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Abstract 

Regeneration, the replacement of lost or damaged body parts, and 

biomineralisation, the biologically controlled formation of minerals, are important 

and widespread abilities in the animal kingdom. Both phenomena have a complex 

evolutionary history; thus their study benefits from investigations in diverse 

animals. Spirobranchus (formerly Pomatoceros) lamarcki is a small tube-dwelling 

polychaete worm of the serpulid family. Serpulids have evolved a novel head 

appendage, the operculum, which functions as a defensive tube plug and 

regenerates readily when lost. In S. lamarcki, the end of the operculum is 

reinforced by a calcareous plate; thus, the operculum is a good system in which to 

study both regeneration and biomineralisation. This thesis explores several aspects 

of these important processes in the adult operculum. First, a time course of normal 

regeneration is established. Next, cell proliferation patterns are described, 

suggesting a combination of proliferation-dependent and proliferation-independent 

elements in opercular regeneration. The formation of the calcareous opercular plate 

is examined using both microscopic observations of whole opercular plates and X-

ray diffraction analysis of isolated plate mineral, revealing a large shift in 

mineralogy over the course of regeneration. Histochemical study of alkaline 

phosphatase enzyme activity indicates the importance of these enzymes in the 

operculum, although their precise functions are as yet unclear. Finally, a 

preliminary survey of three opercular transcriptomic datasets is presented, with a 

broad sampling of gene families with regeneration- or biomineralisation-related 

roles in other animals. The opercular transcriptome constitutes the first 

biomineralisation transcriptome from any annelid, and one of the first 

transcriptomic datasets related to annelid regeneration. Many of the candidate 

genes examined here display interesting behaviour and suggest targets for further 

investigation. The work presented here establishes the S. lamarcki operculum as a 

promising model system in the field of evolutionary developmental biology  
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1. General Introduction 

1.1. The diversity of regeneration 
Regeneration is the replacement of lost or damaged body parts. This umbrella term 

includes a wide range of abilities and a wide range of regenerative mechanisms, 

from the replenishment of muscle cells from tissue-specific resident progenitor cells 

(Zammit et al., 2006; Konstantinides and Averof, 2014) to the replacement of all 

adult tissues from a single pluripotent stem cell (Wagner et al., 2011). Some degree 

of regenerative ability was probably ancestral for the Metazoa simply based on 

phylogenetic bracketing. Even taking into account uncertainties regarding the 

deepest branches of animal phylogeny (Dunn et al., 2008; Philippe et al., 2009; 

Nosenko et al., 2013; Ryan et al., 2013), the major lineages representing the 

deepest branching events in animal evolution (sponges, cnidarians, bilaterians and 

ctenophores) are all replete with highly regenerative species. The evolutionary loss 

of regeneration is a common occurrence, its gain generally assumed to be far less so 

(Bely, 2010; Bely and Nyberg, 2010). Regeneration may ancestrally be a byproduct 

of development, but its persistence is likely governed by a complex balance of 

pleiotropic effects, physiological cost and fitness benefits (Bely and Nyberg, 2010). 

Despite a likely common root, modern animals and their diverse body parts employ 

a wide variety of strategies to replace what was lost. 

Theoretical possibilities for regenerative strategies are extensive. In his classic 

work on regeneration, Morgan (1901) defined two basic regenerative modes: 

epimorphosis, in which proliferation occurs at the cut surface before the missing 

parts differentiate, and morphallaxis, in which replacement of missing parts occurs 

by transformation of existing parts without proliferation at the amputation site. 

Epimorphic regeneration is generally characterised by a blastema, an 

undifferentiated outgrowth at the cut site.The cellular sources of regenerated 

tissue (reviewed by Tanaka and Reddien, 2011) can be old differentiated cells from 

the same or another lineage, or they can be resident stem/progenitor cells of 

varying potencies. Old cells can dedifferentiate into a stem cell-like state or 

transdifferentiate into the cell type(s) needed with no stem-like intermediate. Cells 

can originate from the immediate vicinity of the wound or migrate from long 

distances. 

As already observed by Morgan, epimorphosis and morphallaxis are not sharply 

separated in real organisms. Reddien and Sánchez Alvarado (2004) also point out 

that unlike epimorphosis, the original definition of morphallaxis does not actually 

specify the cellular basis of the regenerative process, only that it does not involve 

proliferation at the wound site. In animals that can regenerate multiple body parts, 

different structures may be replaced in different ways, even if they were 

amputated together. For example, planarian head and tail regeneration involve 
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extensive proliferation and a clear blastema from which organs such as the brain 

and eyes differentiate, but structures in the middle of the body (the pharynx in 

particular), and the correct proportions of the animal, are restored by 

reorganisation of old tissues (Reddien and Sánchez Alvarado, 2004). Urodele 

amphibians replace their limbs and tails via a classical epimorphic process 

involving a blastema derived from dedifferentiation of nearby cells (Brockes, 1997; 

Nye et al., 2003). In contrast, the lens in the eyes of the same animals regenerates 

without a blastema, through the transdifferentiation of cells from the dorsal iris 

(Tsonis et al., 2004). In sabellid annelids with a high regenerative capacity, 

abdominal segments can transform directly into thoracic segments, while 

abdominal and head regions are replaced from new growth (Berrill, 1978). 

1.1.1. Enduring classics 

Historically, three model systems have dominated the field of regeneration biology: 

hydras, planarian flatworms, and urodele amphibians. These classical models 

continue to be well-studied today, now updated with genome- or transcriptome 

level sequence data and a range of genetic tools. The three taxa are very different 

in terms of phylogeny, body plan, regenerative capacity and mechanisms, providing 

a broad sampling of the evolutionary story of animal regeneration. The following is 

a very brief overview of the regenerative strategies employed by these animals. 

1.1.1.1. Hydra 

The small freshwater cnidarian Hydra was one of the first animals in which 

regeneration received serious scientific study. Hydras have very high regenerative 

capacity, able to form complete animals from small fragments, and even to 

reaggregate into a normal animal from dissociated cells (Gierer et al., 1972). 

Regeneration and asexual reproduction in hydrozoan cnidarians was part of the 

inspiration for the idea of morphogen gradients (Morgan, 1904), one of the 

fundamental concepts of modern developmental biology. 

Regeneration in Hydra is the archetypical example of morphallaxis (Bode, 2003), or 

a direct transformation into “a new organism, or part of an organism, without 

proliferation at the cut-surfaces” (Morgan, 1901). Nonetheless, the intact body of 

Hydra is a highly dynamic cell community, with tissues always being renewed from 

three constantly cycling stem cell populations (Bosch et al., 2010; Tanaka and 

Reddien, 2011). Cells also continuously shift across body regions as they are 

pushed towards the animal’s extremities by its “conveyor belt” tissue renewal 

system (Bode et al., 2003; Bosch et al., 2010). While Hydra can regenerate a head 

without cell proliferation (Hicklin and Wolpert, 1973), this is clearly not a 

universal feature of cnidarians: the model anthozoan, Nematostella vectensis, 

cannot regenerate its oral tentacles when proliferation is chemically inhibited at 

critical times (Passamaneck and Martindale, 2012). Furthermore, when Hydra 

itself is bisected more basally, head regeneration does rely on a blastema-like 

proliferative zone (Chera et al., 2009). 
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1.1.1.2. Planarians 

Planarian flatworms are peculiar among bilaterian animals in that both tissue 

homeostasis and regeneration might rely exclusively upon pluripotent stem cells 

(neoblasts). Neoblasts (reviewed by Baguñà, 2012) are the only mitotic cells in an 

adult planarian and make up a considerable proportion of its total cell count. 

Ionising radiation destroys such cells and renders a planarian incapable of 

regeneration, and, eventually, survival (Bardeen and Baetjer, 1904; Wagner et al., 

2011). Gene expression studies point to the existence of distinct neoblast 

subpopulations expressing markers of specific mature cell types (Reddien, 2013); 

however, transplantation of a single neoblast can rescue an animal from lethal 

irradiation, proving that at least some neoblasts are indeed pluripotent (Wagner et 

al., 2011). 

Classical model planarians such as Dugesia japonica, Dugesia/Girardia tigrina 

and Schmidtea mediterranea are capable of regenerating whole animals from tiny 

fragments. Not all flatworms, and indeed not even all planarians, share this 

fantastic capacity; for example, several planarian species are normally incapable of 

head regeneration, although inhibition of Wnt signalling, which acts as a 

posteriorising factor, can improve this deficiency in at least some species (Umesono 

et al., 2013; Sikes and Newmark, 2013; Liu et al., 2013). 

Another peculiarity of planarian regeneration is the mostly non-proliferative 

blastema. In other blastemal systems such as urodele limbs (Brockes, 1997), 

cephalochordate tails (Somorjai et al., 2012), annelid heads (e.g. Marilley and 

Thouveny, 1978; Paulus and Müller, 2006; Zattara and Bely 2011), and echinoderm 

arms (Candia Carnevali et al., 1995; 1997; Moss et al., 1998), the blastema (and 

often its immediate vicinity) are sites of elevated proliferative activity. In contrast, 

the regenerative proliferation response in model planarians is concentrated outside 

the blastema, both adjacent to it and at large distances (Saló and Baguñà, 1984), 

although mitotic cells inside the blastema were observed “occasionally” by 

Wenemoser and Reddien (2010), especially in posterior amputations. 

Interestingly, a planarian-like regeneration system was recently described in 

acoels (Srivastava et al., 2014). As in planarians, the acoel anterior blastema is 

non-proliferative, and regeneration appears to rely on a large piwi+ cell population 

that is distributed throughout most of the intact animal and includes almost all 

mitotic cells in intact worms. The phylogenetic position of these relatively simple 

bilaterians has been highly contentious since the rDNA-based phylogeny of Ruiz-

Trillo et al. (1999) caused their “eviction” from the Platyhelminthes. Some authors 

consider them the sister group to all other Bilateria (Telford et al., 2003; Sempere 

et al., 2007; Srivastava et al., 2014), while others place them among the 

deuterostomes (Philippe et al., 2007; 2011), and yet other analyses find them too 

unstable to assign (Dunn et al., 2008). If either Ruiz-Trillo’s or Philippe’s 

hypothesis is correct, it would place planarians and acoels at the greatest possible 
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phylogenetic distance within the Bilateria, raising intriguing questions about their 

similar regenerative modes. Nonetheless, planarian regeneration may well be 

derived within flatworms at least in that proliferative blastemas have been 

documented in multiple phylogenetically distant platyhelminth species, including 

both non-planarian rhabditophorans (Nimeth et al., 2007; Egger et al., 2009; 

Verdoodt et al., 2012; Girstmair et al., 2014) and catenulids (Dirks et al., 2012). 

1.1.1.3. Urodeles and other vertebrates 

Urodele amphibians (newts and salamanders) are not very regenerative compared 

to hydras and planarians, but they are compared to amniotes (birds, mammals and 

“reptiles”). More recently, teleosts (chiefly zebrafish) have joined them as the go-to 

vertebrate regeneration models, as they have similarly good regenerative 

capabilities, not to mention the rich experimental resources of a model organism. 

Urodeles can perfectly replace lost tails and limbs (Tanaka, 2003), lenses (Tsonis et 

al., 2004), jaws (Ghosh et al., 1994), and parts of the heart (Cano-Martínez et al., 

2010). Limb and tail regeneration are epimorphic processes sensu Morgan (1901): 

they begin with the formation of an undifferentiated mass of mesenchymal cells, 

the blastema, at the amputation site. The blastema proliferates and grows before 

differentiating into mature tissues such as skeletal muscle and cartilage. 

Studies of limb, tail and fin regeneration in vertebrates have demonstrated that 

the cellular sources of regenerated structures in these animals are quite different 

from those in hydras and planarians. Although the relative contribution of 

dedifferentiation and resident progenitor cells is a matter of continued debate 

(Tanaka and Reddien, 2011), it is increasingly clear that the seemingly 

undifferentiated cells of the vertebrate blastema are restricted in their potential. 

Lineage tracing studies in fish, amphibians and mammals indicate that each cell 

type can only replace a limited range of cell types related to its original lineage 

(Gargioli and Slack, 2004; Kragl et al., 2009; Tu and Johnson, 2011; Lehoczky et 

al., 2011).  

A blastemal, epimorphic mode of regeneration for appendages and the body axis 

appears to be ancestral for chordates. Amniotes generally have very limited 

regenerative capabilities, but digit tip regeneration observed in neonatal mammals 

is similar to that seen in teleost fish and amphibians (Han et al., 2008). Although 

tail regeneration in amniotes (specifically, lizards) is quite different from that in 

amphibians in terms of histology, proliferation and differentiation patterns 

(Hutchins et al., 2014), tail regeneration in the invertebrate chordate amphioxus is 

highly reminiscent of amphibians and fish, including a proliferative blastema 

expressing an msx gene, dedifferentiation at the end of the stump, and pax3/7 

positive mitotic cells that may be homologous to muscle satellite cells (Somorjai et 

al., 2012).  
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1.1.2. Regeneration in annelids 

Almost all annelids (leeches excepted) can regenerate their posterior segments, 

although anterior regeneration is less widespread (Hyman, 1940; Bely, 2006; 2010; 

Bely et al., 2014). Bely (2006) and Bely et al. (2014) contend that posterior 

regeneration is probably ancestral for the group. Given its patchier distribution, 

the history of anterior regeneration must have involved multiple losses and/or 

gains, but systematic assessments of its distribution in a solid phylogenetic 

framework are lacking for most groups. The fact that regenerative capacity often 

varies extensively within families (Bely and Sikes, 2010) or even genera (Berrill, 

1978; Licciano et al., 2012) indicates a degree of evolutionary lability. 

Both head and tail regeneration in annelids involve the initial formation of a 

proliferative blastema (reviewed by Hill, 1970; Bely, 2014), but proceed differently 

thereafter. Hyman (1940) already noted that annelid posterior regeneration is 

essentially the same as normal growth. With few exceptions, adult annelids add 

new segments throughout their lifetimes; these segments form in a growth zone 

immediately anterior to the pygidium, which terminates the body and bears the 

anus. Indeed, descriptions of tail regeneration in a range of annelid taxa state that 

once a pygidium and a handful of other segments are formed at the amputation 

site, the remainder of the missing tail segments are replaced by sequential addition 

(e.g. Myohara et al., 1999; Bouché et al., 2003; Gibson and Paterson, 2003; 

Prud’homme et al., 2003; Novikova et al., 2013). In contrast, head regeneration 

generally involves the more or less simultaneous differentiation of a defined 

number of head segments from a blastema (e.g. Myohara et al., 1999; Gibson and 

Paterson, 2003; David and Williams, 2012). Nonetheless, in some cases, a fairly 

large number of posterior segments may differentiate simultaneously from the 

blastema before reestablishment of a normal growth zone (Giani et al., 2011). 

The cellular sources of regenerated structures in annelids are not yet clear due to 

the lack of lineage tracing information. Proliferation studies in disparate annelid 

taxa confirm that proliferation in the annelid blastema extends across germ layers 

(Marilley and Thouveny, 1978; Paulus and Müller, 2006; Zattara and Bely, 2011; 

Sugio et al., 2012; Gazave et al., 2013). Hill’s (1970) excellent review of annelid 

blastemas cites a number of French-language studies by Boilly suggesting that in 

the polychaetes  Orbinia (= Aricia) foetida (Boilly, 1968), Syllis amica (Boilly, 1967; 

1969a) and Nereis diversicolor (Boilly, 1969b), the cells contributing to the 

regenerate originate locally. In these species, X-ray irradiation of the segment 

adjacent to the amputation site, but not the irradiation of other segments, inhibits 

regeneration. From histological observations, Boilly also concluded that all germ 

layers are involved in the formation of the blastema. Based on histological studies, 

phylogenetically disparate species including the basal annelid Owenia fusiformis 

(Fontés et al., 1983), the earthworm Eisenia andrei (Park et al., 2013) and the 

errant polychaete Nereis diversicolor (Herlant-Meewis and Nokin, 1962) appear to 

use dedifferentiation of mature tissues adjacent to the wound as a major source of 
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blastemal cells. Nonetheless, as Hill (1970) cautions, the similar appearance of 

cells within the blastema makes following cell fates after blastema formation 

difficult.   Four decades later, a process involving all germ layers and relying on 

cells derived mostly from local tissues is still the general consensus favoured by 

Bely (2014), although she reminds us that true lineage tracing studies of annelid 

regeneration are lacking to this day.  

One of the long-standing issues in annelid regeneration is the nature, distribution 

and role of neoblasts, discussed in the reviews of Hyman (1940), Hill (1970) and 

Bely (2014). These cells were originally described by Randolph (1892) in 

Lumbriculus and are commonly found associated with the intersegmental septa of 

oligochaetes. They appear undifferentiated with large nuclei, and after amputation, 

cells with the characteristics of neoblasts have been observed along the ventral 

nerve cord and in the forming blastema in a variety of species. From such 

observations, it would appear that the neoblasts of oligochaetes are activated at 

long distances from the wound, proliferating and migrating along the nerve cord to 

contribute to the regenerate. Nonetheless, their distribution and role(s) have been 

debated for decades. Faulkner (1932) argued that not only are they present in a 

polychaete, Chaetopterus, they give rise to all tissues during posterior 

regeneration, and Probst (1931; cited in Hyman [1940]) said the same for Aricia; 

however, others held the view that neoblasts only contribute to certain mesodermal 

tissues (Cornec et al., 1987; see also references in Hyman, 1940). Myohara (2012) 

compared Enchytraeus species possessing and lacking neoblasts, and concluded 

that these cells have more to do with asexual reproduction than regenerative 

capacity per se. Neoblast-like cells have actually been described in serpulids 

(Faulkner, 1930) as well as Chaetopterus (Faulkner, 1932). Faulkner (1930) 

contended that as in tail regeneration in Chaetopterus, these cells produce all 

tissues of asexual buds in the serpulid Filograna implexa, but apart from such 

early histological studies, very little is known about putative neoblasts in 

polychaetes. In fact, careful electron microscopy showed the “neoblasts” of the 

serpulid Spirorbis to contain extensive secretory apparatuses and what appeared 

to be crystals of the respiratory pigment chlorocruorin (Potswald, 1969). Without 

molecular markers, lineage tracing studies and/or experimental ablation of 

putative neoblasts, their homology across different annelid taxa, their potency, and 

their precise role in regeneration are impossible to know with certainty. 

While the existence and capabilities of neoblasts in polychaetes are uncertain, 

some sort of stem cell does seem to play a role in the posterior growth zone. Gazave 

et al. (2013) observed two bands of distinctive rounded cells with large nuclei in 

this region during post-embryonic growth and adult tail regeneration in Platynereis 

dumerilii; they formed a complete ectodermal ring and a partial mesodermal band 

immediately anterior to the pygidium. These cells were proliferative and expressed 

a number of markers associated with either pluripotent or lineage-specific stem 

cells in other organisms (Gazave et al., 2013). The blastema and the normal 
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posterior growth zone is also a site of piwi expression in Capitella teleta, a distantly 

related species according to the recent phylogenomic studies of Struck et al. (2011) 

and Weigert et al. (2014). 

While annelid axial regeneration is reasonably well-studied, comparatively little is 

known about the numerous and diverse appendages (parapodia, palps, tentacles, 

cirri and of course, opercula) that members of the phylum possess. Many such 

appendages are known to regenerate, and they are often mentioned in studies of 

segment regeneration, but they are rarely studied in their own right. (Annelid and 

other lophotrochozoan appendages are further discussed in Chapter 3.) 

1.2. The hard part 
Mineralised hard parts are almost as widespread in living animals as regenerative 

ability, and biomineralisation is integral to the regeneration of structures such as 

mollusc shells, echinoderm arms, vertebrate appendages and, indeed, serpulid 

opercula. Biomineralisation is, of course, not limited to animals; numerous lineages 

of bacteria, single-celled eukaryotes, and multicellular organisms secrete minerals 

to protect themselves, support their bodies or subdue their prey. These minerals 

take a bewildering variety of forms: Lowenstam and Weiner’s (1989) classic book 

tabulates the occurrence of over 60 distinct mineral phases throughout the living 

world, the majority of which can be found in at least one animal. However, 

mechanical considerations suggest that “skeleton space” is inherently limited, and 

that animals very rapidly explored most of it during their early evolution (Thomas 

and Reif, 1993). Skeletal biomineralisation in animals probably originated in the 

latest Precambrian, during the second half of the Ediacaran period. In the first half 

of the following Cambrian period, the diversity of animal body plans increased 

rapidly in the course of the enormous adaptive radiation popularly known as the 

Cambrian explosion. This event was an explosion of skeletons as much as it was an 

explosion of taxa; mineralised shells and skeletons of such diverse groups as 

echinoderms, molluscs, arthropods, brachiopods and chordates, as well as a large 

variety of extinct taxa appear within this geologically short time span (Kouchinsky 

et al., 2012). Such mineralised body parts must have played a major part in the 

evolutionary arms race that is thought to be one of the underlying causes of the 

explosion (Marshall, 2006). 

Skeletal mineralogy in carbonate-secreting organisms is thought to be under the 

influence of ocean chemistry, specifically the Mg/Ca ratio of seawater. At low ratios 

under normal surface temperatures and pressures, calcite is the most stable and 

least water-soluble polymorph of calcium carbonate. However, high Mg/Ca ratios 

encourage the incorporation of Mg2+ ions in calcite, decreasing its stability. At 

sufficiently high Mg content, calcite actually becomes more soluble than aragonite 

(Andersson et al., 2008). Thus, the environment influences the cost of building and 

maintaining calcareous skeletons of different mineralogies. Both the dominant 

mineralogy of reef-builders (Stanley, 2008) and the mineralogy of newly evolved 
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skeletons (Zhuravlev and Wood, 2008; Kouchinsky et al., 2012) loosely correlate 

with prevalent ocean chemistry, although other authors have suggested that the 

correlation is an artefact of mass extinctions (Kiessling et al., 2008). On 

physiological time scales, studies have demonstrated the ability of ambient Mg/Ca 

ratios to influence skeletal mineralogy in some taxa (Lorens and Bender, 1977; 

Ries, 2004; Ries et al., 2006; Checa et al., 2007; Higuchi et al., 2014), but the often 

limited nature of such influence stands as a testament to the control exerted by 

animals over their skeletons. 

1.2.1. Shells, carapaces and bones 

Among calcifying animals, vertebrate bone has probably received the most study, 

closely followed by molluscan (particularly bivalve) shells. Other reasonably well-

studied calcifiers include echinoderms (especially larval sea urchins), crustaceans 

and scleractinian corals, with much of the interest in the last group being related 

to their importance as reef builders. All of these groups except vertebrates form 

calcium carbonate skeletons: aragonite, sometimes low-Mg calcite, and occasionally 

vaterite in molluscs, (usually high-Mg) calcite, aragonite, and some stable 

amorphous calcium carbonate (ACC) in crustaceans, high-Mg calcite in 

echinoderms and predominantly aragonite in scleractinian corals (Lowenstam and 

Weiner, 1989). Vertebrate bone mineral is dominated by calcium phosphate and is 

generally regarded as a carbonated apatite, although the exact nature of bone 

mineral historically proved surprisingly hard to determine (Bonucci, 2007). 

