCAGGGTTTCTTATCATACAGTTCCTGTAGCTACAAGGCATTGGTTGTTTGTACGTGAATCATAATGTTTGTACGTAACGCTTGTT
CATTTGTACATGTATTGTATTGTTCGTCTCATCAGTACACGCACCCCTCATCCTCTCATCTTCAAGTGTACATACACATTGTTTTGTAC
TGCGTACATGTCTATCTCTACCCATATGTACAGTTTATTACATGTGATTTACTG 
 
 
6. Clone jb060424-05 

Insert Size: 1100 bp 
Sequenced Length: 712 bp 
ORF?: very short, at beginning, in blue below 
5’ UTR sequence?: no 
3’ UTR sequence?: yes if ORF is “real” 
BLAST Homology: none 

 
GAAGTTGAATTACTTAAGTAGGCTAATAAAGTTAAGAAGTAGTTGTGGTAAAATTTACCTTTTGTATCATGGGCTGTCAAGATTAAGAA
GGATTATTGAATCCCGAAACTTTAAGATCTAACTGGGGTTTAATAAGAATTAAGGATTTGATGTGGCAATATCAAGGGTAAAATTCTAG
TTAGAGGTGATATGCTTGGCGCGTAAGGTGATATCTGGTTTAGTTAAAATTTTTGTTTATCAGATTAAAGTGGGAACTTATGGTAGACT
ATTTAGGATAAGCTAAGTAGTGGGGTGAAGTATATAGTGGTAGGATTTAAAGTTTCTATCTAATTGTGTAATTACAGATAAAATAAAAT
ATTATGAAAATAAATATTCTAAGAAGGGTGAAATAATTACTCTTGTTAAACTGATAGTATCAGTATTTGATTATTTTAGGTGAAGGAAC
TCGGCAAAACTATTTATAGCTGTTTATCAAAAACATAGTTTTATGAAAGTAGTATATAAGATAATTTCTGCCCAGTGTTAAGTTAATAA
ACGGCCGTTTGTACGCTAAGGTAGCATAATCAGTTGTTCCTTAATTGGGGACTAGAATGAAGGGAATCATATAGATGGACTTTCTTCAC
TTAATATCTAAAACTTAAACTCCTTATGAAAATGTGAGGATCAAAATTAAAGACCAAAAGACCCTAATGAGCTTAAATCTGGGTGAGTT 
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7. Clone jb060424-09 
Insert Size: 950 bp 
Sequenced Length: 867 bp 
ORF?: no 
5’ UTR sequence?: no 
3’ UTR sequence?: no 
BLAST Homology: no 

 
 
Insert sequence: 
 
TAATTTGTCGCCCGGCTTTCCTCGGTTAGTAATCCAACTAGTAATATGAACAGACTTTATCATTGTTAGGTGGGAAGGGAGAGCTTCCT
TTTACTTATTGCAGTTGGACCGAAGCTGATGTTCATTAGCTGGTAACAAATTTGTTAGTTGTCTTTGACTTTGTGTTTTCTGCGAAGGA
GTTTGGGTGTATGTTGGCGTGTGCGTGAATGAGTGCCTAGTTGCAAGATTGAAAATGTGCTCTTGCACAATTTACATGGCTTGAGGTGA
AAATCCTCTGCTTGTAGATTATTTGCATGAGAACATTTTAACATTGTCTCTTGGTCAGCTATCTTGAAATGCTTGAGTAAAGTCGTCTT
GAAAAGAGAAATTCTGACCAAGACTCGATGAATAGTCAGTGCTTAAGATGTGCGACTTAAAACTTTTAGCAATCTCATGCAGCATGAAA
TGGTGCTGTTTTTTATTTGGTCTAATCTTTTGGGAAATCCTTGGCCACAAAACCAGTGATGACTGGCTATTTATACAACTAGTCTCTTA
ATATGACAGATTTGTTGTAAATCACAGGTTACATGTGTTAGCTATGATGGCTGGTCTTGATCGTGCTTTCACGATGAAATTCGAAATTT
GTCTTTTGGAAGTTGAAAAAAACAACTTAGTAAATTCTAATTTGATAGGCGTTTTTTTCTGTTTTTTTCCCTCTCATGAATATGCAACT
AATGACTGAATTAATTCTGTAATGCAAGTAACGGATTTTGCAAGTGTTTTTGAGTTGTTTGGGCTTTGAAATTATGTTTCATATATGTT
TTAGTTTACAGATTTCTGAAATTTATGTAAATATCAATTTGCTGGTGAATAAATAGTTTAGGAAAA 
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