A general property of known biomineralisation systems is that mineral is deposited 

and shaped in a protected space where important properties of the fluid such as pH 

and ionic balance can be tightly regulated (Lowenstam and Weiner, 1989). In 

molluscan shells (Marin et al., 2012), this space is formed between the mantle 

epithelium and the outer organic layer of the shell (periostracum). Vertebrate bone 

mineral is nucleated within matrix vesicles and in spaces within collagen fibrils 

(Bonucci, 2007). The primary mesenchyme cells of larval sea urchins fuse into a 

syncytium to surround the growing spicules (Lyons et al., 2014), while sponge 

sclerocytes enclose developing spicules without fusion (Sethmann and Wörheide, 

2008). 

 In addition to an isolated mineralisation site, the properties of biominerals are 

controlled by a matrix of organic macromolecules. In vertebrates, bone matrix is 

mostly collagen (Eastoe and Eastoe, 1954), although minor components such as 

members of the secreted calcium-binding phosphoprotein (SCPP) family also play 

important, and, in the case of tooth enamel, even dominant roles (Kawasaki and 

Weiss, 2006). The most discussed model for molluscan nacre (mother-of-pearl) 

involves a framework of chitin associated with silk-like proteins and acidic proteins 

(Lowenstam and Weiner, 1989; Addadi et al., 2006; Marin et al., 2007), although 

the chitin/silk model may not apply to all groups (Jackson et al., 2010). Crustacean 

calcification takes place in a typical chitinous arthropod cuticle associated with 
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various proteins (Lowenstam and Weiner, 1989); several of these proteins seem to 

share a conserved 18-amino acid motif (Nousiainen et al., 1998; Andersen, 1999). 

The presence of stable ACC seems specifically related to Glu-rich proteins 

(Sarashina and Endo, 2006). In echinoderms, sea urchin skeletons are the best 

known. Sea urchins have a variety of hard parts including a larval skeleton, the 

adult test, spines and teeth. These all have somewhat similar proteomes, often 

featuring alternative members of the same families (Killian and Wilt, 2008; Veis, 

2011). Major skeleton-related protein families in sea urchins (Livingston et al., 

2006) include collagens, spicule matrix proteins containing C-type lectin domains 

and Gly/Pro rich repeat regions, and members of the msp130 family, which is 

discussed in more detail in Chapter 6. Scleractinian coral skeletons also include 

collagens (Drake et al., 2013), in addition to both coral-specific (Watanabe et al., 

2003; Sunagawa et al., 2009; Drake et al., 2013; Ramos-Silva et al., 2013) and 

widespread protein families (Drake et al., 2013; Ramos-Silva et al., 2013). The 

mixture of lineage-specific matrix components and those co-opted from large, 

widespread protein families seems to be a general feature of animal skeletons. 

1.2.2. A note on “soft-bodied” animals 

While a lot of animal taxa lack obvious mineralised body parts, it is important to 

note that this does not equal a lack of biomineralisation. Granules of calcium 

carbonate or phosphate mineralogies have been reported from soft tissues of 

earthworms (Bevelander and Nakahara, 1959; Gago-Duport et al., 2008) and 

arachnids (Lipovšek et al., 2002), for instance. These non-structural calcifications 

may function in excreting or sequestering excess ions. Whatever their function, 

such structures must be kept in mind for any discussion about the evolution of 

biomineralisation. In particular, calcification for excretion or storage provides a 

possible common root for diverse calcification processes throughout the animal 

kingdom. 

1.3. Family Serpulidae 
Serpulidae is a large and widespread family of polychaete tubeworms, 

encompassing hundreds of species and found in habitats ranging from the deep sea 

(Kupriyanova et al., 2011) to freshwater caves (Kupriyanova et al., 2009). Serpulids 

belong to the Sedentaria sensu Struck et al. (2011) and Weigert et al. (2014), the 

major annelid clade that also includes the model polychaete Capitella teleta and all 

clitellates (oligochaetes + leeches). According to phylogenetic analyses of serpulids 

and their closest relatives, the family is a derived clade within the Sabellidae 

(Kupriyanova and Rouse, 2008; Capa et al., 2011). The taxonomy and 

morphological diversity of Serpulidae was recently reviewed by ten Hove and 

Kupriyanova (2009). Serpulids (and most sabellids) are generally considered highly 

regenerative (Bely, 2006; Bely et al., 2014), although no systematic study of 

regenerative capacities in the group akin to Bely and Sikes (2010) has been 

undertaken. 



10 

 

Serpulids are among the few annelid groups that regularly utilise mineralised hard 

parts, although other annelids can form non-skeletal mineralisations that probably 

serve an excretory role (Bevelander and Nakahara, 1959; Gago-Duport et al., 2008). 

There are up to two or three sites of mineralisation depending on species: tube 

material is secreted by glands opening under the collar at the anterior end of the 

thorax (Hedley, 1956a,b; Neff, 1971); the posterior end of the abdomen is also 

capable of producing calcified material at least in some species (Hedley, 1958; 

personal observation), and some lineages possess an anterior appendage 

(operculum) reinforced by calcareous material to varying degrees (see below). 

Abdominal calcification has not been studied much beyond observations of its 

existence and some speculation regarding its function, but a reasonable amount of 

information exists on the other two calcification systems. 

1.3.1. The tube 

All serpulids secrete calcium carbonate tubes, usually attached to hard substrata, 

although tubes of Ditrupa arietina lie loose on the sediment surface. Many 

serpulids are gregarious. A few species are reef-building ecosystem engineers; 

these include Galeolaria hystrix in New Zealand (Smith et al., 2005; Riedi, 2012), 

Serpula vermicularis in the British Isles (Bosence, 1973), and the invasive 

Ficopomatus enigmaticus in warm shallow waters around the world (Fornós et al., 

1997; Schwindt et al., 2004). Calcified tubes can be considered ancestral for the 

Serpulidae, and almost certainly convergent to those of rare calcifying sabellids 

(Vinn et al., 2008a, Kupriyanova and Rouse, 2008; Capa et al., 2011) and 

cirratulids (Vinn, 2009). Tubes that can be confidently assigned to Serpulidae first 

appear in the Triassic, during an “aragonite sea” period. Accordingly, the ancestral 

serpulid likely had a predominantly aragonitic tube (Vinn et al., 2008b). 

Serpulid tubes vary greatly in composition and ultrastructure. The former can 

range from entirely aragonitic to entirely calcitic, the calcite usually incorporating 

a moderate to high amount of MgCO3 (Chave, 1954; Vinn et al., 2008c; Smith et al., 

2013), and the latter from simple aggregations of randomly oriented granules to 

complex architectures featuring multiple distinct layers of well-ordered crystals 

indicative of sophisticated control over the mineralisation process (Vinn et al., 

2008c; 2009; Tanur et al., 2010). Tube mineralogy (proportion of calcite and its 

magnesium content) is more dependent on phylogeny than on local environmental 

influences such as sea surface temperature (Vinn et al., 2008c; Smith et al., 2013), 

but presumably seasonal changes in the composition of new tube growth have been 

reported in some serpulids (Lowenstam, 1954). 

1.3.2. The operculum 

While it is almost certain that calcareous tubes are ancestral for Serpulidae, the 

evolutionary history of the operculum is less clear. Opercula are tube plugs that 

come in a variety of shapes, sitting at the end of a stalk or peduncle. A few serpulid 

species have no operculum at all, while others sport anywhere up to six, although a 
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single operculum is the most common (Kupriyanova et al., 2006; ten Hove and 

Kupriyanova, 2009). Most opercula are made entirely of non-mineralised tissue, 

with many bearing chitinous reinforcements (ten Hove and Kupriyanova, 2009). 

Spirorbins (Bubel, 1976; Bubel et al., 1977), members of a derived clade including 

Spirobranchus/Pomatoceros, Galeolaria and Pyrgopolon (Bubel et al., 1980; 1983; 

1985; Bubel, 1983a; Vinn and ten Hove, 2011; Smith et al., 2013), andVermiliopsis 

(Radwańska, 1994) calcify their opercula to varying degrees. Since these three 

groups are nested within three different major clades according to Kupriyanova et 

al.’s (2006) phylogenetic study, it is likely that opercular calcification at least has 

multiple origins. 

Opercular filaments (i.e. the operculum + the peduncle) are traditionally thought to 

derive from modified tentacles (radioles), although there has been some debate as 

to which radiole is modified in which species (reviewed in ten Hove and 

Kupriyanova, 2009). Indeed, certain serpulid peduncles sport pinnules much like 

unmodified radioles, either throughout the lifespan of the filament or transiently 

during its development (Schochet, 1973a; ten Hove and Kupriyanova, 2009). More 

recently, Brinkmann and Wanninger (2009) looked at the innervation of a 

developing spirorbin operculum and concluded that it was not a derived radiole, 

instead originating independently of the tentacle crown. Tentacles and opercula 

alike can be highly regenerative, and in at least some species are able to 

autotomise. Reports and especially detailed descriptions are scarce, however, 

making it difficult to paint an evolutionary picture of autotomy and regeneration of 

serpulid anterior appendages. The propensity of the closely related genera 

Apomatus and Protula to autotomise entire branchial crowns is remarked upon in 

taxonomic works (Hanson, 1948; ten Hove and Pantus, 1985) for its ability to erase 

diagnostic differences between these taxa, while Hargitt (1906; 1912) discussed 

branchial crown regeneration in Hydroides and Protula. Members of subfamily 

Spirorbinae are known for their unique way of brooding their eggs inside the 

operculum, and for regularly moulting and regenerating the operculum. While 

opercular moulting is thought to be linked to the reproductive cycle, interestingly it 

occurs even in spirorbins that are not opercular brooders (Thorp and Segrove, 

1975). In the Serpula/Hydroides/Crucigera clade, opercular amputation induces the 

development of a rudimentary or pseudoperculum on the opposite side (Zeleny, 

1905; Schochet, 1973a,b), and thus normal opercular “regeneration” is in fact the 

induction of a new operculum. However, the pseudoperculum is a derived feature of 

this clade, and other serpulid opercula simply regenerate in situ. From the limited 

data available, it appears that the loss and regeneration of head appendages in 

serpulids occurs in a variety of ecological contexts and through a variety of 

mechanisms. To make sense of this diversity, studying appendage regeneration in 

multiple taxa is essential.  
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1.3.3. Spirobranchus lamarcki 

The species studied in this work was originally described, and known until 

recently, as Pomatoceros lamarckii. Molecular and morphological characters alike 

make it clear that Pomatoceros is a close relative of Spirobranchus (Kupriyanova et 

al., 2006, ten Hove and Kupriyanova, 2009); Pomatoceros is nested within 

Spirobranchus in Kupriyanova et al. (2009), but no phylogenetic studies specifically 

focusing on these genera exist. A few years ago, a revision of the genus 

Spirobranchus was suggested by Pillai (2009). Due to the finding in the latter 

study that supposedly diagnostic differences in chaetal characters of 

“Spirobranchus” and “Pomatoceros” species are not really differences and certainly 

not diagnostic, the latter genus has been subsumed into the former in the World 

Register of Marine Species (ten Hove, 2014). This thesis follows that 

recommendation. 

S. lamarcki (Fig. 1.1) is an intertidal species, widespread around the British Isles. 

It is medium-sized as serpulids go, adult worms at the collection site used for this 

work reaching lengths of approximately 1-2 cm. S. lamarcki and the closely related 

S. triqueter occupy different levels in the intertidal zone and can be distinguished 

based on opercular morphology (Zibrowius, 1968), but are otherwise very similar. 

Some of the previous work on the operculum (Bubel et al., 1980 in particular) 

clearly describes this species but names it triqueter. 

S. lamarcki possesses a single opercular filament with no pinnules at any stage of 

development (Segrove, 1941), but an arrangement of three opercular nerves still 

reminiscent of the innervation of a radiole (Thomas, 1940; Hanson, 1949). The 

operculum is shaped like a cup, with a concave, calcified end plate sporting a 

roughly central, usually three-pronged spine. The sturdy peduncle has an autotomy 

plane called the easy break point; this structure is visible as a thin transverse 

line/groove on the dorsal surface of the peduncle, approximately halfway down its 

length. The distal part of the opercular filament including the operculum itself can 

snap off when subjected to mechanical force, or be discarded if damaged. The 

remaining proximal peduncle then regenerates a functional new distal peduncle 

and cup, including a calcified plate and an easy break point, within the space of a 

week (Bubel et al., 1980; 1985; Szabó and Ferrier, 2014a; Chapter 3 of this work). 

Tentacles are also highly regenerative over similar time scales (Miles and Ferrier, 

unpublished). 

The high regenerative capacity of the head appendages of this species contrasts 

with its rather poor ability to regenerate segments. Preliminary observations by 

Miles and Ferrier (unpublished) suggest that in S. lamarcki, posterior regeneration 

takes place only slowly, and anterior regeneration not at all. Clades that display 

variation in regenerative ability among closely related species can be valuable 

resources for the study of the evolutionary, developmental and ecological factors 

that govern the maintenance, loss and possibly gain of regeneration over 
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evolutionary timescales (Bely, 2006; 2010; Bely and Sikes, 2010). In addition to its 

value as a tractable model of appendage regeneration and biomineralisation, S. 

lamarcki could also be an excellent species to examine in this context in 

comparison to more generally regenerative serpulids such as Hydroides species. 

 

Figure 1.1. Spirobranchus lamarcki. A. Tubes of Spirobranchus sp. (probably S. lamarcki) in the 

intertidal zone at Castle Sands, St Andrews, Scotland. Scale bar is approximately 1 cm. B. Adult S. 

lamarcki removed from its tube. Right lateral view; anterior towards the top, dorsal to the left. Close-

up of the opercular filament of the animal shown in B., sp = spine, pl = plate, g = groove, w = wing, 

dpb = distal pigment band, ppb = proximal pigment band. Dashed line marks the easy break point 

(see text). Scale bars in B-C are approximately 1 mm. Figure adapted from Szabó and Ferrier (2014a). 

Historically, S. lamarcki generated a reasonable level of research interest with 

respect to regeneration and calcification, with existing data on tube formation 

(Faouzi, 1931; Hedley 1956a,b; 1958, Neff, 1971), tube and opercular plate 

mineralogy and biochemistry (Bubel et al., 1983), and the histology, biochemistry 

and regeneration of the operculum (Bubel, 1983a,b; Bubel and Thorp, 1985; Bubel 

et al., 1980; 1983; 1985). More details of this previous work will be given in later 

chapters as necessary. 

1.4. Aims 
This thesis aims to expand on the previous work and provide new directions for 

research on the S. lamarcki operculum. Experimental techniques such as 

immunohistochemistry, calcium stains and RNA extraction are described for the 

first time for the adult operculum, while previously used techniques like X-ray 

diffractometry are applied in new contexts. Chapter 3 explores the normal 

regeneration process, describing a simple staging system for morphogenetic events, 

as well as documenting the timeline of cell proliferation during regeneration. 

Chapter 4 describes the formation of the calcareous opercular plate using light 

microscopic observations, calcein pulse-chase experiments and mineralogical data 

from multiple regenerative stages. Chapter 5 is a histochemical and bioinformatic 

investigation of alkaline phosphatase enzymes, which are considered stem cell 

markers in some organisms and participate in biomineralisation in vertebrates and 

possibly some invertebrate taxa. Lastly, Chapter 6 presents an initial survey of the 

opercular transcriptome in both unoperated and two different stages of 
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regenerating opercular filaments. The S. lamarcki opercular transcriptome 

represents one of the few large-scale sequencing efforts related to annelid 

regeneration, and it provides the first biomineralisation-related sequence data in 

this important group.  
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2. Materials and Methods 

2.1. Animal collection and husbandry 
All animals were collected from the intertidal rock pools off East Sands beach, St 

Andrews, Scotland during low tide. After collection, rocks containing calcareous S. 

lamarcki tubes were kept at ambient temperature in a flow-through seawater 

aquarium at the Gatty Marine Laboratory, University of St Andrews, until needed. 

Animals were not fed, as the incoming seawater contains algae and other 

microorganisms suitable for S. lamarcki, and worms remain healthy in the system 

for months. 

To obtain worms from their tubes, blunt forceps were used to break open the 

posterior end of the tube, then to push the animal backwards through the opening 

created in this way. The hardened opercular plate, which S. lamarcki uses as a 

tube plug, provides a way to push the worm out of its tube without damaging it. 

Detubed worms were maintained in an air-conditioned room between 15-18°C. 

Worms used for total RNA extraction and animals that required individual 

identification were kept in Nunclon® four-well plates, one worm per well in 1 ml 

filtered seawater (FSW) changed daily. The FSW given to animals intended for 

RNA collection was further filtered with 0.22 µm sterile syringe filters (VWR). 

Other animals were kept in batches of up to 10 worms in 9 cm plastic Petri dishes 

in approximately 25-30 ml FSW changed every few days. To minimise microbial 

growth in their dishes, experimental animals were not fed. Animals were kept in 

darkness except for handling. 

To induce regeneration in a consistent manner, amputations were always carried 

out with a scalpel at the easy break point (Fig. 1.1). 

2.2. Establishing the time course of regeneration 
100 worms were observed daily for 14 days after amputation in order to establish a 

general time course and assess variability in the timing of opercular regeneration. 

For the first three days, as morphogenesis proceeds rapidly during this time, the 

intervals between observations were kept as close to exactly 24 hours as possible. 

Thereafter, animals were observed daily within a few hours of the original time of 

amputation. For each animal, the following were recorded upon detubing and 

amputation: 

 Sex 

 Size (approximate thorax length) 

 Whether the operculum was autotomised or amputated by hand 

 Injuries incurred during detubing 
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Sex was recorded as male or female if the animal spawned upon detubing, and 

unknown if no gametes were observed. Size (a proxy for age) was estimated as the 

approximate length of the thorax from the anterior edge of the collar (folded down) 

to the last thoracic uncinus, measured on the left side of the animal. These 

landmarks were chosen because they are relatively easy to observe in imperfect 

photographs and are less affected by the movement of the animal than other body 

parts. Photographs were taken with a Nikon Coolpix 4500 digital camera mounted 

on a dissecting microscope and included graph paper to calibrate length 

measurements. Since experimental amputations were performed at the natural 

autotomy plane, autotomy and manual amputation were generally regarded as 

equivalent. However, autotomies were recorded here to test the correctness of that 

assumption. Injuries recorded were tentacle amputations, abdominal amputations, 

and miscellaneous abdominal injuries. Preliminary observations suggest that 

opercular regeneration is generally unaffected by injury to these body regions (S. 

Miles and D. Ferrier, unpublished; personal observation), but damage was recorded 

nonetheless to test this assumption. Animals that sustained damage to the thorax 

were discarded, as thoracic injuries are likely to cause significant illness or death. 

Following amputation and initial observations, each animal was maintained in an 

individual well and scored daily for the following developmental landmarks: 

A. Morphogenesis 

 Regeneration initiated. Amputation wound healed. Stump elongating. 

Prongs have begun to develop from the corners of the amputation surface. 

Slight swelling may be present around the middle of the stump, but a 

swelling was not a necessary criterion for this stage. 

 Significant swelling. 

 Rim development. There is a clear transition between the distal end of the 

swelling and the base of the presumptive opercular spine. 

 Cup/plate development. The swelling is cup-shaped and the opercular plate 

is developing between the spine and the rim. 

 Calcification. Under a dissecting microscope, initial calcification is visible as 

small rounded beads/tiles and/or white areas around the base of the spine. 

 Groove formation. There is a sharp line between the peduncle and the base 

of the cup. (This line later deepens into a well-developed groove [Fig. 1.1; 

Fig3.1G].) 

 Easy break point formation. A line marking the easy break point is visible 

on the dorsal side of the peduncle. This landmark was only scored as 

present if it was observed two days in a row due to the difficulty of 

observing it on live regenerates. 

 Wing bud formation. The outgrowth of the lateral wings has begun at the 

distal end of the peduncle. 
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B. Pigmentation 

After amputation, some pigmentation is often carried over from the proximal 

peduncle. Residual pigmentation manifests as white patches in the presumptive 

spine and plate regions, and/or a uniform dark hue in more proximal portions of 

the regenerate (Section 3.4.1.2, 3.4.2, Fig. 3.4). Only newly formed pigmentation 

was recorded for staging. The complex pattern of pigmentation that characterises a 

typical opercular filament (Fig. 1.1) was divided into the following components: 

 Scattered dots on the cup wall. Generally red/brown in colour. 

 Contiguous dark bands or patches on cup wall. Usually a red/brown colour 

at first appearance. 

 Proximal pigment band of the peduncle. The dark pigment band situated 

mid-peduncle, immediately distal to the EBP. 

 Distal pigment band of the peduncle. Dark band halfway between the 

middle of the peduncle and the base of the cup. 

 White pigmentation on peduncle or cup wall. This excludes residual white 

pigmentation, which does not extend below the opercular rim. 

In addition, common developmental abnormalities of the opercular filament were 

recorded. These are illustrated in Fig. 3.2. Abnormalities were recorded as present, 

absent or transient (if present only temporarily). 

 Sub-cuticular “bubbles” on the opercular rim or under the plate. 

 Sideways “kinks” in the peduncle. 

 Short peduncles, defined as peduncles short enough to be hidden by the 

collar in left lateral view. 

Animals were observed for 14 days or until they had reached all landmarks, 

whichever occurred soonest. Four animals were excluded from subsequent 

analyses: one died on day 4, one kept its regenerate mostly hidden among its 

tentacles, making accurate observations impossible without removing the 

tentacles; one had a highly stunted regenerate that failed to develop any 

pigmentation by 14 days post-operation (dpo), and one still had an open wound on 

its abdomen at the end of the observation period. Thus, the final time course data 

are derived from 96 animals.  Seven of these aborted and restarted regeneration 

before 14 dpo; for these worms, only data from the first regenerate were used. 

2.3. Cell proliferation during regeneration 
All washes and incubations in the immunolabelling procedures were done at room 

temperature with gentle agitation on a rotating platform (~70 rpm) unless 

otherwise stated. Staining and incubations with refrigeration did not include 

shaking. 
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2.3.1. BrdU labelling and immunohistochemistry 

2.3.1.1. Specimen preparation and antibody labelling 

BrdU (5-bromo-2’-deoxyuridine) is a thymidine analogue widely used as a marker 

of proliferative (S-phase) cells. The methods of de Rosa et al. (2005) were adapted to 

perform BrdU labelling on Spirobranchus opercular regenerates. Regenerating 

worms were exposed to BrdU for 48 hours at a starting concentration of 1 mg/ml 

BrdU:FSW. Animals were then washed 3-5 times in clean FSW, checked for health 

defects, and their anterior ends fixed overnight at 4°C in 4% w/v paraformaldehyde 

(PFA) in phosphate buffered saline (PBS). 

Fixed specimens were rinsed three times in PBS. In most experiments, heads were 

left intact; however, for one experiment, opercular filaments were dissected with a 

scalpel and cut into blocks to allow observation of mesodermal staining (distal and 

proximal halves for regenerates  ≤3 dpo, distal cup, proximal cup and 2-3 portions 

of peduncle for older regenerates). The specimens were then incubated for 2 h in 2 

M HCl to denature DNA and expose incorporated BrdU, followed by 3 x 5 min PBS 

washes. After this, the specimens were incubated for 15 min with Sigma molecular 

biology grade Proteinase K (cat # P4850; 1:100 dilution in PBS, approx. 270 µg/ml), 

rinsed twice with 2 mg/ml glycine in PBS to stop the digestion, post-fixed for 20 

min in 4% PFA, and washed for 3 x 5 minutes in TNX (100 mM Tris, 350 mM 

NaCl, and 0.1% Triton X-100). 

Post-fixed specimens were incubated in block-TNX (TNX with 5% v/v sheep serum 

[Sigma, cat # S3772]) for 1 h. After this, they were incubated overnight at 4°C with 

1:400 mouse monoclonal anti-BrdU antibody (clone BU-33, Sigma, cat # B8434) in 

block-TNX, washed with block-TNX for 3 x 10 min, and exposed to 1:100 goat anti-

mouse biotinylated antibody (Jackson Immunoresearch; cat # 115-065-062) in 

another overnight incubation at 4°C. The secondary antibody was removed with 7 

TNX washes, the middle one of which was generally overnight at 4°C. 

2.3.1.2. Staining 

Immunolabelled cells were stained using the Vectastain Elite ABC Kit (Vector 

Laboratories; cat # PK-6200) and diaminobenzidine (DAB, Sigma; cat # D-3939) as 

the substrate. The Vectastain ABC reagent was prepared according to the 

manufacturer’s instructions. It was then used to incubate the specimens for 30 

min, and removed with 4 x 15 min TNX washes. Staining buffer was made up 

according to the manufacturer’s instructions. Specimens were incubated in staining 

buffer without agitation, monitored every few minutes for staining and 

background, and kept under a dark box when not observed. Staining typically 

developed quickly, within the first few minutes. Colour development was stopped 

with four quick rinses of TNX. 
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2.3.1.3. Imaging and storage 

Specimens were photographed in TNX under the dissecting microscope, and stored 

at 4°C in either TNX or 60% glycerol. Specimens stored in glycerol were 

dehydrated through an ethanol series prior to being placed in glycerol, replacing (1) 

half of the liquid on the specimens with 70% EtOH (2x), (2) all of the liquid with 

70% EtOH, (3) all of the liquid with absolute EtOH, (4) all of the liquid with 70% 

EtOH, (5) all of the liquid with 60% glycerol (2x). Each step included gentle 

agitation for 5 min. 

2.3.1.4. Negative controls 

Two negative control experiments were carried out on stages that show substantial 

staining with the full protocol. One sample of heads (n = 10) was fixed at 4 dpo 

without BrdU exposure and then subjected to the full staining protocol as described 

above. A second sample of 10 worms was exposed to BrdU between 4-6 dpo and 

processed as described above, but the incubation with anti-BrdU antibody was 

replaced by incubation in block-TNX with no antibody. 

2.3.2. Phosphohistone H3 immunohistochemistry 

In addition to BrdU, the mitotic marker phosphohistone H3 (PH3) was used to 

assess cell proliferation during regeneration. Anterior ends of worms were fixed in 

4% PFA for 30 min at room temperature and rinsed 3 times in PBS. Whole heads, 

dissected opercular filaments, or portions of opercular filaments were used for 

immunolabelling. Since the antigen being detected is a peptide, proteinase 

digestion was avoided and specimens were instead permeabilised by a 1 h 

incubation in PBS with 2% Triton X-100 (PBTx). This was followed by three 5 min 

washes in PBS with 0.1% Tween-20 (PBT) and blocking in PBT with 5% sheep 

serum (block-PBT) for 1-2 h. After blocking, the specimens were incubated 

overnight at 4°C with rabbit polyclonal antibody against histone H3 

phosphorylated on Ser28 (Millipore; cat # 07-145; 1:500 dilution in block-PBT), 

washed for 3 x 10 min with block-PBT, and incubated overnight at 4°C with the 

biotinylated universal antibody from the Vectastain Elite ABC kit prepared 

according to the manufacturer’s instructions. 

Staining was carried out as in the BrdU experiments, except PBT was used as a 

buffer instead of TNX. In addition to photographs taken with the dissecting 

microscope, some specimens were dehydrated into glycerol as described above, 

mounted on glass slides, and imaged with a QImaging Retiga 2000R camera 

attached to a Leica microscope with differential interference contrast optics using 

the QCapture Suite™ version 2.9.3 or ImagePro® Insight version 8. 
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2.4. Alkaline phosphatases in the opercular filament 

2.4.1. Staining for alkaline phosphatase activity 

Alkaline phosphatase activity in mature and regenerating opercular filaments was 

detected using nitro-blue tetrazolium/5-bromo-4-chloro-3'-indoylphosphate 

(NBT/BCIP, Roche, cat # 11-681-451-001) as a chromogenic substrate. Anterior 

ends of worms were fixed in 4% PFA at 4°C overnight or 1 h at room temperature, 

then rinsed three times in PBS. Opercular filaments were dissected and moved into 

PBT. A number of specimens were further dissected into portions as described for 

BrdU immunohistochemistry, except that cups ≥ 3 dpo were cut into left and right 

halves rather than proximal and distal. At this point, in some experiments, the 

specimens were digested with a 1:100 dilution of Proteinase K at 37°C (15 min for 

regenerates and 30 min for unoperated specimens), then washed for 3 x 5 min in 

PBT and post-fixed for 1 h in 4% PFA, followed by three more 5 min PBT washes. 

Before staining, specimens were washed twice (5 min each) in AP buffer (100 mM 

Tris, 100 mM NaCl, 50 mM MgCl2 and 0.1% Tween-20). Staining was carried out 

under a dark box without agitation in AP buffer with 7.5 µl/ml NBT/BCIP stock 

(18.75 mg/ml NBT and 9.4 mg/ml BCIP, toluidine salt, in 67% DMSO). 

Development of the stain was monitored approximately every 15 minutes. 

Development took between 30-80 minutes, with a typical staining reaction taking 

45-50 min. The reaction was stopped with two changes of PBT, and stained 

specimens were post-fixed for an hour in 4% PFA (or overnight at 4°C), followed by 

3 x 5 min PBT washes. Specimens were documented and stored as described for the 

BrdU and PH3 immunohistochemistry procedures above. 

2.4.2. Testing for inhibition by levamisole 

To test whether the alkaline phosphatase activity in the opercular filament is 

sensitive to inhibition by levamisole, three samples of 6 dpo specimens (n = 7 each) 

were stained as described above (without proteinase digestion), but either 

deionised water (control) or levamisole (2 mM or 10 mM) was added to their 

staining buffer. All specimens in this experiment were stained for 50 minutes for 

comparability. 

2.4.3. In vivo effects of levamisole exposure 

In order to test whether inhibition of opercular alkaline phosphatase activity has 

an effect on regeneration and/or calcification, live, regenerating worms were 

exposed to levamisole. Four experiments were done in total. In all experiments, 

worms were exposed to levamisole for 24 hours beginning approximately 2 dpo (see 

below for details). Levamisole stock (500 mM) was prepared in deionised water, 

and an appropriate amount of dH2O was added to control dishes at the same time 

as levamisole was added to the experimental dishes. After 24 hours, the inhibitor 

was removed with five changes of clean FSW and control worms were given a 
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change of FSW. Regenerates in experiments 2-4 were photographed under a 

dissecting microscope at every data collection time. Differences between the 

experiments are summarised in Table 2.1 below. 

Table 2.1. Summary of in vivo levamisole exposure experiments. Hpo = hours post-operation.  

Experiment Treatments (n) 
Treatment 

started 
Data collected 

Times of data 

collection 

1 
Ctrl (9), 10 µM (10), 

100 µM (7), 1 mM (8) 
48 hpo 

Regeneration stage, 

Presence/absence of 

calcification, 

malformations, 

health status 

48 hpo, 3 dpo, 6 

dpo 

2 
Ctrl (10) 2 mM (10), 

10 mM (11) 
46 hpo 

Regeneration stage, 

presence/absence of 

calcification, 

malformations, 

health status 

46 hpo, 70 hpo, 6 

dpo 

3 Ctrl (18), 2 mM (19) 54 hpo 

Regeneration stage, 

verbal description of 

calcification, 

malformations, 

health status 

54 hpo, 78 hpo, 6 

dpo 

4 Ctrl (18), 2 mM (18) 55 hpo 

Regeneration stage, 

calcification stage, 

malformations, 

health status 

55 hpo, 79 hpo, 

then daily until 6 

dpo 

5 Ctrl (20), 1 mM (20) 55 hpo 

Regeneration stage, 

calcification stage, 

malformations, 

health status 

55 hpo, 79 hpo, 

then daily until 6 

dpo 

 

Regeneration stages for experiments 1-3 correspond to the early stages of 

regeneration described in section 3.4.1.1. Stages up to cup were distinguished, but 

more advanced regenerates were pooled together. In experiment 4, all 

morphogenetic stages were distinguished, while pigmentation (which appears after 

all morphogenetic landmarks are present) was only recorded as a general 

presence/absence. 

During opercular plate calcification, the appearance, growth and merging of 

mineralised “tiles” is a continuous process and discrete stages are difficult to 

define. The process was nevertheless roughly partitioned by the size of tiles 

(“small” or “large”), number (0, ≤ 5, ≤ 10, > 10) and their degree of clustering 

(disjointed tiles, disjointed clusters of tiles, partial crust, complete crust). 

2.4.4. Manual assembly of S. lamarcki alkaline phosphatase 

sequences 

Three novel alkaline phosphatase protein sequences containing complete ALP 

domains (NCBI conserved domain cd00016) were manually assembled at the 
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protein level from the raw RNA-seq reads derived from unoperated and 

regenerating opercular filaments. First, the reads were queried with human 

placental alkaline phosphatase (NP_001623.3) and small “seed” contigs belonging 

to four different conserved regions were established by alignment to the human 

protein and the S. lamarcki alkaline phosphatase detected in the larval 

transcriptome of Kenny and Shimeld (2012). These seeds were extended through 

iterated TBLASTN searches against the raw reads until no more partially 

overlapping reads were found or stop codons were reached. Stop codons were only 

accepted when they fell outside the conserved alkaline phosphatase domain, and 

were supported by at least three reads. On a few occasions, TBLASTN yielded no 

new reads; in these cases BLASTN using the most terminal reads from the 

previous round was tried. In cases of polymorphism, the most common variant was 

used unless multiple variants had equal numbers of supporting reads, in which 

case an arbitrary decision was made. Nucleotide contigs were also produced from 

the reads used to build the protein sequences (polymorphisms were resolved to 

match the assembled protein sequence). 

2.4.5. Phylogenetic analysis of metazoan alkaline phosphatases 

2.4.5.1. Sequences 

Alkaline phosphatase sequences were collected from 15 other metazoan species and 

used to build an alignment of a total of 69 alkaline phosphatase domains. Species 

were chosen to represent a manageable but broad sample of the animal kingdom, 

and species with published genome sequences were chosen in order to cover the 

diversity of ALP sequences in each major lineage. Alkaline phosphatases are 

strongly conserved, and BLAST searches with any metazoan ALP yield the same 

hits, but in all searches, human placental alkaline phosphatase was used for 

consistency. Details of the sequences collected, source databases and corrections 

done to the published sequences can be found in Table A2. Key taxa that did not 

yield any recognisable alkaline phosphatases were sponges, ctenophores and 

choanoflagellates, which had been intended as a non-metazoan outgroup. 

Databases searched for these taxa were the NCBI nr and EST databases with 

taxon restricted to Porifera, Ctenophora or Choanoflagellata, respectively; the 

Amphimedon queenslandica, Oscarella carmela and Mnemiopsis leidyi genome 

assemblies (available at http://metazoa.ensembl.org/Amphimedon_queenslandica/ 

Info/Index, http://www.compagen.org/blast.html, and  http://research.nhgri.nih.gov/ 

mnemiopsis/, respectively), and EST and transcriptome data for O. carmela and M. 

leidyi available from the above databases. 

2.4.5.2. Alignment and phylogenetic analysis 

Alkaline phosphatase domains were aligned in Jalview 2.8 (Waterhouse et al., 

2008) using MAFFT 6 (Katoh and Toh, 2010). Poorly aligned regions were re-

aligned by MUSCLE (Edgar, 2004) in MEGA 5 (Tamura et al., 2011) and/or edited 

manually in MEGA. Neighbour-joining trees were constructed in MEGA using the 
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default model, with pairwise deletion of gaps. Maximum likelihood trees were 

constructed using the PhyML 3.0 (Guindon et al., 2010) web service at the South of 

France bioinformatics platform (http://www.atgc-montpellier.fr/phyml) with the 

WAG + I + Γ model selected by all three information criteria in Modelgenerator 

0.85 (Keane et al., 2006). In PhyML, subtree pruning and regrafting was used as 

the tree search algorithm. Both NJ and ML trees were tested for robustness with 

500 bootstrap replicates. 

2.5. Opercular plate calcification 

2.5.1. Alizarin red staining 

To stain opercular plates with the calcium dye Alizarin red S (Sigma, cat # S5533), 

heads were fixed at 4°C overnight in 4% PFA in PBS. Early calcification proved 

highly soluble at near-neutral pH, so the fixative of early calcifying specimens (2 

dpo) was made with PBS containing 1% potassium hydroxide (PBSk). After 

fixation, the specimens were washed in PBS or PBSk for 24 h, then incubated for 

24 or 48 hours in 0.008% alizarin red S in 1% KOH. Staining was carried out either 

at room temperature or in a 37°C incubator. After staining, specimens were 

washed in PBS or PBSk for at least 24 hours, photographed under a dissecting 

microscope, and stored in 37% isopropanol at 4°C. 

2.5.2. Calcein labelling 

The green fluorescent calcium dye calcein (Fisher Scientific) was used to track the 

mineralisation of the opercular plate in vivo. Regenerating worms were soaked in 

FSW containing 100 µg/ml calcein for 24 hours, then given five changes of FSW 

and allowed to regenerate to 14 dpo with a normal schedule of water changes. At 

14 dpo, their anterior ends were fixed in 4% PFA for 30 min at room temperature 

and rinsed three times with PBS. Distal ends of opercula were gently sliced off with 

a razorblade and dehydrated into 60% glycerol as described in section 2.3.1.3. 

Opercular plates were imaged with differential interference contrast (DIC) optics 

and epifluorescence using ImagePro® Insight, and overlays were created in either 

ImagePro® Insight or ImageJ version 1.46r. 

2.5.3. Imaging of fresh calcifying specimens 

In addition to calcium stains, unstained, light microscopy of unfixed regenerates 

was used to observe calcification at different stages (2, 3, 4, 10 and 14 dpo). 

Regenerating opercula or plates were gently amputated and mounted in clean FSW 

on glass slides and observed with DIC and/or brightfield optics. The specimens 

were then immediately imaged with ImagePro® Insight. 
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2.5.4. Powder X-ray diffraction analysis 

The composition of opercular plate mineral was determined by powder X-ray 

diffraction analysis (XRD). Three stages were used to search for developmental 

changes in opercular plate mineralogy, chosen to roughly match the stages used for 

RNA-seq: 2-3 dpo (early calcifying), 6 dpo (strongly calcifying) and mature, 

unoperated opercula. In the case of mature opercula, specimens were cleaned of 

epibionts and detritus as much as possible before fixation. For each regeneration 

stage, two samples were tested. Opercula were removed with a scalpel and fixed in 

absolute EtOH. Sample processing after fixation, XRD and estimation of calcite 

and aragonite contents were carried out by Mr Angus Calder (Facility for Earth 

and Environmental Analysis, School of Geography and Geosciences, University of 

St Andrews). The samples were air dried, stripped of organic material overnight in 

a plasma asher, ground in acetone with a mortar and pestle, mounted on low 

background sample holders and analysed in a Siemens D500 X-ray diffractometer 

using  cobalt Kα radiation. For all samples, intensities were collected for 5° ≤ 2θ ≤ 

70° in steps of 0.02°. Step times were 3 s for mature, 5 s or 10 s for 6 dpo and 10 s 

for 2-3 dpo samples. Relative abundances of low- and high-magnesium calcite and 

aragonite were quantified in Siroquant. Magnesium content (%w/w) was estimated 

based on Chave’s (1952) method. 

2.6. Transcriptomics 

2.6.1. Total RNA extraction 

Total RNA was extracted from unoperated (n = 22) and two stages of regenerating 

opercular filaments (non-calcifying 2 dpo [n = 19], 6 dpo [n = 24]) using TRIsureTM 

(Bioline, cat # BIO-38033), chloroform and isopropanol. Mature opercula were 

chosen carefully and gently cleaned with forceps to remove epibionts and debris as 

much as possible. From all stages, only morphologically perfect opercular filaments 

from healthy animals were selected for RNA extraction. Animals were handled as 

quickly as possible to minimise stress responses unrelated to regeneration. 

Only molecular biology grade reagents and nuclease-free filter tips and containers 

were used throughout the extraction procedure, and all tools and work surfaces 

were cleaned with 70% EtOH and RNase Zap® (Ambion, cat # AM9780) prior to 

use. The 70% EtOH used for washes was made fresh every time and cooled at -20°C 

before starting the procedure. Liquid removed in each step was kept on ice until 

the presence of RNA in the final preparation was confirmed. 

Mature opercular filaments or regenerates were amputated and fixed immediately 

in RNA later (Ambion; mature specimens) or TRIsure (regenerates). Before 

TRIsure fixation, regenerates were rinsed with RNAse free water to remove salts 

from seawater. Mature filaments were amputated at the easy break point; 

regenerates, at the base of the peduncle. Particularly in the case of early 
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regenerates, a small amount of non-opercular head issue was included due to the 

difficulty of precise dissection. 

Before extraction, RNA later fixed specimens were first rinsed with RNAse free 

water. Samples were then transferred to Lysing Matrix D tubes (MP Biomedicals; 

cat # 11-691-3-100) with 1 ml TRIsure and homogenised in a FastPrep® FP120 cell 

disrupter (Thermo Savant) for 40 seconds (regenerates) or 2 x 30 seconds (mature) 

at speed 6. After homogenisation, samples were immediately placed on ice. To 

remove any remaining tissue debris, samples were spun for 15 min at 17 000 g in a 

centrifuge pre-cooled to 4°C. The resulting supernatant was transferred to a clean 

RNAse free 1.5 ml eppendorf tube. 

300 µl chloroform was added to the supernatant, mixed thoroughly by vortexing at 

high speed for about 10 s, after which the mixture was left to stand at room 

temperature for 15 min. This was followed by a 15-min centrifugation in the cooled 

centrifuge, until a clear aqueous phase, a white interface layer and a bottom layer 

of TRIsure and dissolved organics were clearly separated. If phase separation was 

incomplete, centrifugation was repeated. After this, the clear phase was 

transferred to a clean tube, with special care taken not to disturb the white phase. 

RNA was precipitated by the addition of 500 µl isopropanol and incubation at room 

temperature for 15 min. The pellet was centrifuged for 15 min at 4°C, then washed 

with ice cold 70% EtOH and centrifuged again. Ethanol washes and centrifugations 

were performed five times in total. After the five ethanol washes, the pellet was air 

dried at room temperature in a clean laminar flow cabinet and resuspended in 20-

50 µl H2O for 10 min at 37°C with occasional gentle agitation. The resulting 

solution was quickly centrifuged at room temperature to bring all liquid down to 

the bottom of the container. RNA concentration and purity was estimated with 

NanoDrop, integrity was checked by running 100-300 ng heat-denatured RNA 

(65°C for 10 min, placed on ice afterwards) on a 1% agarose gel, and samples were 

stored at -80°C. 

2.6.2. RNA-seq 

One sample of total RNA from each of the three stages (n = 22 opercula for mature, 

19 for 2 dpo and 24 for 6 dpo) was submitted for sequencing to the Wellcome Trust 

Centre for Human Genetics, Oxford. Sequencing was done on the Illumina 

HiSeq2000 platform, yielding 100 bp paired-end reads. Beyond the basic statistics 

such as numbers of reads and GC contents provided by the sequencing centre, all 

data analysis was carried out in St Andrews. 

2.6.3. Transcriptome analysis 

2.6.3.1. Quality control, assembly and bulk data analysis 

The quality of the three RNA-seq datasets was checked with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter removal, 
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quality filtering and 3’ end trimming was done with Patel and Jain’s (2012) NGS-

QC Toolkit. The following quality control criteria were applied: 

 Reads that did not exceed a quality score of 20 over at least 90% of their 

length were discarded 

 Bases below Q30 were trimmed off the 3’ ends of the remaining reads 

Based on the FastQC plots (not shown), there was no need for trimming 5’ ends. 

The cleaned and trimmed datasets from all stages were then combined and 

assembled using Trinity (Grabherr et al., 2011; 14/08/2013 version) with the 

default k-mer size of 25. 

Assembly, clustering, batch BLAST searches and batch protein prediction were 

kindly carried out by Dr Miguel Pinheiro (School of Medicine, University of St 

Andrews). The assembled contigs were fed into FrameDP (Gouzy et al., 2009) to 

produce a set of predicted translations. The contigs were also searched for BLASTX 

matches against Swissprot, and translations predicted by FrameDP were corrected 

based on best BLASTX hits where available. ESTScan (Iseli et al., 1999) was run 

on any contigs that did not have a translation at this point, and translations 

without Swissprot matches were searched with BLASTP against the NCBI nr 

database. cd-hit-est or cd-hit (Li and Godzik, 2006; Fu et al., 2012) were used with 

a 95% identity threshold to decrease redundancy in the assembly and the set of 

predicted proteins. 

2.6.3.2. Extracting candidate regeneration and calcification genes 

To identify genes of interest for future research, the clustered Trinity assembly was 

searched for members of major developmental signalling pathways, transcription 

factors implicated in biomineralisation, stem cell markers and other relevant gene 

families (Chapter 6). The general approach for these searches was as follows. First, 

all human members of the target family were extracted from the Swissprot human 

reference proteome. In cases where no human members of a family were available 

(e.g. SPARCB) or where lophotrochozoan sequences are highly divergent (e.g. FGF, 

dermatopontin), appropriate non-human sequences were used as BLAST queries. A 

list of these is provided in Table A3. These were used as queries in a TBLASTN 

search against the clustered assembly with a lenient E-value threshold of 0.001, 

the same threshold used in all BLAST searches in this pipeline. All hits were 

collected and used as BLASTX queries in a reciprocal search of the human 

proteome. Queries whose top hits belonged to the target family were then 

translated, checked for the presence of appropriate domains using the NCBI 

conserved domain database (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) 

and used to query the  clustered assembly. This procedure was repeated until no 

new contigs from the target family were found. Finally, all translated contigs 

obtained in this manner were used as queries in a BLASTP search against the 

NCBI nr database. If the top NCBI hit was unnamed and a much better match 
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than the top named hit (an e-value difference of more than five orders of 

magnitude, which commonly occurs with unannotated gene models from the 

Capitella teleta and Lottia gigantea genomes), the identity of the unnamed top hit 

was also checked against the NCBI nr database and/or the conserved domain 

database (see Table A2 for notes on specific sequences). 

2.6.3.3. Orthology assignment 

Neighbour-joining trees were built for selected gene families in order to obtain 

more rigorous classifications for the S. lamarcki contigs. Generally, a deuterostome 

(H. sapiens), an ecdysozoan (D. melanogaster or T. castaneum) and one or two 

annelids (C. teleta and optionally P. dumerilii) were used as reference species in 

addition to the sequences derived from the S. lamarcki transcriptome, but some of 

the trees were based on the sequences or alignments from published studies. More 

details about specific trees can be found in Chapter 6 and Appendix 2. After 

sequence collection, the same tree-building approach was followed as for alkaline 

phosphatases (section 2.4.5.2). 

2.6.3.4. Candidate differentially expressed genes 

Although the lack of replicate samples precludes statistical analysis, preliminary 

estimates of expression level changes were obtained for most of the candidates 

found by BLAST searches to further identify potentially interesting genes. To do 

this, first all contigs with the same component number that had overlapping 

identical or near-identical regions were collected from the clustered assembly. 

Trinity employs a three-stage assembly process; components are the “draft contigs” 

created in the initial and least conservative stage of assembly and are indicated by 

the first part of the final contig identifier (“comp#”). Often, contigs of the same 

component are clearly transcripts of the same gene, but occasionally, smaller 

contigs within a component do not align with any part of the contig(s) containing 

the recognisable coding sequence. Such contigs were not included when counting 

reads. However, in some cases, different components were pooled based on evidence 

that they represent the same gene. In particular, contigs representing non-

overlapping regions of a target gene as identified by alignment of S. lamarcki 

translated contigs against one or more complete (human or lophotrochozoan) 

member of the family were queried against the Kenny and Shimeld (2012) larval 

transcriptome using BLASTN with a 95% identity threshold. Fragments that could 

be joined by one or more Kenny and Shimeld contigs were regarded as parts of the 

same gene and pooled for read counting. For each gene, a collection of all alignable 

contigs from its component, plus any additional contigs linked by larval 

transcripts, was used as a query in BLASTN searches against each unfiltered raw 

read dataset at an identity threshold of 95% and with the maximum number of hits 

raised to 10 000 or, in cases where that limit was reached, 1 million. The count of 

all unique read pairs and unpaired reads was then used as a proxy of expression 

level; fold-changes were estimated for read counts corrected by dataset size (reads 

per million total reads). As there is currently only one transcriptome from each 
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stage, statistical analysis was not performed and any apparent expression 

differences are treated as provisional hypotheses. 

2.6.3.5. Possible contaminants 

A preliminary estimate of the level of foreign contamination (e.g. from other 

projects at the sequencing centre, or from organisms associated with S. lamarcki 

itself) was obtained from the BLASTX hits against Swissprot by counting matches 

with 100% identity. Sequences that were identical or near-identical to other known 

sequences were also specifically noted during candidate gene searches (see also 

Chapter 6). 

2.7. Characterising sla-msp130 

2.7.1. PCR, cloning and sequencing 

To confirm the expression of the S. lamarcki msp130 transcript in opercular 

regenerates, a 3’ fragment of the putative transcript was amplified that is 

predicted to contain two broadly conserved exon boundaries (see Fig. 6.9). PCR 

primers were designed using Primer3Web (Koressaar and Remm, 2007; 

Untergasser et al., 2012; http://primer3.ut.ee/) from the transcript obtained from 

the Trinity assembly (forward: 5’-CAA CGC AGA CTC CAG GAA AG-3’; reverse: 5’-

ATG TTT CAT CGG GCA GTT CG-3’). A different forward primer intended to 

capture the whole coding sequence (5’-ACG TAT AAG TGA CAG GAG ACG C-3’) 

yielded no product. 

The fragment was amplified from a mixed-stage cDNA sample obtained from 8 hpo, 

1, 2, 3 and 4 dpo regenerates by Tom Barton-Owen. The Bioline MyTaqTM PCR kit 

(cat # BIO-21105) was used, but with polymerase from a BioTaqTM kit (cat # BIO-

21040) from the same manufacturer. The reaction and PCR program settings are 

given below: 

Reaction mix (for 25 µl): 

Reagent  Volume (µl) 

H2O   17.5 

5x buffer  5 

cDNA1   1 

primers (20 µM) 0.5 each 

Taq   0.5 

 

 

                                                
1 Sample donated by Mr Tom Barton-Owen; concentration unknown. 
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Gradient PCR program: 

Step    Temperature  Time 

Initial denaturation  95°C   5 min 

Denaturation   95°C   30 s  

Annealing   46.1-55.6°C  30 s 

    (10 increments) 

Extension   72°C   2 min 

Final extension  72°C   5 min 

Hold    4°C   ∞ 

 

PCR products were checked on a 1% agarose gel, and the band closest to the 

predicted product length of 551 bp was excised. Due to the weakness of the band, 

the five lower-temperature samples (46.1, 47.1, 48.2, 49.0 and 50.0°C) were pooled, 

and the product was purified using the Bioline Isolate gel extraction kit according 

to the manufacturer’s instructions, but increasing the length of all centrifugations 

by 30 s. Elution was done in 30 µl elution buffer. The purified PCR product was 

ligated into a plasmid vector using the pGEM-T Easy® kit (Promega, cat # A1360) 

with the reaction settings given below: 

Reagent  Volume (µl) 

2x buffer  10 

T4 ligase  0.5 

pGEM-T plasmid 0.5 

insert (~5 ng/µl) 9 

This reaction was left to run at room temperature for 5 hours. 

After ligation, the plasmids were transformed into XL10 cells. Competent cells 

were gently thawed on ice and thereafter left on ice for 10 minutes with the 

ligation mix added. This was followed by a 45 s heat shock at 42°C and ice cooling 

for 2 min. The cells were given 200 µl LB broth with 50 µg/ml ampicillin, incubated 

for 10 min at 37°C, and plated onto two LB agar plates (made with ampicillin LB) 

coated with 0.5 mg ampicillin, 0.8 mg XGAL and 0.8 mg IPTG. Plates were 

incubated at 37°C overnight, and four colonies per plate were picked for screening 

the next morning. Colony PCRs were done using M13 primers and the BioTaq kit; 

the reaction mix and program settings are given below: 

 

35 cycles 
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Reaction mix (50 µl): 

Reagent  Volume (µl) 

H2O   36 

10x NH4 buffer 5 

10 mM dNTP mix 5 

50 mM MgCl2  1.5 

Taq   0.5 

primers (20 µM) 1 each 

 

PCR program: 

Step   Temperature  Time 

Initial denaturation 96°C   5 min 

Denaturation  96°C   20 s 

Annealing  56°C   30 s 

Extension  72°C   1 min 

Final extension 72°C   5 min 

Hold   6°C   ∞ 

The products were visualised on a 1% gel; all were roughly the same size, and 

therefore the remainders of all eight colonies were grown overnight at 37°C in 5 ml 

LB broth with 50 µg/ml ampicillin with vigorous shaking. The next morning, 750 µl 

of each culture was mixed with 250 µl of 80% glycerol and snap-frozen in liquid 

nitrogen for archival at -80°C. The remainder was extracted using the PeqGOLD 

plasmid miniprep kit (Peqlab, cat # 12-6942-02). Manufacturer’s instructions were 

followed with the following modifications: 

1. The initial centrifugation was done at 3 400 g for 15 min. 

2. The optional room temperature incubation for 2 min was included after the 

lysis step. 

3. The optional post-binding wash with HB buffer (step 5) was included. 

4. The extra wash with wash buffer (step 7) was omitted. 

5. 1 min centrifugation steps were increased to 1.5 min. 

6. The purified plasmids were eluted in 50 µl water rather than elution buffer. 

All extractions were successful, yielding between 2.46-3.25 µg plasmid at a 

concentration of 50-67 ng/µl. The plasmids were sequenced with BigDye® 

Terminator v3.1 (Applied Biosystems, cat # 4337454) with the reaction settings 

described below: 

36 cycles 
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Reaction mix (10 µl): 

Reagent  Volume (µl) 

plasmid  2 

primer (3.2 µM)* 1 

5x buffer  2 

BigDye mix  1 

H2O   4 

 

Sequencing PCR program (with heated lid): 

Step    Temperature  Time 

Initial denaturation  96°C   3 min 

Denaturation   96°C   15 s 

Annealing   50°C   15 s 

Extension   60°C   4 min 

Hold    6°C   ∞ 

* One forward (T7 primer) and one reverse (SP6 primer) reaction was run 

for each clone. 

Finished sequencing reactions were precipitated by the addition of a mixture of 1.5 

µl 3 M sodium acetate (pH 4.6), 31.3 µl absolute EtOH, and 7.25 µl water, leaving 

the sample for 20 min at room temperature in darkness. Precipitated DNA was 

pelleted out by centrifuging at 4°C, 3760 g, for 40 min, and washed by replacing the 

supernatant with 100 µl 70% EtOH and centrifuging again for 20 min. Pellets were 

air dried in darkness and sent to the sequencing service at the Department of 

Zoology, University of Oxford. All eight clones returned msp130-like sequences; the 

sequence most closely matching the Trinity contig was submitted to Genbank 

under accession KM588349. 

2.7.2. Sequence analysis 

The predicted protein sequence of the Trinity-derived transcript was submitted to 

the TargetP web service (Emanuelsson et al., 2007; http://www.cbs.dtu.dk/services/ 

TargetP/) to determine the presence of a signal peptide indicative of a secreted 

protein like sea urchin msp130. 

The S. lamarcki protein was also aligned with the full set of proteins identified by 

Ettensohn (2014) after correction of those sequences for gene prediction errors, the 

alignment manually edited to remove poorly aligned regions and the long repetitive 

35 cycles 
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stretches found in some of the sequences, and subjected to phylogenetic analysis 

with the same methods used for alkaline phosphatases (section 2.4.5.2). 

Modelgenerator selected the LG+G model by all three information criteria. The full 

alignment used to tree-building is provided in the electronic appendix. 

2.7.3. Comparison of gene structure in animals and algae 

To test Ettensohn’s (2014) hypothesis of multiple horizontal gene transfer events, a 

comparison of exon-intron structures among representative eukaryotic msp130 

family members was undertaken. Gene models were examined from the whole 

genome assemblies of the sea urchin Strongylocentrotus purpuratus, the 

cephalochordate Branchiostoma floridae and the gastropod Lottia gigantea, two 

green algae (Volvox carteri and Chlamydomonas reinhardtii) and a brown alga 

(Ectocarpus siliculosus). All of the above species were listed in Ettensohn’s 

supplementary material, and generally, the accessions provided there were used as 

the basis of comparison, but a number of corrections were made to automatically 

generated gene models. These are described in the electronic appendix. Gene 

structures from S. purpuratus were generally confirmed by the high-coverage 

transcriptome of Tu et al. (2012), whose transcripts are either associated with the 

gene models or available through the BLAST service on SpBase. The genomic 

sequence of one model, “msp130rel7” is split into two non-overlapping parts (with 

the split occurring at a conserved intron site) and situated on two different genomic 

scaffolds n the v3.1 assembly. To confirm splice sites predicted from the other 

genomes, EST databases were searched for matches spanning one or more 

predicted junctions. (EST alignments are provided in the electronic appendix.)  
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3. Morphogenesis and cell 

proliferation during opercular 

regeneration 

3.1. Introduction 

3.1.1. Appendage regeneration in metazoans 

An appendage may be defined as a structure that protrudes from the body wall and 

has its own axis/axes of polarity. Animals possess a vast variety of appendages 

such as the tentacles of cnidarians, the fins and limbs of vertebrates, or the 

parapodia of annelids. The diversity of animal body plans is, to a large extent, a 

diversity of appendages. Many metazoan appendages are capable of regeneration, 

and regeneration has important ecological and evolutionary ramifications 

(Maginnis, 2006; Lindsay, 2010). However, only a few types of metazoan 

appendages have been studied in any depth with regards to the process of 

regeneration, and the underlying mechanisms have been elucidated in even fewer. 

Probably the best studied regenerative appendages are vertebrate (particularly 

urodele) limbs (reviewed in Brockes, 1997; Nye et al., 2003; Stocum and Cameron, 

2011). Vertebrate limbs and fins regenerate via a classical epimorphic process. 

After wound healing, a proliferative blastema forms at least partly through the 

dedifferentiation of stump tissues. The blastema grows and differentiates to 

replace the missing structures. Vertebrate blastemal cells appear to preserve a 

memory of their lineage of origin and contribute only a limited range of cell types to 

the regenerate (Gargioli and Slack, 2004; Kragl et al., 2009; Tu and Johnson, 2011; 

Lehoczky et al., 2011). Developing vertebrate limbs are patterned with the help of 

signalling centres such as the apical ectodermal ridge/cap, which promotes 

proximodistal limb outgrowth through FGF signalling, and the zone of polarizing 

activity, which defines the posterior pole of the limb bud via Sonic hedgehog. Gene 

expression patterns (Christen and Slack, 1997; Han et al., 2001; Endo et al., 1997; 

Torok et al., 1999) and manipulation of signalling activity (Mullen et al., 1996; Poss 

et al., 2000; Satoh et al., 2011; Roy et al., 2000; Roy and Gardiner, 2002) indicate 

that similar mechanisms are active during regeneration. 

Arthropod (chiefly insect) limb regeneration is a classical model for understanding 

positional information in development (Bohn, 1970a,b; French et al., 1976; French, 

1978, 1980; 1982). As in vertebrates, arthropod limbs appear to regenerate by 

epimorphosis, with a blastema and extensive cell proliferation at the amputation 

site (Anderson and French, 1985). According to Hopkins et al. (1999), leg 

regeneration in fiddler crabs shows another interesting parallel with vertebrates: 
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antibodies against vertebrate FGFs localise to the epidermis covering the blastema 

and to the pedal nerve innervating the stump, and blastemas cultured in the 

presence of FGF2 (which is a nerve- and epidermis-derived growth factor in axolotl 

blastemas) exhibit increased early proliferative activity.  A recent study by Averof 

and Konstantinides (2014) reveals further similarities between vertebrate and 

crustacean limb regeneration. In Parhyale hawaiensis, lineage tracing by 

transgenic markers indicates limited potential in the cells that contribute to 

regenerated limbs, and Pax3/7 gene expression identifies a muscle-specific 

progenitor lineage akin to vertebrate muscle satellite cells. 

Imaginal discs in Drosophila melanogaster (reviewed in Bergantiños et al., 2010a) 

are excellent developmental model systems thanks to the wealth of experimental 

tools and genetic resources available for this species. Although they are perhaps 

more comparable to limb buds than juvenile or adult vertebrate limbs, repair of 

fragmented discs has nonetheless proven useful in the study of patterning and cell 

fate determination. Leg and wing imaginal discs are organised into compartments 

(Garcia-Bellido et al., 1973) and patterned by interacting BMP, Wnt and hedgehog 

signals emanating from compartment boundaries (Campbell et al., 1993; Tabata 

and Kornberg, 1994; Diaz-Benjumea et al., 1994). During regeneration, 

compartments define the boundaries of the proliferative response (Bergantiños et 

al., 2010b), and restrict the fates of blastemal cells (Bosch et al., 2008). However, 

upon massive damage to one compartment, a rapid breakdown of the boundary 

occurs, allowing cells from both the damaged and undamaged compartments to 

cross over and change identities before the border is re-established (Herrera and 

Morata, 2014). Although normal imaginal disc regeneration involves proliferation, 

repatterning of a damaged disc can proceed without it (Díaz-García and Baonza, 

2013). 

Echinoderms are a third group in which appendage regeneration has received a 

substantial amount of study, although not as much as the previous two groups. All 

echinoderm research must be taken with the caveat that the nature of echinoderm 

body axes is controversial. Whether the arms of echinoderms, on which 

regeneration studies to date have focused, are appendages (Hotchkiss, 1998; 

Peterson et al., 2000) or parts of the main body axis (Morris, 2012) is therefore a 

matter of dispute. Regardless of their relationship to body axes, the arms of diverse 

echinoderms also undergo more or less epimorphic regeneration, although Biressi 

et al. (2010) point out that the “blastema” in regenerating ophiuroid arms shows 

obvious structural heterogeneity from early on, rather than beginning as a more or 

less homogeneous cell mass. Candia Carnevali and Bonasoro’s (2001) review of 

crinoid arm regeneration contends that both migratory stem cells and local 

dedifferentiation contribute to the regenerated structure. Either way, cell 

proliferation is clearly a major part of arm regeneration in all three classes of 

extant “armed” echinoderms: crinoids (Candia Carnevali et al., 1995; 1997; Candia 
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Carnevali and Bonasoro, 2001), asteroids (Moss et al., 1998; Fan et al., 2011) and 

ophiuroids (Biressi et al., 2010). 

3.1.2. Lophotrochozoan appendages 

Vertebrates and echinoderms belong to the deuterostome superphylum, while 

arthropods are ecdysozoans. The third bilaterian superphylum, Lophotrochozoa, is 

poorly represented in appendage regeneration research despite the diversity of its 

appendages. These include not only the tentacle apparatus (lophophore) that the 

superphylum was named for, but also cephalopod arms, bivalve siphons and 

gastropod sensory tentacles, as well as parapodia, palps, cirri, tentacles and 

opercula in annelids. 

Arguably, the planarian pharynx (reviewed by Kreshchenko, 2009) is also an 

appendage, although it may better be considered part of the gut. Planarians are 

among the best studied models of general regeneration, but the pharynx is rarely 

studied outside the context of a more global regenerative process. One such study 

by Ito et al. (2001) reports that the pharynx relies on the proliferation and 

migration of neoblasts anterior to the pharyngeal region to restore missing tissue, 

as the pharynx itself lacks neoblasts. Adler et al. (2014) confirm this by observing 

the failure of cells expressing the pharyngeal marker FoxA to accumulate after 

selective amputation in irradiated animals. Thus, the pharynx resembles the 

general pattern of planarian regeneration, in which a blastema forms but cell 

proliferation occurs outside of it, and exclusively in neoblasts. 

In other lophotrochozoan groups, mechanisms of appendage regeneration are very 

poorly studied. It is known that many molluscan and annelid appendages 

regenerate. In molluscs, these include siphons in bivalves (Pekkarinen, 1984; 

Ansell et al., 1999), sensory tentacles in gastropods (Miles, 1961), cerata in 

nudibranchs (Miller and Byrne, 2000) and arms in cephalopods (Tressler et al., 

2014). In annelids, most reports focus on the feeding palps of spionids (Lindsay et 

al., 2007; Dualan and Williams, 2011) or the tentacles and opercula of 

sabellid/serpulid tubeworms (Kennedy and Kryvi, 1980; Bubel et al., 1977; 1980; 

1985; Bubel and Thorp, 1985). Many studies of lophotrochozoan appendage 

regeneration are concerned with the ecological ramifications for the animals 

undergoing appendage loss and for their communities (Daly, 1972; de Vlas, 1985; 

Tomiyama and Ito, 2006; Lindsay et al., 2008; Berke et al., 2009; Dualan and 

Williams, 2011; Hoso, 2012, Nuñez et al., 2013). Much of the research concerning 

regeneration in gastropod eyes and eyestalks (Chase and Kamil, 1983; Gibson, 

1984; Bobkova et al., 2004) is centred around histology and functional recovery, 

and not elements such as cell proliferation or signalling activity, although some 

studies (e.g. Miller Bever and Morgens, 1988) do discuss regenerative modes. 

Likewise, little of the existing research on annelid appendages addresses 

mechanisms. Descriptions of palp regeneration in spionids emphasise the recovery 

of functionally important structures such as food grooves and cilia (Lindsay et al., 
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2007; 2008), but do not discuss the mode or mechanisms of regeneration. These 

studies are primarily interested in the ecology of regeneration, and do not report 

cell behaviour. Thus, this thesis begins to fill an important gap in the regeneration 

field. 

3.1.3. Opercular regeneration in S. lamarcki: the picture from 

Bubel 

A general discussion of serpulid opercula can be found in Chapter 1. 

The most in-depth work on serpulid opercular regeneration was done on S. 

lamarcki itself in the 1980s by Bubel and co-workers (Bubel et al., 1980; 1985; 

Bubel and Thorp, 1985). Bubel’s studies present histological, biochemical and 

ultrastructural observations, in addition to a general description of the 

regeneration process. These studies make a number of interesting observations. 

When the opercular filament is amputated distally to the easy break point, any 

remaining tissue beyond the easy break point is detached within a day (Bubel et 

al., 1980; Bubel and Thorp, 1985). Wound healing appears to involve a plug formed 

by migrating coelomocytes, although this conclusion is based only on static images. 

Epidermal cells then cover the wound and secrete a new cuticle (Bubel and Thorp, 

1985). Unlike regenerative annelid heads and tails, the S. lamarcki peduncle does 

not form a blastema (Bubel and Thorp, 1985).  During the whole regeneration 

process, mitotic figures are observed only in the region proximal to the opercular 

rim (Bubel et al., 1985). Rim cells, which form the border between the wall of the 

operculum and the opercular plate (Fig. 1.1) adopt a distinct, tall columnar 

morphology early in regeneration (Bubel et al., 1985). Bubel et al. (1980, 1985) also 

describe the morphogenetic events leading to the restoration of the complete 

opercular filament, such as the expansion and calcification of the opercular plate, 

the formation of the groove at the base of the cup, and the development of the easy 

break point. However, Bubel’s work is generally heavily focused on electron 

microscopy and the minutiae of cellular morphology. 

3.2. Aims 

Here, I aim to: 

 Establish the normal time course of opercular regeneration under a 

standard set of experimental conditions 

 Investigate potential factors that could influence this time course 

 Describe the general pattern of cell proliferation during regeneration 

o Determine whether proliferation occurs in dedicated growth zones 

o Determine when proliferation occurs in relation to morphogenesis 

 Explore the possibility of morphallaxis in opercular regeneration 



37 

 

3.3. Methods 
The staging system used to record opercular morphogenesis is described in section 

2.2. BrdU exposure and immunohistochemistry are described in section 2.3. 

3.4. Results 

3.4.1. The timeline of regeneration 

3.4.1.1. Morphogenesis 

The stages of opercular regeneration considered here are illustrated in Fig. 3.1, 

with the exception of the easy break point, which is discussed below. The timing of 

morphogenetic events varies among individuals, but usually by no more than 1-2 

days (for all morphogenetic landmarks except the easy break point, at least 95% of 

individuals fell within a 2-day window). Just after amputation at the easy break 

point, the remaining stump (the proximal half of the peduncle) ends in a triangular 

wound surface, which rapidly contracts to seal the wound (Fig. 3.1A). By 1 dpo, 

nearly all (90/96) peduncle stumps display obvious signs of regeneration: the 

wound has healed over and the corners of the amputation surface are beginning to 

form into prongs, the stump has grown noticeably longer, and usually, a slight 

swelling is evident around the middle of the stump (Fig. 3.1B). Around 2 dpo, this 

swelling enlarges (Fig. 3.1C), then the distal end of the swelling forms a rim, 

differentiating the future cup from the future spine (Fig. 3.1D). Soon after the rim 

is apparent, the swelling becomes distinctly cup-shaped with a more noticeable 

boundary at its base and an expanding, more or less flat, opercular plate at its 

distal surface (Fig. 3.1E). Calcification normally becomes apparent at this time 

(Fig. 3.1F), although 13 animals began calcifying before reaching cup stage. The 

earliest signs of calcification are opaque whitish patches/bands around the base of 

the spine, and small, scattered, beadlike objects. Under higher magnification, the 

former can be seen to be composed of micrometre-scale grains, and the latter 

appear as larger, roughly circular “tiles” (see Chapter 4). Rim and cup formation 

and calcification generally all occur between 2-3 dpo. 
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Figure 3.1. Opercular regeneration in S. lamarcki. All photographs are dorsal views except F, G 

and J (left lateral). Scale bars are approximately 0.5 mm. A-H. Stages of morphogenesis. A. Peduncle 

stump shortly after amputation. The triangular wound surface has contracted. Residual white and 

brown pigmentation is visible at the end of the stump. B. Regeneration initiated, with stump 

elongation, developing prongs (arrow) and a small swelling (arrowhead). Pictured specimen is 1 dpo. 

C. Strong swelling (2 dpo specimen). D. Rim formation (2 dpo specimen). The distal margin of the 

swelling (arrowhead) is becoming more distinct from the spine. E. Cup formation. The swelling is 

clearly cup-shaped, with a plate expanding between rim and spine. Pictured specimen is 2 dpo. F. 

Calcification. Small, round tiles are visible around the base of the spine. (Specimen is 2 dpo, cup 

stage.) G. Groove formation. Peduncle and cup are now separated by a sharp line (arrowhead). The 

specimen is 5 dpo. H. Wing formation. Wing buds (inset, arrowhead) appear at the distal end of the 

peduncle (6 dpo specimen). I-J. Development of pigmentation. I. Dotted pigmentation on cup wall (6 

dpo). Inset shows close-up of the boxed area with reddish pigment dots. J. 14 dpo specimen displaying 

all elements of mature pigmentation (dark banding on cup, proximal and distal pigment bands on 

peduncle, white bands). Pigmentation can darken considerably after this point. K. Timing of 

morphogenetic and pigmentation stages in 96 adult worms. Boxes represent interquartile ranges with 

a median line. Whiskers extend to 1.5 IQR. Numbers under the plot indicate the number of specimens 

that reached each stage within the observation period. The diagrams under each box represent the 

stages depicted in A-J as indicated by the letters. The easy break point is not included in this figure 

due to its unreliability as a landmark (see main text). Figure from Szabó and Ferrier (2014a). 

The next stage in morphogenesis is the delineation of the peduncle from the cup 

(i.e. the operculum proper). In the mature opercular filament, the boundary is 

characterised by a conspicuous groove, which involves an invagination of epidermis 

and cuticle and a constriction of the mesodermal component of the peduncle (Bubel 

et al., 1980; 1985). The first external sign of the developing groove, usually 

apparent by 3-4 dpo, is the sharpening of the previously smooth operculo-

peduncular boundary (Fig. 3.1G). The last major morphological landmark (apart 

from the easy break point, see below) is the appearance of wing buds. The lateral 

wings are a prominent feature of mature opercular filaments, extending from the 

distal peduncle on either side of the cup. They are continuations of more or less 

prominent lateral ridges that contribute to the strongly triangular cross section of 

the distal peduncle. Wings typically begin development between 4-6 dpo as slight 

protuberances at the distal end of the peduncle (Fig. 3.1H). With the 

commencement of wing development, the mature morphology of the opercular 

filament is essentially complete, although both the entire filament and particular 

elements of its anatomy (most notably the wings and the calcified opercular plate) 

continue to grow for several weeks. 

3.4.1.2. Pigmentation 

When all morphogenetic landmarks are in place, the operculum begins to develop 

pigmentation. Some pigmentation from the proximal half of the old peduncle is 

often left after amputation. The first new pigmentation to appear is normally 

scattered red or brown dots on the wall of the cup, but aside from this, the order of 

appearance of different elements of pigmentation varies. Likewise, the timing of 

appearance of most individual components of pigmentation is considerably more 

variable than that of morphogenetic landmarks (median range 2 days for 

morphogenetic, 8 days for pigmentation landmarks). In this study, pigmentation 

was never observed before all morphogenetic landmarks were present. 
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3.4.1.3. Potential factors affecting the time course of regeneration 

The rate and success of regeneration can depend on a number of factors; age, here 

represented by size (Tartakovskaya et al., 2003; Somorjai et al., 2012; Seifert and 

Voss, 2013; Jeffery, 2014) and sex (Nachtrab et al., 2011) have both been shown to 

exert an influence in other organisms. Additional injuries, which may represent a 

drain on an organisms’s resources, are probably not strongly influential in S. 

lamarcki (S. Miles and D. Ferrier, unpublished), but they were recorded to be 

certain. Box plots comparing the time course of regeneration in animals of different 

sexes (female or male), sizes (lower and upper quartile of thorax length), modes of 

opercular loss (cut or autotomy) and health status (intact or injured during 

detubing) are shown in Fig. 3.3. None of these factors have a discernible effect on 

the course of regeneration. Furthermore, although more injured animals produced 

small imperfections such as subcuticular bubbles (14/27 versus 27/69), this 

difference is not statistically significant (χ2 = 1.28, df = 1, p = 0.25). There were too 

few aborted regenerates (n = 7) to test whether injuries or abnormalities are 

related to regeneration success, but similar numbers of normal (3) and defective (4) 

regenerates were aborted, and only 2/7 abortions occurred in animals that had 

been injured during detubing. Examples of regeneration defects are shown in Fig. 

3.2. Bubbles are by far the most common defects (33/41 in this sample), and more 

than a third of all bubbles disappeared within the observation period (13/33). 

 

Figure 3.2. Common defects of opercular regeneration. A. Bubbling of the cuticle (arrow). Right 

dorsolateral view. B. Short peduncle (left lateral view). C. Laterally kinked peduncle (dorsal view). 

Anterior is towards the top in all images; scale bars are approximately 0.5 mm. 
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Figure 3.3. Comparison of regeneration time courses by potential confounding factors. A. Sex (49 females and 42 males). Five worms did not spawn 

and could not be sexed. B. Mode of amputation (55 manual, 41 autotomies). C. Size (30 in lower quartile [1.3-2.2 mm], 27 in upper quartile [2.5-3.1 mm] of thorax 

length). D. Injuries other than opercular amputation (69 intact, 27 injured). Figure adapted from Szabó and Ferrier (2014a).
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3.4.2. The fate of residual pigmentation 

As a preliminary tool for mapping tissue remodelling during regeneration, residual 

pigmentation from the original proximal peduncle was followed up to cup formation 

in several animals that had conspicuously pigmented stumps (Fig. 3.4). While good 

images in a specific orientation can be difficult to obtain due to the animals’ 

movement, in some specimens, discrete patches of white pigmentation can still be 

identified across stages. As morphogenesis proceeds, these patches are invariably 

pushed to the distalmost region of the regenerate, comprising the rim, plate and 

spine. The original pattern is proximodistally stretched to accommodate the 

growing size of the area it covers. Dark (usually grey) pigmentation in the proximal 

peduncle is more diffuse and therefore more difficult to follow. 

 

Figure 3.4. The fate of stump pigmentation. Three specimens with well-defined areas of white 

pigmentation. Each row represents a single individual. The first three images in each row were taken 

shortly after amputation, at 1 dpo and at 2 dpo. A4 and B4 are 3 dpo; C4 is 6 dpo (this was an 

exceptionally slow-developing regenerate). All images are left lateral view except C1, C2 and C4 (right 

lateral). Arrows in A1-4 mark individual spots of white pigment; empty arrowheads indicate location 

of the remnants of the proximal pigment band. Scale bars are approximately 0.25 mm. Figure 

adapted from Szabó and Ferrier (2014a). 
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3.4.3. Cell proliferation 

3.4.3.1. BrdU labelling 

3.4.3.1.1. Epidermis 

The S-phase marker BrdU reveals that cell proliferation occurs throughout the 

duration of opercular regeneration, and is not restricted to a dedicated growth zone 

such as a blastema. However, there are marked differences in the amount of BrdU 

label in early and later regenerates. Swelling stage and earlier regenerates 

(labelled 0-2 dpo) show at most a scatter of labelled cells (about 50 or fewer cells 

visible in dorsal view), mainly in the swelling region (Fig. 3.5A). From rim 

formation onwards, we find specimens with a high density of labelled cells in the 

entire opercular filament epidermis with the exception of the rim, plate and spine 

(Fig. 3.5B-D). Even in the most extensively stained specimens, these distal 

structures appear to lack staining (Fig. 3.5B and inset in 3.5D). While staining 

extends from the distal cup wall to the base of the peduncle, the surrounding head 

region does not appear to experience a similar level of proliferation. In later 

regenerates (> 6 dpo), BrdU label in the peduncle appears more spatially restricted, 

with stained cells concentrated laterally, and particularly in the developing wings 

(Fig. 3.5E-F). Table 3.1 summarises the numbers of specimens showing particular 

staining patterns in various age groups of regenerates. 

Table 3.1. Distribution of epidermal staining patterns in BrdU-labelled whole opercular 

regenerates. “Complete” means dense epidermal staining throughout the peduncle and cup wall. 

“Partial” refers to dense staining in only part of the regenerate, e.g. peduncle only, cup only, or 

patchy. “Lateral concentration” denotes the concentration of staining in the lateral ridges and wings 

of the peduncle. Cups are generally densely and uniformly labelled in these specimens. “Limited” 

refers to the lower number of cells observed in early specimens as shown in Fig. 3.5. Numbers in 

brackets are percentages of the total number of specimens for that stage, rounded to nearest integer. 

 
0-2 dpo 1-3 dpo 2-4 dpo 3-5 dpo 4-6 dpo 5-7 dpo 6-8 dpo 

8-10 

dpo 

Complete 0 5 (26%) 7 (39%) 25 (61%) 11 (30%) 2 (20%) 3 (16%) 0 

Partial 0 2 (11%) 5 (28%) 7 (17%) 13 (35%) 3 (30%) 0 1 (4%) 

Lateral 

concentration 
0 0 0 1 (2%) 9 (24%) 5 (50%) 15 (79%) 21 (88%) 

Limited 9 (25%) 0 0 0 0 0 0 0 

No staining 27 (75%) 12 (63%) 6 (33%) 8 (20%) 4 (11%) 0 1 (2%) 2 (8%) 

Total 36 19 18 41 37 10 19 24 
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3.4.3.1.2. Mesodermal tissues 

Inside its thick layer of epidermal cells, the opercular filament contains 

longitudinal muscle fibres (ventrally located in the peduncle), connective tissue 

(dorsally concentrated in the peduncle, filling the cup) and a major blood vessel 

[Hanson, 1949]. To observe cell proliferation in these tissues, a small number of 

specimens were cut into blocks as described in section 2.3 and stained in the same 

way as whole heads. Overall, fewer cells are labelled in mesodermal tissues 

compared to the epidermis. There is also an apparent delay in the onset of BrdU 

incorporation, and mesodermal BrdU label disappears before epidermal staining 

(Fig. 3.5), although sample sizes for this experiment were quite small. Altogether, 

5/6 of the 0-2 dpo specimens with a cup had epidermal but not internal staining 

(Fig. 3.5G), while 7/8 specimens labelled at 1-3 dpo showed strong mesodermal 

staining (Fig. 3.5H). The connective tissue inside the cup remains unstained 

throughout the stages investigated. The blood vessel is densely labelled at 4-6 dpo 

(Fig. 3.5K, 5/5 cups) but not in later regenerates (Fig. 3.5L, 7/7 cups at 8-10 dpo). 
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Figure 3.5. BrdU labelling of whole opercular filaments and portions. A-F. Whole heads. A. 

Early swelling stage specimen labelled 0-2 dpo. B. Slightly end-on view of rim stage specimen 

(labelled 1-3 dpo) showing unstained distal region and dense staining in the rest of the regenerate. 

Dark distal edge of the spine is homogeneous, non-specific staining. C. Groove stage specimen 

(labelled 2-4 dpo) with dense staining throughout the opercular filament. Inset shows close-up of the 

boxed area. D. Specimen labelled 4-6 dpo. Inset is a different view of the same specimen with the 

unstained opercular plate visible. E. Typical staining pattern for regenerates labelled 8-10 dpo. 

Staining in the peduncle is concentrated in the lateral ridges and wings, but the cup wall is still more 

or less evenly labelled. F. Right lateral view of the specimen shown in E. Inset is a magnification of 

the boxed area, showing the strongly stained right wing. G-L. Blocks cut from opercular regenerates 

to display mesodermal staining. Small diagrams indicate the rough stage of the specimen (see Fig. 

3.1) and the location of the cut with the part of the regenerate not shown in the image faded out. Each 

image shows a view of the cut surface marked by the dashed line. Asterisks indicate the lumen of the 

opercular blood vessel. G. Section of early cup stage specimen (0-2 dpo). Arrowheads indicate the 

thickness of the epidermis. H. Cup stage specimen (1-3 dpo). I. Mid-peduncle cut of a typical 4-6 dpo 

specimen. J. The same cut in a typical 8-10 dpo specimen. K. Oblique cut through a 4-6 dpo cup. Faint 

staining inside the cup is in the epidermis on the far wall of the cup. L. 8-10 dpo cup with blood vessel 

unstained. Three portions of blood vessel lumen are visible due to the coiling of the vessel. Scale bars 

are approximately 0.5 mm in B-F, K and L and approximately 0.2 mm in A and G-J. Figure from 

Szabó and Ferrier (2014a). 

3.4.3.2. Phosphohistone H3 

Phosphorylation of the nucleosomal histone H3 at specific residues (chiefly Ser10 

and Ser28) is widely used as a marker for mitotic cells. In regenerating opercular 

filaments, significant phosphohistone H3 (Ser28) immunoreactivity can only be 

observed in the epidermis. Generally, few cells are labelled, but these can occur 

anywhere along the peduncle and cup wall (Fig. 3.6). Because phosphohistone H3 

detection does not require long live exposures, very early regenerates could also be 

tested. At 8 hpo, no staining is observed (n = 12). By 1 dpo (early swelling), 

specimens may have a scatter of stained nuclei (on the order of 10 cells at most). In 

general, phosphohistone immunohistochemistry produces much higher levels of 

background than BrdU staining. 

 

Figure 3.6. Mitotic cells are distributed throughout the opercular filament. Labelled cells in 

three different regions from three specimens stained for phosphohistone H3 (Ser28). A indicates the 

rough location of the regions shown in B-D. B. Distal cup wall of a 3 dpo (groove stage) specimen. C. 

Mid-peduncle region of a different 3 dpo specimen. D. Base of the peduncle in a 2 dpo (cup stage) 

specimen. All images are dorsal views. Scale bars are 100 µm. Figure from Szabó and Ferrier (2014a) 
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3.5. Discussion 

3.5.1. Time course of regeneration 

Opercular regeneration in S. lamarcki appears to follow a stereotyped 

morphogenetic sequence. Except for the slight variation in the relative timing of 

cup development and calcification, landmarks appear in a well-defined order. This 

is a trivial observation where landmarks are logically dependent on each other (e.g. 

cups cannot form without a pre-existing swelling), but also true where such a 

logical necessity is not present (e.g. grooves always form later than rims). There is 

a degree of individual variation in the timing of events, but this is not noticeably 

affected by factors one could reasonably expect to influence regeneration rate, such 

as size/age (Tartakovskaya et al., 2003; Somorjai et al., 2012; Seifert and Voss, 

2013; Jeffery, 2014), sex (Nachtrab et al., 2011), or additional injuries. As 91/96 of 

the animals used to establish a time course were sexually mature as judged by 

their spawning in response to detubing, it is still an open question whether there is 

a difference between immature juveniles and adults. Autotomy and amputation at 

the autotomy plane seem to be equivalent in terms of the general progression of 

regeneration, justifying the inclusion of autotomised specimens in experiments 

together with amputees. 

Pigmentation features vary considerably more in their time of appearance than 

anatomical landmarks. They also vary in their order of appearance (see Fig. A2 for 

an example). At present, the reason for the difference can only be guessed, but it is 

likely that pigmentation has less functional importance than morphology. 

Pigmentation patterns are also quite variable among individuals, compatible with 

low selective constraint on the specific details of the pigment pattern. While the 

morphology of the operculum, such as the presence of a cup large enough to block 

the tube entrance, probably has great functional significance, it is conceivable that 

a variety of pigment patterns could serve the most likely function for pigmentation, 

camouflage. Nonetheless, morphological features with a less obvious function 

(wings) are still less variable than most elements of pigmentation. 

3.5.1.1. The problem of the easy break point 

The easy break point fulfils an important function as the autotomy plane of the 

opercular filament. For this reason, and because of observations on alkaline 

phosphatase activity (Chapter 5), it was initially recorded among the 

morphogenetic landmarks of this study. However, several observations suggest 

that the first appearance of the easy break point could not be accurately detected 

under the observation conditions used here. First, the line formed by the easy 

break point is not obvious on live, poorly pigmented regenerates. On several 

occasions easy break points observed on one day appeared absent on the next. 

Second, the variation in recorded easy break point appearances is much higher 

than that observed for any other morphological landmark, and on par with the 

most variable elements of pigmentation (range: 9 days). Third, under DIC optics, 
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easy break points can readily be observed on fixed 6 dpo regenerates, and even 

some specimens as young as 4 dpo, which seems inconsistent with the time range 

(5-14 dpo, median 9 dpo) recorded from live animals. For this reason, the easy 

break point was not included in the final time course displayed in Fig. 3.1. 

3.5.2. Pigmentation and regional fates 

The unique patterns formed by residual white pigmentation offer a simple tool for 

mapping regional tissue fates in the peduncle stump. Observations of white 

pigmentation suggest that the distal half of the stump forms the distal portion of 

the new operculum, including the rim, plate and spine. Bubel and co-workers 

(Bubel et al., 1980; Bubel and Thorp, 1985) contended that opercular regeneration 

requires discarding all tissue distal to the easy break point. While this is not true 

(regenerates can begin development with the distal peduncle still attached), it does 

seem to be the case that regions distal to the EBP do not contribute to the 

regenerate. For example, in specimens amputated slightly distal to the EBP, the 

remnant of the proximal pigment band that is initially present (Fig. 3.4A1, C1, 

empty arrowheads) is gone by 1 dpo (although B4 appears to show a dark line at 

the former site of wound closure [empty arrowhead]). 

The fact that the original pattern of white pigmentation is preserved suggests a 

remodelling of existing tissue in the distal portion of the stump, which is in line 

with hypotheses about the morphallactic nature of opercular regeneration. It 

should be noted that the exact location of white pigmentation (whether it is 

associated with epidermal cells or the overlying cuticle) is not clear at present. 

Nonetheless, based on these preliminary observations, it would be very interesting 

to conduct a rigorous fate mapping study using, for example, DiI labelling. 

3.5.3. Cell proliferation patterns 

The BrdU labelling results indicate that the earliest stages of regeneration are 

accompanied by relatively little cell proliferation. Long BrdU exposures can delay 

regeneration, but most regenerates labelled between 0-2 dpo have at least some 

swelling. Nonetheless, they do not show the widespread and dense BrdU staining 

observed in rim stage and later regenerates (Fig. 3.5, Table 3.1). From rim 

formation throughout cup morphogenesis and up to about 6 days of regeneration, 

staining continues to occur throughout the opercular filament epidermis, with the 

notable exception of the plate and spine. 

Intriguingly, this is exactly the region that appears to derive from the distal half of 

the stump based on the fate of residual pigmentation. Because of the very long 

whole-body BrdU exposure in these experiments, if this region originated from cell 

proliferation elsewhere, it should still contain labelled cells. However, the lack of 

BrdU label in the presumptive rim, plate and spine even in otherwise strongly 

stained specimens is evident from the earliest stages (Fig. 3.5B). As BrdU is an S-

phase marker, the only way these structures could derive from a proliferative 
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response is if they originate from cells already in G2 phase at the time of BrdU 

exposure. Such a situation was observed by Nishimura et al. (2011) in planarian 

brain regeneration. The divide between the modes of regeneration of distal (may be 

entirely morphallactic) and proximal (highly proliferative) structures is unusual 

among known appendage regeneration processes, which tend to involve a blastema 

(see Introduction of this chapter). It may be compared to the odd mixture of 

epimorphic and morphallactic modes observed in sabellid segment regeneration 

(Berrill, 1978), although in that case, the terminal segments are replaced in an 

epimorphic manner, and it is the intermediate (thoracic) segments that form by 

morphallaxis. 

Although phosphohistone H3 immunolabelling detects far fewer cells than the long 

BrdU pulses employed in this study, the wide distribution of those cells (Fig. 3.6) 

suggests that the widespread BrdU labelling represents genuinely widespread 

proliferative activity rather than (or in addition to) the movement of post-

proliferative cells. The proliferative response begins somewhere between 8 hpo 

(when wound healing is still in progress) and 1 dpo (when morphogenesis of the 

new operculum has begun). Throughout this period, there is no indication of a 

dedicated proliferation zone akin to a vertebrate limb blastema or a planarian post-

blastema region. 

At later times (approximately 6 dpo onwards), a degree of regionalisation can be 

seen in the distal peduncle. BrdU label is more often concentrated laterally in older 

regenerates than in their younger counterparts (Fig. 3.5E-F, Table 3.1). The timing 

of this shift broadly coincides with the onset of wing development. The changing 

staining pattern is consistent with a slowing of overall peduncle growth while wing 

outgrowth is still in progress. 

Based on staining of BrdU-labelled blocks of regenerates, proliferation is not 

restricted to particular tissues. Labelled cells can be detected in the blood vessel 

wall both in the peduncle and the operculum itself (Fig. 3.5I, K). The distribution of 

labelled cells within the peduncle mesoderm is consistent with their presence in 

both the longitudinal muscles and the connective tissue, although a more in-depth 

study is needed to resolve exactly what cell types participate in the response; in 

particular, it cannot be determined whether the BrdU+ cells are resident 

stem/progenitor cells or dedifferentiated descendants of mature muscle or 

connective tissue cells. Bubel’s studies (Bubel et al., 1980; 1985) describe the 

breakdown of muscle fibres near the wound, but it is unclear whether 

dedifferentiation is happening. A delay between germ layers has been observed in 

other annelids (Marilley and Thouveny, 1978; Yoshida-Noro and Tochinai, 2010), 

although in these cases, it was the epidermis that lagged behind mesodermal 

proliferation. The lack of BrdU label in the cup mesenchyme strengthens the case 

for regionally different modes of regeneration in the opercular filament. It also 

raises the question of where such a large amount of tissue comes from, as the 

peduncle stump that remains after amputation is only a fraction of the size of a 
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cup. One possibility is that cells from other mature tissues can transdifferentiate 

into the mesenchymal cells of the cup without much proliferation, but careful 

lineage tracing studies would be necessary to test such a scenario. 

3.5.4. How is proliferation regulated? 

Besides determining the identity of proliferative cells, an important next step in 

the study of opercular regeneration will be to identify the factors that regulate the 

proliferative response. In the opercular filament, proliferation is triggered in 

uninjured tissue far proximal (hundreds of microns) to the level of amputation, 

although not outside the opercular filament. Proliferative responses that extend 

some distance below the level of amputation have been observed in many cases of 

regeneration, including tail regeneration in the chordate amphioxus (Somorjai et 

al., 2012), some echinoderm arms (Candia Carnevali et al., 1997), annelid heads 

(Zattara and Bely, 2011), and, of course, planarians, in which neoblasts are 

activated not only near the wound, but also at the opposite end of the body (Saló 

and Baguñà, 1984). In vertebrate limbs, innervation is crucial (Stocum, 2011, 

Kumar and Brockes, 2012), as well as the signalling activity of the apical 

ectodermal cap (section 1.1.1.3). Nerve dependence of the blastema has also been 

observed in annelids (reviewed in Bely, 2014), and nerve injury may trigger 

pseudopercular development in the serpulid Hydroides elegans (Schochet, 1973b). 

Thus, the opercular nerves should certainly be investigated with regards to a role 

in regeneration. Also, Bubel’s studies emphasise the early differentiation of rim 

cells (Bubel et al., 1980; 1985). It would be interesting to see whether early-forming 

structures such as these provide long-distance signals to the rest of the regenerate. 

3.5.5. Epimorphosis, morphallaxis, distalisation and 

intercalation 

Opercular regeneration cannot be said to be truly epimorphic, as differentiation of 

new structures is not preceded by substantial proliferation. There is nothing to 

suggest a blastema: no undifferentiated outgrowth can be observed at the 

amputation site, and the first sign of regeneration is in fact the differentiation of 

the future spine. In contrast, there is a clear morphallactic element to the process: 

early regeneration involves relatively little cell proliferation, and the most distal 

structures appear to form by the remodelling of the distal stump. However, 

widespread proliferative activity occurs in parallel with later morphogenesis, and 

thus the entire process cannot be characterised as fully morphallactic in the 

traditional sense either, although it is still morphallactic in the more general sense 

that it involves remodelling of existing structures. 

During opercular regeneration, the first obvious structures to re-emerge are the 

prongs of the opercular spine, although histological observations and genetic 

markers are needed before the order of specification and differentiation can be 

determined with certainty. Furthermore, Bubel observes that rim cells are 

identifiable very early in regeneration. This is in good agreement with Agata et 
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al.’s (2007) distalisation-intercalation model. These authors proposed their model 

as a unifying principle of regeneration to replace a simplistic 

epimorphosis/morphallaxis dichotomy, but how well it actually performs as a 

unifying model is debatable. For instance, the applicability of the distalisation-

intercalation model to vertebrate limb regeneration was recently disputed by 

Roensch et al. (2013) based on Hox gene expression data (used as a proxy for 

proximal and distal identities) and cell transplantation experiments (a test of fate 

determination). From the perspective of this debate, it would be very useful to 

develop positional markers in the S. lamarcki opercular filament. The existing 

regeneration transcriptomes (Chapter 6) can serve as a starting point for this 

purpose.  

3.6. Concluding remarks 
Lophotrochozoan appendages represent a diverse and largely untapped resource 

for the comparative study of regeneration. Serpulid opercula are among the few 

that have been studied from a mechanistic perspective. This study attempts to 

establish the overall timeline of opercular regeneration in S. lamarcki, assess 

individual variation and the effect of basic demographic variables, and describe cell 

proliferation patterns throughout regeneration. The S. lamarcki operculum quickly 

regains important elements of its anatomy, becoming essentially functional within 

a week of amputation. Such a short timescale, and the robustness of the 

regeneration process to size, sex, injuries and manner of amputation, should 

greatly facilitate the use of the opercular filament as an experimental system. 

Compared to better-studied appendages, the operculum represents an unusual 

mode of regeneration. It displays a mixture of morphallactic and epimorphic 

elements, with some structures apparently forming wholly by tissue remodelling 

and others through extensive proliferation. It is also unusual among models of 

appendage regeneration in its distinct lack of a blastema. These unusual features 

make the opercular filament a very interesting addition to the diversity of 

regeneration models. It will be interesting to determine the source locations and 

cell types of various regenerated structures, and to explore the signals responsible 

for orchestrating the process. 
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4. Development and mineralogy of 

the calcified opercular plate 

4.1. Introduction 
Animals use a wide variety of minerals to make their hard parts. Lowenstam and 

Weiner’s (1989) classic book listed over 60 distinct mineral phases used by living 

organisms, 38 of which were found in animals. Most common are the various 

polymorphs of calcium carbonate, chiefly calcite and aragonite. Calcium carbonate 

biominerals are thought to be strongly influenced by elements of prevailing oceanic 

chemistry such as the Mg2+/Ca2+ ratio (Zhuravlev and Wood, 2008; Stanley, 2008; 

Kouchinsky et al., 2012, although see Kiessling et al., 2008), and carbonate 

skeletons are vulnerable to ocean acidification to varying degrees (Andersson et al., 

2008; Ries et al., 2009; Kroeker et al., 2010). 

Although highly diverse, calcified metazoan skeletons share some important 

commonalities. Typically, an organic matrix of proteins and carbohydrates plays a 

key role in regulating the mineralogy (Falini et al., 1996; Aizenberg et al., 2002; 

Goffredo et al., 2011; Rahman et al., 2011), crystal growth and form (Aizenberg et 

al., 1995; 2002; He et al., 2003; Levi et al., 1998; Michenfelder et al., 2003; Tanur et 

al., 2010) and mechanical properties (Tanur et al., 2010; Marin et al., 2012)  of the 

skeleton. Often, the proteins incorporated in carbonate skeletons are strongly 

acidic and/or highly repetitive (Wilt, 2005; Sarashina and Endo, 2006, Marin et al., 

2007). It is also common for the crystalline biomineral in a mature skeleton to 

develop through an amorphous or poorly crystalline precursor phase (e.g. Beniash 

et al., 1997; 2009; Weiss et al., 2002; Politi et al., 2004; Chan et al., 2013). 

In general, the mineralogy of developing skeletal elements may not reflect the 

composition of the final structure (Lowenstam and Weiner, 1989). For example, the 

mostly calcitic adult shells of oysters develop from mostly aragonitic larval shells 

(Medaković et al., 1997). Chiton radular teeth that are dominated by magnetite in 

their mature form are first mineralised by ferrihydrite, and several other iron 

minerals can be added at later stages of tooth development (Kirschvink and 

Lowenstam, 1979). Transient siliceous tablets have been reported from larval 

shells of brachiopods with an apatitic shell mineralogy (Williams et al., 1998).  The 

mature apatite mineral in bone appears to be preceded by the less stable 

octacalcium phosphate (Crane et al., 2006). Stably bimineralic (calcite and 

aragonite) skeletons are reasonably common in groups such as molluscs (Marin et 

al., 2012), bryozoans (Smith et al., 2006; Taylor et al., 2009) and serpulids 

themselves (Vinn et al., 2008b; Tanur et al., 2010; Smith et al., 2013), and the 

relative contributions of different phases to these skeletons can change during 

development (Taylor et al., 2008; Smith and Girvan, 2010). In the radular teeth of 
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chitons, as many as five different mineral phases may be deposited at various 

stages of development (Kirschvink and Lowenstam, 1979; Lowenstam and Weiner, 

1989). Since different skeletal mineralogies could both imply different molecular 

underpinnings and display potentially different sensitivities to environmental 

change, a good understanding of animal skeletons necessitates investigation of 

multiple developmental stages.  

4.1.1. Opercular calcification in serpulids 

Most serpulids possess one or more opercula, but only relatively few of these 

appendages are reinforced with mineralised structures, all of which are based on 

calcium carbonate. According to the taxonomic monograph of ten Hove and 

Kupriyanova (2009) and a phylogenetic study of the family by Kupriyanova et al. 

(2006), opercular calcification of varying degrees occurs in several distantly related 

clades, which suggests it had multiple origins. Depending on the species, the extent 

of opercular calcification ranges from a thin layer lining the opercular plate, as in 

Spirobranchus spp., to massive structures filling the entire operculum and 

extending deep into the peduncle in Pyrgopolon (ten Hove and Kupriyanova, 2009; 

Vinn and ten Hove, 2011) 

While a decent amount of data exist on the mineralogy of serpulid tubes (Chave, 

1954; Bubel et al., 1983; Vinn et al., 2008; Tanur et al., 2010; reviewed in Smith et 

al., 2013), much less is known about opercula. In the few cases where both tube 

and opercular mineralogy are known, they can be similar, as in Galeolaria hystrix 

and Spirobranchus cariniferus (Riedi, 2012), or differ markedly, as in S. lamarcki 

(Bubel et al., 1983). Notably, in S. lamarcki, Bubel et al. (1983) reported that the 

opercular plate is aragonitic while the tube is calcitic. Major mineralogical 

differences between different hard parts of an organism – sometimes involving 

entirely different elemental compositions – are not uncommon; examples include 

calcium carbonate otoliths and calcium phosphate bones in vertebrates, coralline 

sponges with calcareous basal skeletons and siliceous spicules, vaterite eggshells in 

land snails with aragonitic shells, and calcareous shells and iron-based teeth in 

chitons (Lowenstam and Weiner, 1989; Wörheide, 1998). Such systems can offer 

valuable insights into the constraints and flexibility of the genetic systems 

producing mineralised hard parts, as well as the functional requirements that may 

necessitate different mineralogies within a single organism. 

4.1.1.1. Bubel’s work on S. lamarcki 

In their series of studies on the S. lamarcki opercular filament, Bubel and co-

workers provide several descriptions of the calcified plate in its mature state and 

during regeneration (Bubel, 1983a; Bubel et al., 1983; Bubel et al., 1985). Their 

focus is on the structure of the plate at the (sub-)cellular level, and therefore 

descriptions of gross morphology are cursory and not very well-documented. 
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According to the aforementioned studies, the opercular plate has a complex two- or 

three-layered composition. Inner and central calcified layers with distinct 

ultrastructures are sandwiched between the secretory cells of the plate epidermis 

and an uncalcified outer organic layer. Each calcified layer is characterised by an 

organic matrix whose geometry reflects that of the mineralised component of the 

same layer: the fibrous inner component is associated with thin needle-like 

crystals, while the orthogonal mesh of the central component harbours more robust 

prismatic-like crystals (Bubel, 1983a). Therefore, it is likely that the organic matrix 

has a large influence on plate calcification, making the opercular plate an example 

of Lowenstam’s (1981) matrix-mediated biomineralisation processes. The plate 

epidermis has all the characteristics of a secretory epithelium, with extensive Golgi 

apparatuses, apical microvilli protruding into the calcified layers (Bubel, 1983a) 

and vesicles containing what appears to be fibrous organic material and needle- or 

prism-like crystals (Bubel, 1983a; Bubel et al., 1985). The ultrastructure of the 

calcified layers changes during regeneration, with the prismatic component only 

apparent in later stages (Bubel et al., 1985). 

4.1.2. Aims 

This chapter aims to 

- Describe the gross morphology of calcified opercular plate elements 

throughout regeneration 

- Investigate the morphogenesis of the calcified plate through tracking the 

fate of mineral laid down at various stages 

- Update the available information on opercular plate mineralogy by 

providing additional diffraction data from mature and regenerating 

opercula.   

4.2. Methods 
Methods for this chapter are in section 2.5. Alizarin red staining is described in 

2.5.1; calcein labelling in 2.5.2; imaging of fresh opercula in 2.5.3 and X-ray 

diffractometry in 2.5.4. 
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4.3. Results 

 

Figure 4.1. Development of the calcified opercular plate during regeneration. A. 3 dpo 

operculum showing a whitish band of calcification around the base of the spine, with a few small tiles 

(arrowheads). B. 6 dpo operculum with pronounced tiling. C. 18 dpo operculum that has lost most of 

its tiling. Scale bars are approximately 0.5 mm. Figure adapted from Szabó et al. (2014). 

4.3.1. Light microscopic observations 

Under a dissecting microscope, the most obvious early signs of calcification appear 

as small, shiny beads. On many regenerates around 2 dpo, an opaque whitish band 

around the base of the spine can also be observed (Fig. 4.1A). Later, beads grow 

into larger round “tiles”, which increase in number, grow and merge until the 

whole plate has a tiled appearance (Fig. 4.1B). As the plate matures, the tiling 

gradually becomes less obvious (Fig. 4.1C). Alizarin red staining of fixed opercula 

(Fig. 4.2) confirms the calcified nature of these structures, although early 

calcifications are highly soluble and require alkaline conditions to remain intact 

through fixation and staining. 

Under higher magnification and using DIC optics on fresh, unstained opercular 

plates, more details emerge (Fig. 4.3). Calcified structures observed during 

opercular regeneration can be roughly divided into several categories. 
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Figure 4.2. Opercular calcification visualised with alizarin red. A. 3 dpo operculum with 

numerous small tiles. Soft tissue is damaged by alkaline treatment. B-C. two 5 dpo opercula with 

stained grains and tiles. In C, the edges of the calcified plate appear to have broken away. D. 13 dpo 

operculum with well-preserved calcification throughout the plate and spine. Scale bars are 

approximately 0.3 mm. 
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Figure 4.3. DIC imaging of unfixed opercular plates. A. Grains and a small tile from the base of 

the spine on a 2 dpo specimen. Inset shows smaller grains (to scale with main image) found nearer 

the edge of the calcifying region. B. Extended Depth of Field (EDF) image of merging tiles from a 3 

dpo operculum. Arrows indicate sites of contact, and arrowheads mark grains associated with the 

tiles. C. Edge of the calcified area in a 4 dpo specimen, containing a large and a small tile surrounded 

by densely spaced grains. D. Fan-shaped structures at the edge of a 10 dpo opercular plate. E. Large 

tile with growth rings (arrowheads) in the central area of a 10 dpo plate. F. Brightfield image of the 

tile from E, with rings (arrowheads) still visible. G. Central area of a 14 dpo plate. H. Edge of plate 

from the specimen in G. Scale bars are 20 µm. Figure from Szabó et al. (2014). 

 

1. Grains. These form the early white bands around the spine, and occupy much of 

the space between tiles (see below) during later stages of regeneration. They are 

elongated and rounded, shaped much like rice grains (Fig. 4.3A). Visible grains 

range in size from 1-2 to about 10 microns and display interference colours 

characteristic of birefringent objects. Grains have no obvious preferred orientation. 

2. Smooth tiles. Smaller tiles are what appear as beads on early regenerates under 

lower magnification. They are much larger than grains and initially quite round, 

but later tile mergers (Fig. 4.3B, arrows) create more irregular shapes. Like grains, 

tiles appear birefringent with spectacular interference patterns. Tiles are often 

associated with grains, which may lie around their circumference or appear inside 

it, although it can be difficult to judge whether the grain is underneath, on top of, 

or actually inside the tile. Some tiles seem to have grains at their centre (Fig. 4.3B, 

arrowheads). 

3. Complex tiles. More advanced plate calcification has an opaque, tiled appearance 

under a dissecting microscope (Fig. 4.1B). With DIC optics, the large tiles covering 

more advanced regenerates show a complex, highly “fractured” interference pattern 

very unlike the smooth tiles on younger regenerates (Fig. 4.3G). Some smooth tiles, 

especially near the outer edge of the calcified area, are still present in older 

regenerates. 
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4. Growth rings and “fans”. Also observed mainly in older regenerates, large tiles 

sometimes occur with what appear to be concentric growth rings. These tiles tend 

to be embedded in the more complex landscape of older plates (Fig. 4.3E). The rings 

can also be observed in brightfield images (Fig. 4.3F), and therefore they are not an 

artefact of DIC optics. Another type of structure found mainly in older regenerates 

(pictured in a 10 dpo specimen in Fig. 4.3D) is irregular tiles near the plate edge 

with fine fan- or ginkgo leaf-like lineations. 

4.3.2. Calcein labelling 

Calcein is a green fluorescent calcium dye widely used for growth tracking in living 

organisms (Medeiros-Bergen and Ebert, 1995; Lambert and Lambert, 1997; Moran, 

2000; Bashey, 2004). To observe the fate of calcified structures deposited during 

opercular regeneration, operated S. lamarcki were exposed to calcein for 24 hours 

over a range of stages, and fixed and documented at 14 dpo. In accordance with 

light microscopic observations, early calcein pulses resulted in labelled structures 

resembling grains and small tiles (Fig. 4.4A, E). During mid-regeneration (3-6 dpo), 

incorporated calcein can be seen mainly in broad rings within tiles, corresponding 

to growth at the tile edge (Fig. 4.4B, E). Grains can also be observed around and 

within rings. Later pulses (6 dpo onwards) produce label in less regular rings 

nearer the edges of tiles, and also across the surface of large tiles (Fig. 4.4C-D and 

G-H). 

 

Figure 4.4. Calcein labelling of regenerating opercular plates. The time of the calcein pulse is 

indicated in the top panel of each column; all specimens were 14 dpo at the time of fixation. In A-D, 

dashed white lines indicate the edge of the calcified area. In E-H, tiles are outlined where visible on 

the corresponding DIC image, and the edge of the calcified area is indicated in G. Arrowheads in F 

mark unstained grains obscuring fluorescence in tiles. A-D and G-H are EDF image stacks; E-F are 

single-focus images. In E, the centre of the plate is top right; in F-H it is towards the top left. Scale 

bars are 250 µm in A-D and 50 µm in E-H. Figure from Szabó et al., (2014). 

 

The earliest labelled area corresponds to the central region of the plate, and the 

labelled region expands outwards in later pulses. By 9-10 dpo, the calcified area 
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has nearly reached its size at fixation (14 dpo). The edge of the stained region tends 

to resemble the centre of the plate at earlier stages. In plates with both tile/ring 

staining and grains, the latter can sometimes be seen obscuring fluorescence from 

the former (Fig. 4.4F).  

4.3.3. Powder diffraction analysis 

Powder X-ray diffractometry (XRD) was used to determine the mineral composition 

of mature, early calcifying (2-3 dpo) and strongly calcifying mid-regeneration (6 

dpo) opercular plates (Fig. 4.5, Table 4.1). Earlier data from Bubel et al. (1983; 

1985) and Ferrier and Stephens (unpublished) indicate that the mature opercular 

plate is predominantly aragonitic, with the latter also discovering small amounts of 

calcite. In fact, although Bubel and co-workers do not discuss calcite in the 

operculum, some of the XRD data they show do indicate its presence late 

regenerates: the results for 17 dpo opercula in Bubel et al. (1985) contain a peak 

corresponding to a d-spacing of 3.003 Å, almost exactly the value for the mature 

sample examined in this work (d = 3.002). The mature sample confirmed previous 

results with its dominance of aragonite, while the regenerating samples display 

markedly different compositions. A pilot study of ~100 early calcifying regenerates 

(“early 1” sample, not shown) detected only a peak for high-magnesium calcite 

(HMC; MgCO3 content ~12-16% by weight). A larger sample (early 2; n = 220) and 

longer counting times (10 s per step rather than 3 s) to enhance the signal from the 

minuscule amount of mineral present in these specimens revealed the additional 

presence of aragonite; this sample was found to contain approximately two-thirds 

HMC. At 6 dpo, the composition of the plate had shifted to predominantly (~74%) 

aragonite, intermediate between the HMC-dominated early regenerates and the 

almost entirely aragonitic mature plates. Low-magnesium calcite (LMC) was only 

detected in the mature sample. In addition, in the early 1 and mature samples, a 

peak for quartz was found (see Discussion). 
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Figure 4.5. Powder diffraction 

results from the first set of 

opercular samples. A-C Partial 

diffractograms showing the 

principal calcite and aragonite 

peaks. Intensities are scaled to the 

highest peak in each sample, and 

are therefore not to scale between 

samples. A. Early 2 (2-3 dpo). B. 

Late 1 (6 dpo). C. Mature. D. 

Comparison of the composition (% by 

weight) of the same three samples. 

ARA = aragonite, HMC = high-Mg 

calcite, LMC = low-Mg calcite, Q = 

quartz (see Discussion). Figure from 

Szabó et al. (2014). 
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4.3.3.1. Additional samples 

For both regeneration stages, a second set of samples was examined. Although this 

set of samples also displayed an increase in aragonite content with regenerate age, 

both stages had more prominent aragonite peaks than their counterparts in the 

first set of samples (Table 4.1, Discussion). 

The magnesium content (% w/w MgCO3), estimated from the shift in the location of 

the primary calcite peak at d = 3.035 Å, 2θ = 34.28° (Chave, 1952), was found to 

vary between 11.7-16.2%, on the higher end of values reported from calcite in other 

serpulids (Chave, 1954; Smith et al., 2013). Estimated magnesium content did not 

vary consistently by stage. There may be a negative relationship with 

developmental temperature (adjusted R2 = 0.85; see Discussion). 

Table 4.1. Summary of five XRD samples discussed in this chapter. Mean temperature during 

regeneration where applicable, percentage aragonite in plate mineral as determined by XRD, and 

percentage MgCO3 content of the calcite phase by weight are indicated. Mean temperature is the 

average of roughly daily spot measurements, and ranges are the lowest and highest temperatures 

recorded in the relevant period by a min/max thermometer. *In the early 1 sample, aragonite was 

undetectable due to poor signal. 

Sample Mean T (range) % aragonite % MgCO3 in calcite 

Early 2* 16.1°C (15.3-17-1) 35 13.5 

Early 3 18.3°C (17.2-19.2) 62 11.9 

Late 1 15°C (14.1-15.7) 74 16.2 

Late 2 17.9°C (17.2-18.7) 81 12.4 

Mature N/A 89 11.7 

4.4. Discussion 

4.4.1. Development of calcified structures 

Light microscopic observation of regenerating opercular plates reveals a variety of 

calcified structures with a progression from very early regenerates dominated by 

small grains through older, increasingly “tiled” plates to the mature, more 

homogeneous opercular plate. The precise relationships between different types of 

structures – chiefly grains and tiles – are difficult to discern at this time. Grains 

apparently obscuring parts of calcein-labelled tile growth (Fig. 4.4F) suggest that 

new grains can be added on top of a tile, which would be odd given that the 

epithelium that probably secretes plate material lies under the tiles. Nonetheless, 

the possibility that tiles expand under grains is also consistent with the same 

observation. Alternatively, Bubel (1983a) mentions that microvilli from the plate 
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epidermis penetrate fairly deeply into the calcified plate layers, and therefore it is 

possible that they can secrete new calcification on top of pre-existing elements. 

The apparent smoothness of at least early tiles raises another question – to what 

extent does tile growth rely on the incorporation of grains? In calcein-labelled 

specimens, the imprint of early grains can clearly be observed within the complex 

structure of the 14 dpo plate (Fig. 4.4E-F). It seems likely that grains become 

assimilated into tiles, and the smooth appearance of early tiles suggests that this 

involves a degree of recrystallisation (see discussion of mineralogy below). As the 

appearance of an early calcifying plate is preserved through > 10 days of further 

development, grain assimilation seems to happen without much displacement of 

the original material. However, calcein pulse-chase experiments also show tile 

regions that do not appear to be made of discrete grains. Is this simply due to a 

higher rate of grain assimilation that obscures their discrete origins, or can tile 

growth also happen independently of grains? A pulse-chase labelling approach with 

shorter pulses might be able to answer such questions. 

One important observation from DIC images is that even the smallest visible 

calcified grains appear to be birefringent (Fig. 4.3A, inset). Birefringence is a 

property of crystalline aragonite and calcite, and therefore its presence in early 

calcifications indicates that these are not dominated by amorphous calcium 

carbonate the way the young larval shells of molluscs (Weiss et al., 2002) and the 

larval spicules (Beniash et al., 1997) and growing edges of adult spines of 

echinoderms (Politi et al., 2004) can be. 

4.4.2. Mineralogy 

4.4.2.1. A major developmental shift 

The XRD data described above suggest that opercular plate mineralogy changes 

markedly during regeneration. However, the data presented here do not allow us to 

determine whether the change represents a change in deposition or a 

transformation of previously deposited material. Both processes seem to occur in 

living systems, and indeed, both can be observed within the same system (e.g. 

Kirschvink and Lowenstam, 1979). Amorphous precursor phases may be the most 

common phase transformation in biomineralised structures and are a popular 

subject of research, but data on transformations between crystalline phases are 

much harder to find. Lowenstam and Weiner (1989) cite a handful of examples, 

typically involving the maturation of vaterite or aragonite into calcite. More recent 

biological examples include vaterite or aragonite being an intermediate between an 

initial amorphous phase and calcite in the granules produced by earthworm 

calciferous glands (Gago-Duport et al., 2008) and a bryozoan species, Pentapora 

foliacea, in which the growing edges of otherwise calcitic zooid walls are aragonitic, 

suggestive of an aragonite to calcite transformation (Taylor et al., 2008). 
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The inverse transformation – calcite to aragonite – is generally thermodynamically 

unfavoured at ambient temperatures, although similar processes have been 

reported from in vitro systems. Huang et al. (2012) discuss HMC with magnesium 

content comparable to that of HMC in S. lamarcki opercular plates, whereas Cheng 

et al. (2008) do not mention magnesium. Some of the experimental conditions in 

which HMC is replaced by aragonite may be comparable to those found in the 

depositional environment of the opercular plate, although parameters such as the 

pH of the mineralisation site are currently unknown for this system. Furthermore, 

skeletal macromolecules can induce the formation of phases that would be non-

favoured in a comparable abiotic system, most notably a stable amorphous phase in 

calcisponge and ascidian spicules (Aizenberg et al. 1996, 2002). A HMC to 

aragonite transformation therefore remains possible, if unlikely. If such a 

transformation did occur, it would be highly significant, as a literature search 

undertaken for this work yielded no known instances from biological systems. 

The XRD results do not indicate large amounts of ACC at any stage. In “calcitic” 

structures dominated by ACC, a broad bump encompassing two calcite peaks is 

evident in diffractograms (Aizenberg et al., 1996). Such a feature was not observed 

in any of the opercular diffractograms; and indeed, Bubel (1983a) noted that some 

of the vesicles in the opercular plate epithelium appeared to enclose needle- or 

prism-like crystals, suggesting that plate mineral is already well-ordered when 

first deposited in the plate matrix. However, XRD is not a good method for 

detecting small amounts of amorphous material, and furthermore, “amorphous” 

precursors of biominerals may assume the form of the mature mineral before they 

achieve a crystalline state (Beniash et al., 2009). Therefore, the presence of an 

amorphous precursor in opercular plate calcification cannot at present be excluded. 

4.4.2.2. Variation in magnesium content 

Although four samples are not enough to draw a strong conclusion, the possibility 

of a relationship between temperature and the magnesium content of opercular 

calcite (Table 4.1) is interesting. Chave (1954) found a positive relationship 

between these variables for a variety of organisms including foraminiferans, corals, 

crinoids, crustaceans, coralline algae and serpulid tubes. In contrast, Smith et al. 

(2013) point out that the relationship for serpulids disappears when phylogeny is 

taken into account. Phylogeny is likely not an issue when a single population of a 

single species is considered, so collecting more data from S. lamarcki under 

controlled temperature conditions might shed valuable light on this issue. 

4.4.2.3. The difficulty of replication 

The two sets of regenerating opercular plate samples did not match in composition, 

although they displayed the same general trend of increasing aragonite content 

with developmental age. A likely explanation for the inconsistency is temperature. 

Temperature can have a major influence on developmental rates in ectothermic 

organisms, including rates of regeneration (e.g. David and Williams, 2012; Nuñez 
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et al., 2013), although very little is known about the precise effect it has on 

opercular regeneration in S. lamarcki. Bubel’s studies were conducted at 12-16°C, 

a lower temperature range than the ~15-18°C used in the present experiments, but 

the amputations were also carried out at a different site, and therefore the effect of 

temperature cannot be directly inferred from a comparison to Bubel. However, 

there is some evidence that the first set of regenerating animals used for mineral 

phase quantification (early 2 and late 1) progressed more slowly than the second 

(early 3 and late 2). Early calcifying opercula were first examined for calcification 

around 54 hpo, and those regenerates that were not substantially calcifying (at 

least several beads/tiles) at that time were collected on the next day. The majority 

of animals in the early 2 sample were collected at 3 dpo, whereas the majority of 

early 3 opercula were already deemed collectable on day 2. Detailed staging 

information such as numbers of tiles was not recorded for these animals, but it is 

plausible that the early 3 sample contained more advanced regenerates on average. 

The large number of regenerates necessary to obtain enough material for XRD and 

the rapid progression of calcification during the collection period make precise 

replication of these bulk samples inherently difficult; however, this problem could 

be helped by the application of spectroscopic methods to individual regenerates. 

4.4.2.4. Mature mineralogy and the issue of contamination 

Bubel et al. (1983) characterised the S. lamarcki opercular plate as aragonitic. 

They make no mention of calcite; however, both previous unpublished findings by 

D. Ferrier and E. Stephens and the results presented here indicate the presence of 

a small but measurable amount of this polymorph. Interestingly, the XRD results 

illustrated in Fig. 4.5C suggest that both high- and low-magnesium calcite are 

present in the mature plate, with a peak exactly at the predicted location for pure 

calcite (2θ = 34.28°) and a smaller one around 34.67°. LMC seems unusual for 

serpulids, whose calcitic hard parts tend to have a moderate to high magnesium 

content (Chave, 1954; Tanur et al., 2010, Smith et al., 2013). 

It is not inconceivable that LMC would occur in a serpulid; in fact, while most 

serpulid tubes incorporate a substantial amount of MgCO3, some do not, and in 

most cases intraspecific variation is quite high (Smith et al., 2013). Nonetheless, a 

substantial LMC phase appears unusual from currently available data. In addition, 

wild-collected opercula can trap sediment and harbour a wide range of organisms, 

from algae and protists through cnidarians to small molluscs (personal 

observation). While considerable care was taken during sample collection to remove 

such organisms as much as possible, it is impossible to do so completely, and thus 

unusual findings from “wild” opercula should always be treated with caution. 

In contrast, the quartz peaks detected in the early 1 and mature samples are 

almost certainly environmental in origin. Amorphous silica is a fairly common 

skeletal material in living organisms, comprising the spicules of many sponges and 

the tests of diatoms among others (Lowenstam and Weiner, 1989; Knoll, 2003), but 
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to my knowledge, no living being uses crystalline quartz that would give such a 

distinct XRD peak as seen in Fig. 4.5C. The natural habitat of the worms used in 

this study contains a considerable amount of sand, and the collection site is 

dominated by sandstone rocks, which are a common substrate for Spirobranchus 

tubes. Furthermore, the same tools were used to detube animals first, and then to 

handle them and their amputated opercula later. No quartz peaks were observed in 

any of the regenerating samples (early 2-3 and late 1-2) after careful removal of 

sand from these tools before sample collection was instituted as standard practice. 

4.5. Conclusion 
The regenerating opercular plate of Spirobranchus lamarcki exhibits a variety of 

calcified structures and mineralogies. Calcein labelling shows the advancement of 

calcification from the centre towards the edge of the regenerating plate, and the 

preservation of calcified elements from earlier stages in their original locations 

within the maturing structure. Opercular plate calcification during regeneration 

appears to involve a large mineralogical shift from the earliest stages being 

dominated by high-magnesium calcite to the almost entirely aragonitic mature 

structure, but bulk mineral samples are difficult to replicate. DIC microscopy and 

powder diffraction results suggest that crystalline phases are present from early 

stages, although more sensitive methods will be required to determine whether an 

amorphous precursor is present in small amounts. Other major outstanding 

questions are the relationship between mineralogy and morphology, and the 

relationship of the larger-scale structures observed here to the various 

ultrastructures recorded in Bubel’s work on this species. 
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5. Alkaline phosphatases in 

opercular regeneration 

5.1. Introduction 

5.1.1. General introduction to alkaline phosphatases 

Metazoan alkaline phosphatases (ALPs, EC 3.1.3.1; reviewed in Buchet et al., 

2013) belong to a family of metalloenzymes found throughout the living world. 

They are capable of hydrolysing phosphate groups from a variety of substrates, 

producing free inorganic phosphate (Pi). ALPs are typically extracellular enzymes; 

in animals they can be membrane-linked via a GPI anchor or secreted in a soluble 

form (Eguchi, 1995; Buchet et al., 2013). Mature alkaline phosphatases are heavily 

glycosylated, and tissue-specific differences in post-translational modification can 

cause shifts in catalytic activity (Halling Linder et al., 2009). Metazoan alkaline 

phosphatases contain a large (> 400 amino acids), highly conserved alkaline 

phosphatase domain (e.g. NCBI conserved domain cd00016) that typically makes 

up most of the protein sequence. Most animals have multiple ALP genes. 

Vertebrate alkaline phosphatases can be classified into a “tissue-nonspecific” 

(TNAP) and an “intestinal” (ALPI) clade, although one of the major subgroups of 

the ALPI-like clade appears to have been lost from tetrapods (Yang et al., 2012). 

The evolutionary relationships of the family in non-vertebrate metazoans are 

largely unknown. 

5.1.2. Roles of alkaline phosphatases in mammals and other 

vertebrates 

5.1.2.1. Transport 

ALPs are expressed in a wide variety of tissues, but in most animals their roles are 

poorly understood. Due to their roles in bone formation and disease (Henthorn and 

Whyte, 1992; Orimo, 2010; Millán, 2013; Buchet et al., 2013), mammalian alkaline 

phosphatases are the best studied. In mammals, the family generally seems 

associated with transport. Its members are present in cell types and tissues that 

are highly active in secretion and/or absorption such as the placental syncytium, 

gut lining, kidney tubules, hepatocytes and lungs. They have also been detected in 

immune cells (Michell et al., 1970), and they have been proposed to regulate bile 

secretion by dephosphorylating extracellular proteins in the liver (Alvaro et al., 

2000). 
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5.1.2.2. Biomineralisation 

TNAP, also known as liver/bone/kidney alkaline phosphatase, has a well-known 

association with skeletal mineralisation. This role has been suspected since the 

early 20th century (Robison, 1923), but has gained strong evidence especially in 

recent decades. TNAP is a relatively early marker of osteoblast differentiation 

(Owen et al., 1990). In calcifying bone and cartilage, it is localised on the plasma 

membranes of hypertrophic chondrocytes and osteoblasts, and in matrix vesicles 

(Bernard, 1978; Bonucci et al., 1992), which are thought to deliver mineralised 

material to the collagenous organic matrix of bone. In humans, a number of known 

mutations in the alpl gene cause hypophosphatasia, a TNAP deficiency 

characterised by bone mineralisation defects of varying severity (Henthorn and 

Whyte, 1992; Orimo, 2010; Millán, 2013). 

Precisely how ALPs function in bone mineralisation has been a somewhat 

contentious issue (reviewed by Bonucci, 2007; Millán, 2013). Since bone mineral is 

predominantly calcium phosphate, Robison (1923) initially argued that their role is 

the straightforward provision of inorganic phosphate (Pi). Later authors questioned 

this simple hypothesis and suggested that alkaline phosphatase activity lifts the 

inhibition of mineralisation caused by phosphate compounds like inorganic 

pyrophosphate (PPi), ATP and ADP (Felix and Fleisch, 1976). Sydney Omelon and 

colleagues (Omelon and Grynpas, 2008; Omelon et al., 2009) argued that 

polyphosphates serve as a way to sequester Pi and regulate its availability for 

mineralisation; in turn, phosphatases such as TNAP may effect its release from the 

polyphosphate reserve. Millán’s (2013) review of mouse and human data 

champions a model involving a combination of the Pi source and the “disinhibitor” 

hypotheses. 

5.1.2.3. Stemness and regeneration 

In mammals, ALP activity also seems to be associated with pluripotency. Alkaline 

phosphatases are expressed in mammalian embryonic germ cells and germ cell 

tumours (Hustin et al., 1987). More recently, O’Connor et al. (2008) reported that 

the ability to form ALP+ colonies in culture was a sensitive marker of pluripotency 

in human embryonic stem cells. 

Alkaline phosphatases are rarely investigated in regenerative contexts today. In 

the mid-20th century, however, histochemical stains for enzyme activity were a 

popular avenue of research. Schmidt and Weary (1962) report ALP activity in 

multiple cell types in regenerating newt limbs, including the wound epidermis and 

the cells of the blastema. These authors speculate that blastemal ALP activity is 

involved in “fibrogenesis” of a collagenous extracellular matrix. 
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5.1.3. Invertebrates 

5.1.3.1. Transport 

In comparison to mammals, very little is known about ALP functions in non-

vertebrate taxa. Transport-related functions can be inferred in a variety of groups. 

In the model polychaete Platynereis dumerilii, ALP activity is a marker of 

nephridia throughout development (Hasse et al., 2010). Alkaline phosphatase 

activity was also detected in the nephridia of the oligochaete Enchytraeus 

japonensis (Myohara, 2004). Similar to the mammalian small intestine, the 

silkworm larval gut expresses both a membrane-bound and a soluble form of 

alkaline phosphatase, and insect ALPs are also active in salivary glands (Eguchi, 

1995). In addition to vertebrates and insects, gut expression has been observed in 

diverse animals including annelids (Myohara, 2004; Myohara et al., 1999; 

Kitamura and Shimizu, 2000), larval echinoderms (Hsiao and Fujii, 1963) and 

invertebrate chordates (Zhang and Wang, 2001). 

5.1.3.2. Biomineralisation 

The extent of alkaline phosphatase involvement in invertebrate biomineralisation 

systems is far from clear. Unlike vertebrates, most invertebrate groups with hard 

shells or skeletons use some form of calcium carbonate as their main skeletal 

mineral. Thus, the Pi supplier explanation for the role of ALPs does not apply. The 

“disinhibitor” hypothesis, however, still has plausibility. Simkiss (1964) found PPi 

to be a potent crystallisation inhibitor during inorganic CaCO3 precipitation. He 

found the same about Pi, leading him to doubt the usefulness of ALPs in removing 

crystallisation inhibitors, but he also speculates that converting PPi to Pi may 

make it easier to remove by additional mechanisms. Furthermore, other roles of 

ALP activity besides a direct involvement in mineral precipitation, such as 

regulation of transport to the mineralisation site and modification of the 

extracellular matrix, could be relevant in carbonate-based mineralisation systems. 

Data regarding alkaline phosphatases in invertebrate mineralisation are mostly 

limited to histochemical assays in skeletogenic tissues. Numerous reports of 

alkaline phosphatase activity in the mantle epithelium exist in bivalve and 

gastropod molluscs (Bevelander and Benzer, 1948; Bevelander, 1952; Durning, 

1957; Beedham, 1958; Saleuddin, 1967; Timmermans, 1969; Ganagarajah and 

Saleuddin, 1972; Gaume et al., 2011). Developmental studies of ALP activity in 

larval and juvenile molluscs also report its presence in shell-forming tissues 

(Bidwell et al., 1990; Marxen et al., 2003; Hohagen and Jackson, 2013). Some of 

their results, such as the appearance of ALP activity well before shell 

mineralisation and its spatial association with the periostracum in Marxen et al.’s 

study, may suggest that it is more involved in the production and maturation of the 

organic components of the shell than in mineralisation itself. 
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In crustaceans, alkaline phosphatase activity is present in the epidermis under the 

cuticle and increases before moulting (Travis, 1955; 1957). ALP activity is present 

around calcified granules in the hepatopancreas (Travis, 1957; Dias Corrêa Junior 

et al., 2003), which serve as calcium storage sites during moults. One of the few 

functional studies of invertebrate alkaline phosphatases in a biomineralisation 

context was done by Chockalingham (1971). In this study, inhibition of crab 

alkaline phosphatase by levamisole apparently decreased carapace calcification, 

but true quantitative results were not reported. 

An interesting result comes from Domart-Coulon et al. (2001), who cultured 

scleractinian coral cells and observed increased ALP activity shortly before the 

culture began to precipitate aragonite. In culture conditions that delayed aragonite 

precipitation, the ALP peak was also correspondingly delayed. Earlier, Hayes and 

Goreau (1977) reported widespread presence of alkaline phosphatase on epidermal 

cell membranes of coral planulae and speculated on the role of phosphatases in the 

regulation of calcification via Pi. 

Reports conflict in echinoderms, which can have calcareous endoskeletons in both 

larval and adult stages. Histochemical analysis suggested high ALP activity in the 

skeleton-forming primary mesenchyme cells of sea urchin larvae (Hsiao and Fujii, 

1963). However, Donachy et al. (1990) reported that ALP activity in the 

regenerating arms of a starfish increased long before ossicle formation, and it was 

localised to the coelomic epithelium rather than the skeleton-forming mesodermal 

cells. In a recent genome-wide analysis of gene regulation in Strongylocentrotus 

purpuratus primary mesenchyme cells (PMCs), the cells responsible for larval 

spicule formation in sea urchins, Rafiq et al. (2014) report no alkaline phosphatases 

among hundreds of genes with PMC-biased expression. Five predicted 

phosphatases are among the 420 genes this study found to be differentially 

expressed in PMCs compared to the rest of the embryo, but the supplementary 

information listing these genes suggests that none of them are ALPs.  

5.1.3.3. Stemness and regeneration 

The evidence for ALP involvement in invertebrate regeneration and stem cells is 

likewise mixed. Stem cell-related activity for ALPs has been claimed in ascidians, 

non-model hydrozoans and parasitic crustaceans, (Shukalyuk et al., 2005; 

Akhmadieva et al., 2007; Isaeva et al., 2008; 2011; Jeffery, 2014), although the 

stemness of the cells in question is not always well-established. In the case of 

hydrozoans, where most cells of the body may have stem cell-like properties (Bosch 

et al., 2010) and display ALP activity in both intact and regenerating animals 

(Lentz and Barnett, 1962), it could be difficult to assess the relationship between 

alkaline phosphatases and stemness. Although early reports describe ALP activity 

in planarian neoblasts (Osborne and Miller, 1963), modern studies are lacking 

except for the occasional ALP hidden in the supplements of a transcriptome study 

(among genes responsive to smed-prep RNAi in Kao et al., 2013). In the oligochaete 
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annelid Enchytraeus japonensis, neoblasts, regeneration blastema, gonads and 

posterior growth zone are conspicuously devoid of ALP activity (Myohara, 2004). 

5.1.4. Aims: 

 To describe the spatial and temporal pattern of ALP activity in the mature 

and regenerating opercular filament 

o Are opercular ALPs active in the regenerating epidermis, which is 

proliferative and also secretes cuticle? 

o In particular, is ALP activity associated with opercular plate 

mineralisation? 

 To test whether opercular ALPs can be inhibited by levamisole, and 

whether inhibition causes regeneration and/or calcification defects 

 To characterise the protein sequences of opercular ALPs and place them in 

the context of metazoan ALP diversity 

5.2. Methods 
General alkaline phosphatase staining protocol is described in section 2.4.1. 

Levamisole experiments are described in 2.4.2-3, and sequence collection and 

phylogenetic analysis are described in 2.4.4-5. 

5.3. Results 

5.3.1. ALP activity in the mature opercular filament 

Mature opercular filaments display strong and regionalised alkaline phosphatase 

activity (Fig. 5.1A). There is no appreciable staining in the epidermis; this remains 

true even when the specimens are not proteinase treated (Fig. 5.2, 5.3). The 

opercular blood vessel may display weak to moderate ALP activity in mature 

filaments. Generally, the peduncle expresses much stronger staining than the cup, 

which may be completely negative except for the blood vessel (Fig. 5.3C), and the 

peduncle itself may be divided into a proximal region with stronger activity and a 

post-EBP part with reduced staining. The contrast between the two peduncle 

regions can be very sharp (Fig. 5.2A, 5.3F). This division is variable, however; some 

peduncles appear nearly equally stained on both sides of the EBP (Fig. 5.1A). When 

peduncles are observed in cross section, the proximal half is stained evenly 

throughout the mesodermal region (Fig. 5.2B). Distal peduncles (which have a 

much more pronounced triangular shape) may display either an extensive ventral 

“horseshoe” of staining (3/9; Fig. 5.2D) or a more restricted pattern with strong 

staining limited to the blood vessel and the dorsal corners of the triangular 

peduncle (6/9; Fig. 5.2C). 
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Figure 5.1. Overview of alkaline phosphatase activity in mature and regenerating 

opercular filaments. All panels are dorsal views with distal towards the top. Scale bars are 

approximately 0.25 mm. Specimens are proteinase treated except for H. A. Mature opercular 

filament. Staining is seen in the mesoderm within the peduncle and the base of the cup. In this 

specimen, there is no obvious change in staining intensity at the easy break point (filled arrowheads). 

pl opercular plate, ped peduncle. B-D Early regeneration; swelling to cup formation. Arrow in B 

indicates the distal portion of the opercular blood vessel, which is clearly stained in this specimen. 

Open arrowheads in B-D highlight the band of stronger staining that narrows into the distal ring 

during cup morphogenesis. E-H Later stages of regeneration are characterised by prominent staining 

in the peduncle mesoderm, the base of the cup, the distal ring and the blood vessel, although the 

latter can be obscured by haemolymph (E-F). Staining in most of the cup mesoderm is weak. G-H. 

From 6 dpo onwards, a clear difference in staining intensity is commonly seen between the proximal 

and distal peduncle halves. Figure from Szabó and Ferrier (2014b). 
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Figure 5.2. Distribution of alkaline phosphatase staining within the peduncle. A. Middle 

third of a mature peduncle displaying a very clear boundary in staining intensity at the easy break 

point (arrowheads). Distal towards the top. B. Cross-sectional view of a mature proximal peduncle 

showing symmetrical distribution of staining. C-D sections through two mature distal peduncles 

illustrating two different staining patterns. The dorsal face of the peduncle is towards the top. C. is 

mostly stained in the dorsal corners of the mesoderm, while D shows the more extensive ventral 

“horseshoe” pattern. Note purple precipitate on the outside of the ventral cuticle, common especially 

in proteinase-untreated specimens. E. Section through a 6 dpo distal peduncle (dorsal towards the 

top) with a horseshoe-like staining pattern. F. Section through a 1 dpo regenerate cut just proximal to 

the swelling. In E-F, dashes indicate the outline of the specimen. Scale bars are approximately 0.1 

mm. Figure from Szabó and Ferrier (2014b). 

5.3.2. ALP activity during regeneration 

Alkaline phosphatase staining is observed in mesodermal tissues throughout 

regeneration. It assumes a proximodistally regionalised pattern early on (Fig. 

5.1B); this pattern becomes better defined and more elaborate as morphogenesis 

progresses (Fig. 5.1D-G). It is characterised by strong staining throughout the 

mesoderm of the peduncle, in the base of the cup, in the blood vessel wall, and in a 
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ring just below the opercular rim. The connective tissue filling the cup is weakly 

stained except at the base and in the distal ring (Fig. 5.1D-H, 5.3A, B, D). The 

distal ring appears relatively broad at first (Fig. 5.1B-C), but narrows as a well-

defined cup develops (Fig. 5.1D). While it is nearly always discernible in 

regenerates of 10 dpo or younger, its intensity varies considerably. The 

proximodistal regionalisation in peduncle staining begins to appear around 5-6 

dpo. The boundary initially may not be sharp (Fig. 5.3E). As with mature 

filaments, regenerates appear to lack epidermal staining. 

 

Figure 5.3. Details of opercular ALP staining. Differential interference contrast images of half 

cups cut along the plane of symmetry (A-D) or intact peduncles (E-F). In all images, distal is towards 

the top and scale bars represent 100 µm. A-C development of staining within the cup. A. 3 dpo 

specimen already showing a gradient of staining strongest at the base. The blood vessel is out of focus 

in this image. B. 6 dpo half-cup with a pronounced proximodistal staining gradient and strong 

staining in the blood vessel wall (arrowheads). C. Proximal portion of a mature half-cup. Staining is 

limited to part of the incoming blood vessel. D. Rim region of a 3 dpo half-cup. The stronger staining 

in the distal ring (dashed outline) underlies the thickened epithelium of the opercular rim 

(arrowheads). The opercular plate epidermis (dotted outline) is unstained. E. Mid-peduncle region of a 

5 dpo regenerate. This specimen shows a weak transition in staining intensity near the site of the 

easy break point (arrowheads), but no sharp boundary. F. Mid-peduncle region of a mature specimen 

with a pronounced and abrupt boundary at the easy break point (arrowheads). Figure from Szabó and 

Ferrier (2014b). 

5.3.3. Inhibition by levamisole 

5.3.3.1. In vitro 

 6 dpo regenerates subjected to the standard ALP staining protocol (section 2.4.1) 

in the presence of either 2 mM or 10 mM levamisole show reduced staining 
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compared to dH2O controls stained for the same length of time (Fig. 5.4). 10 mM 

levamisole causes nearly complete abolition of staining, whereas the lower 

concentration causes only a reduction. 

 

Figure 5.4. Levamisole inhibits opercular ALP activity in a dose-dependent manner. All 

specimens are proteinase-untreated 6 dpo regenerates stained at room temperature for 50 minutes. A. 

Control, B. 2 mM levamisole, C. 10 mM levamisole. Small panels illustrate the range of variation in 

each condition (strongest staining on top, weakest below). Scale bars are approximately 0.5 mm. 

Figure from Szabó and Ferrier (2014b). 

5.3.3.2. In vivo 

The results of five levamisole exposure experiments are summarised in Table 5.1. 

Soaking with low doses of levamisole (up to 0.1 mM, experiment 1) between 2-3 dpo 

has no appreciable effect on regeneration, calcification or general health. At 

millimolar doses (experiments 2-5), regeneration and health defects begin to 

appear. Common opercular phenotypes include what appear to be unusually deep 

or “doubled” cups (Fig. 5.5A), and a “bubbling” of the distal peduncle (Fig. 5.5B). At 

a 2 mM dose (experiments 3-4), deep/doubled cups, peduncle bulges or peduncle 

bubbles occurred in 15/37 treated animals. None of the controls in the same 

experiments (n = 36) exhibited these phenotypes. In experiment 5 (1 mM 

treatment), 7/20 treated animals had either peduncle bubbles or “deep” cups at 3 

dpo, compared to none of the controls. 

 

Figure 5.5. Opercular abnormalities caused by levamisole. A. Very deep cup and short, 

“shrivelled” peduncle. Experiment 4 (2 mM dose), 3 dpo, left dorsolateral view. B. Massive peduncle 

bubble. Experiment 5 (1 mM dose), 3 dpo, dorsal view. Scale bars are approximately 0.25 mm. 
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Levamisole exposure at millimolar concentrations also causes general health 

effects that can be quite severe. Frequently, bulging of the ventral side of the 

anterior abdomen is observed after the pulse (12/37 treated specimens in exp. 3-4; 

0/36 controls). In some animals, the bulge eventually ruptures. A contraction of the 

thorax is often observed during treatment (21/37 treated animals immediately 

after pulse; 1/36 controls at same time), although this tends to resolve after 

treatment is stopped (8/37 treated animals at 6 dpo). At 10 mM (experiment 2), 

8/11 animals were dead or dying at 6 dpo despite the treatment having ended at 70 

hpo. Much less lethality is observed at lower concentrations (no deaths in exp. 3, 

three deaths in exp. 4). 

Table 5.1. Effects of levamisole exposure on regeneration and calcification. Regeneration 

rate is expressed as the proportion of animals that have reached cup stage or higher, as in normal 

regeneration, visible calcification is nearly always present by cup stage. (See Chapter 3)  

*One animal in this sample was already calcifying at 46 hpo, but it had not formed a clear cup at that 

time. It was likely the same animal that was found calcifying at 70 hpo, but the worms were not 

individually tracked in experiment 2. 

**Not the same six animals as before; three worms apparently lost calcification during treatment. 

Experiment Pulse time Treatment 

Cup+ 

before 

pulse (%) 

Cup+ after 

pulse (%) 

Calcifying 

cup+ before 

pulse (%) 

Calcifying 

cup+ after 

pulse (%) 

1 48-72 hpo 

Ctrl 0/9 6/9 (67%) N/A 5/6 (83%) 

10 µM 0/10 8/10 (80%) N/A 8/8 (100%) 

100 µM 0/8 5/8 (63%) N/A 5/5 (100%) 

1 mM 0/8 4/8 (50%) N/A 4/4 (100%) 

2 46-70 hpo 

Ctrl 0/10 7/10 (70%) N/A 7/7 (100%) 

2 mM 0/10 2/10 (20%) N/A 1/2 (50%) 

10 mM 0/11 2/11 (18%) N/A* 1/2 (50%) 

3 54-78 hpo 

Ctrl 8/18 (44%) 
18/18 

(100%) 
6/8 (75%) 18/18 (100%) 

2 mM 7/19 (37%) 10/19 (53%) 6/7 (86%) 6/10 (60%)** 

4 55-79 hpo 

Ctrl 9/18 (50%) 
18/18 

(100%) 
5/9 (56%) 17/18 (94%) 

2 mM 14/18 (78%) 16/18 (89%) 9/14 (64%) 9/16 (56%) 

5 55-79 hpo 

Ctrl 9/20 (45%) 
20/20 

(100%) 
7/9 (78%) 20/20 (100%) 

1 mM 14/20 (70%) 19/20 (95%) 11/14 (79%) 16/19 (84%) 
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In addition to the general health effects, a delay in regeneration and calcification is 

observed at doses of 2 mM or higher. While most animals who hadn’t formed a cup 

by 54-55 hpo do so within the next 24 hours (19/19 controls in exp. 3-4), fewer 

worms treated with 2 mM levamisole achieve the same (9/18 in the same 

experiments). In the same experiments, nearly all control regenerates at cup stage 

or above display calcification by the end of the treatment period (35/36), while only 

about half of the treated animals do (15/26), and only three previously uncalcified 

regenerates began calcification during treatment (Table 5.1). Thus, ALP inhibition 

may have an effect on calcification, but the toxicity of levamisole makes that 

difficult to assess. 

5.3.4. Alkaline phosphatase sequences in the opercular 

transcriptome 

A total of four distinct full-length alkaline phosphatase domains were found in the 

three Illumina transcriptomes representing unoperated, 2 dpo non-calcifying and 6 

dpo opercular filaments (see sections 2.1.6.1-2 and 2.1.4.4). One of these is the 

same one present in the larval transcriptome of Kenny and Shimeld (2012), while 

three are novel. A 32 amino acid fragment represented by three reads from the 

unoperated sample appears to be another distinct version of one of the conserved 

motifs in the ALP domain (Fig. 5.6), but this fragment could not be extended by 

BLAST. 
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Figure 5.6. MAFFT alignment of the ALP domains of S. lamarcki opercular alkaline 

phosphatases with human tissue non-specific (hsa-tnap) and placental (hsa-alpp) alkaline 

phosphatases. pla-alp1 is the sequence from Kenny and Shimeld (2012), and pla-r2b is the fragment 

represented by three reads. Columns are shaded according to the level of conservation. The key 

position responsible for levamisole sensitivity in human TNAP (Kozlenkov et al., 2004) is highlighted 

in red. The alignment was adapted from the one in Szabó and Ferrier (2014b) before the decision to 

use the generic name Spirobranchus was made; hence S. lamarcki sequences are designated “pla”. 
 

Phylogenetic analysis of ALP domain sequences from S. lamarcki and 15 other 

animals (Fig. 5.7) representing all major metazoan lineages where ALPs could be 

found yield separate clades for each major group. Where more than one species was 

included from a phylum or subphylum (arthropods, annelids, vertebrates), strong 

within-phylum orthology relationships can be seen (with the exception of Cnidaria), 

but the deep nodes of the tree receive extremely poor support. This is not changed 

by the exclusion of incomplete sequences (data not shown). The S. lamarcki 

sequences consistently group with one or more sequences from the other annelid, 
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Capitella teleta, although the grouping between pla-alp1+3 and cte-alp4 is only 

weakly supported. 

 

Figure 5.7. Maximum likelihood tree of 69 metazoan alkaline phosphatase domains. S. 

lamarcki sequences are highlighted in large bold font. Support is only indicated for nodes with > 50% 

support from 500 bootstrap replicates. Nodes that received 100% support in both the likelihood and 

neighbour-joining analyses are marked with a black dot; for other nodes, likelihood support is stated 

first. Species  abbreviations  are: bfl,  Branchiostoma  floridae;  cte,  Capitella  teleta;  dme, 

Drosophila  melanogaster;  dre,  Danio  rerio; gga,  Gallus  gallus;  hma,  Hydra  magnipapillata;  hsa, 

Homo  sapiens;  lgi,  Lottia  gigantea;  mmu,  Mus musculus;  nve,  Nematostella  vectensis;  pla, 

Pomatoceros (= Spirobranchus)  lamarckii;  sma,  Strigamia  maritima;  spu, Strongylocentrotus 

 purpuratus;  tad,  Trichoplax  adhaerens;  tca,  Tribolium  castaneum;  xtr,  Xenopus tropicalis. 

Figure from Szabó and Ferrier (2014b); hence the use of Pomatoceros as the generic name. 

 

Although the S. lamarcki ALPs are clearly inhibited by levamisole (Fig. 5.4), 

alignment with human sequences (Fig. 5.6) shows that the key histidine residue 

that confers levamisole sensitivity in human TNAP (Kozlenkov et al., 2004) is not 

conserved in any of the four sequences described here. In fact, three of the four full-

length S. lamarcki ALPs display residues found in the corresponding positions of 

the more levamisole-resistant human ALPP (glutamate) and ALPI (serine). 
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5.4. Discussion 

5.4.1. Staining patterns and possible functions 

Alkaline phosphatase activity in the opercular filament is clearly tissue-specific 

and proximodistally regionalised. Perhaps the most salient feature of the staining 

pattern at all stages is the lack of staining in the epidermis, which stands in stark 

contrast with the extensive and often quite intense mesodermal staining. This lack 

of staining is not an artefact of proteinase treatment, as removing the treatment 

does not result in epidermal staining. A general lack of epidermal ALP staining 

seems to be the norm for annelids (Kitamura and Shimizu, 2000; Myohara, 2004; 

Hasse et al., 2010). 

The lack of staining in the opercular plate epidermis in 3 dpo or older regenerates 

is significant. Plate calcification occurs during this time, and both the plate organic 

matrix and the mineral are likely deposited by the underlying epidermis. This 

epidermis has secretory characteristics such as apical microvilli and extensive 

Golgi apparatuses, and Bubel (1983a) observed vesicles containing both fibrous 

material (matrix components?) and what appeared to be needle-like crystals in 

plate cells. Therefore, the most likely conclusion is that alkaline phosphatases are 

not directly involved in the secretion or mineralisation of the opercular plate in this 

animal.  

Another interesting feature is the distal ring, which is situated in the connective 

tissue inside the cup, just under the thickened epidermis of the opercular rim. 

Bubel et al. (1980, 1985) noted that morphologically distinct rim cells are present 

very early in regeneration; it would be interesting to know whether this region has 

a specific role in directing opercular regeneration, and whether the increased ALP 

activity of the mesenchyme is involved in this role. Whatever the function of ALP 

activity in the ring, its fairly consistent presence throughout regeneration could 

make it useful as an easily assayed regional marker in functional experiments 

focused on, for instance, manipulating signalling pathways. In general, a secretory 

role seems reasonable for ALPs in the opercular connective tissue. This tissue 

contains a large amount of extracellular matrix (Hanson, 1949; Fig. 5.3D in this 

chapter), which must be secreted and matured as the regenerating cup grows. ALP 

activity in opercular connective tissue appears to be regeneration-specific; an 

involvement in the production of the extracellular matrix is a plausible function for 

it. 

The proximodistal regionalisation of peduncle staining develops around 5-6 dpo, 

roughly the same time and at roughly the same place as the easy break point. The 

causes of this regionalisation can at present only be guessed at, but differences in 

tissue distribution seem plausible as an explanation. Based on Hanson’s (1949) 

description, the location of the “horseshoe” pattern of distal peduncle staining is 
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consistent with expression in the longitudinal muscles, which occupy the bulk of 

the distal peduncle except for the dorsal face. 

The “horseshoe” is observed in older regenerates (Fig. 5.2E) and some mature 

peduncles, but not in younger regenerates, which display a concentric staining 

pattern more similar to the mature proximal peduncle (Fig. 5.2B, F). Hanson’s 

(1949) diagram clearly depicts the very strongly triangular distal peduncle, and the 

text does not specifically discuss the histology of the proximal half, but other 

authors’ work (Bubel et al., 1980; 1985; Thomas, 1940; McDougall et al., 2006) 

indicates that the longitudinal muscles of the peduncle extend along its full length. 

If peduncle ALP activity is predominantly located in muscle, then different 

localisation of muscles in the proximal and distal peduncle halves would explain its 

distribution. The study of the opercular filament would greatly benefit from an 

updated histological description that accounts for regional differences. 

The two different staining distributions in mature peduncles illustrated in Fig. 5.2 

are potentially interesting. Currently, the small sample size (only 9 mature 

specimens and 3 blocks of 6+ dpo peduncle) makes their relative frequencies 

uncertain, and it is difficult to tell what tissues are involved, but if these are two 

real, distinct phenotypes, it would be fascinating to explore their causes and 

significance. Are they dynamic in time, or do they vary only by individual? Do they 

relate to environmental variables? The ability to tolerate a wide range of 

environmental salinities and temperatures is crucial for an intertidal animal like 

S. lamarcki. In a euryhaline crustacean, Pinoni et al. (2005) found that ALP 

activity in muscle is modulated in response to changes in salinity. Perhaps the 

variation in peduncle ALP staining is similarly associated with physiological 

acclimation in S. lamarcki. 

ALP activity is far too widespread during regeneration and normal homeostasis to 

be specific to any kind of stem cell. It is also conspicuously absent from the most 

proliferative tissue (the epidermis), although we do not currently know whether 

any of the proliferative cells observed during regeneration have stem cell 

properties. Thus, the results presented here cannot support or reject a role in 

stemness. 

5.4.2. Levamisole inhibition 

Specific inhibitors are important tools for elucidating the functions of enzymes and 

signalling pathways. Levamisole was found to noticeably inhibit all opercular ALP 

activity at millimolar concentrations (Fig. 5.4), and was therefore used in vivo in an 

attempt to elucidate ALP functions during regeneration. 

Millimolar doses of levamisole that inhibit ALP activity in vitro cause clear 

systemic toxicity in live animals, while lower doses up to 0.1 mM have no obvious 

effect on either health or regeneration. Thus, effects due to general toxicity are 

difficult to disentangle from effects due to specific ALP roles in regeneration or 
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calcification. Furthermore, it is difficult to tell whether the apparent delay or loss 

of calcification at 2 mM or higher doses (see Results, Table 5.1) is an outcome of 

toxicity, general developmental effects, or a specific effect on calcification. Perhaps 

other inhibitors (e.g. L-amino acids), which may be less generally toxic or more 

specific to particular opercular ALPs, would be more helpful in this respect. 

5.4.3. Sequences and phylogenetic analysis 

Transcriptome data (sections 2.1.6 and 2.1.4.4) reveal that at least four distinct 

alkaline phosphatases are expressed in the mature and regenerating opercular 

filament. In mammals, different ALP isozymes display a clear division of labour. 

For example, human TNAP and ALPI are expressed in distinct regions of kidney 

tubules (Nouwen and de Broe, 1994), and rodent guts express multiple ALPI 

paralogues in distinct spatiotemporal patterns (Xie and Alpers, 2000; Narisawa et 

al., 2007). The simple histochemical assay used here cannot distinguish between 

the four S. lamarcki ALPs, and the entire domain of ALP activity seems sensitive 

to levamisole (Fig. 5.4); therefore, in situ hybridisation would be needed to test 

whether the various ALP genes similarly display tissue- or region-specific 

expression. 

The evolution of the ALP family is poorly studied in vertebrates, and even more so 

in the rest of the Metazoa. The analysis presented in this chapter confirms the 

previously established TNAP and ALPI clades within vertebrates (Yang et al., 

2012), and further indicates that major animal lineages – including, it seems, at 

least two of the three chordate subphyla – have their own complements of 

independently duplicated ALP genes. All species included in the tree have at least 

two distinct alkaline phosphatases, and most have more; therefore, the evolution of 

this family within the Metazoa must have involved a large number of lineage-

specific duplications. 

Although the collection of alkaline phosphatase sequences used in this study yields 

a consistent lack of resolution at deep nodes, some clear orthologous relationships 

can also be seen among more closely related animals. For example, several of the 

numerous ALPs of D. melanogaster and T. castaneum form strongly supported 

sister group relationships, although the third arthropod, the centipede Strigamia 

maritima, has only two ALP genes that fall on an unstable branch of their own. 

More importantly, all four S. lamarcki sequences expressed in the operculum group 

with specific sequences in the other annelid, C. teleta, forming two well-supported 

clades and a third weaker one. pla-alp1 and pla-alp3 appear to represent a 

duplication specific to the S. lamarcki lineage. 

The present analysis indicates that the last common ancestor of these two species 

had at least three ALPs, and possibly more: several C. teleta sequences do not have 

counterparts in S. lamarcki. Whether this is due to gene loss in S. lamarcki or the 

limited coverage of the organ-specific transcriptomes the S. lamarcki sequences 

were derived from, the implication for the LCA is the same. Unfortunately, these 
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two species cannot tell us about the LCA of all annelids, as recent phylogenomic 

studies suggest that they are relatively close within Annelida (Struck et al., 2011; 

Weigert et al., 2014). The as yet unpublished genome of the model annelid 

Platynereis dumerilii (Simakov et al., 2013) could be more helpful, as the same 

studies place this species basally to the clade bracketed by C. teleta and S. 

lamarcki. 

Alkaline phosphatases differ in their susceptibility to inhibitors including 

levamisole and L-amino acids (Kozlenkov et al., 2004; Eguchi, 1995). In mammals, 

these properties appear to be mediated by one or two key residues for each 

inhibitor, and replacement of these residues with those characteristic of a different 

ALP enzyme changes susceptibility (Kozlenkov et al., 2004). However, these results 

do not appear to extrapolate to annelids, as the position homologous to the main 

effector of levamisole sensitivity/resistance in the mammalian enzymes holds 

amino acids more similar to the resistant than the susceptible mammalian 

isozymes. 

5.5. Conclusions 
The S. lamarcki opercular filament displays extensive alkaline phosphatase 

activity both during regeneration and normal homeostasis. This activity is clearly 

patterned; aspects of the pattern are preserved throughout the life cycle of the 

opercular filament (e.g. blood vessel staining in the peduncle and mesenchymal 

staining in the proximal cup), whereas others, such as the distal ring, the mid-

peduncle boundary and staining throughout the cup mesenchyme, differ from stage 

to stage. Mature distal peduncles may display two markedly different staining 

patterns within the mesoderm, the significance of which bears further 

investigation. At present the functions of opercular ALP expression are a matter of 

speculation, but several aspects of the staining pattern could be useful regional 

markers for future studies. 

The epidermis appears to lack significant ALP activity at all stages, including the 

plate epidermis during calcification. Thus, a direct involvement in opercular plate 

calcification is unlikely, although a role more upstream in the process, such as in 

the transport of materials to the opercular plate, cannot be excluded. It is difficult 

to assess whether opercular ALPs could play stem cell-related roles, as little is 

known about the nature of the cells involved in the proliferative response during 

regeneration (Chapter 3), although ALP activity is clearly not associated with the 

proliferative epidermis of regenerating filaments. 

Opercular ALPs are inhibited by levamisole, although the mechanism of inhibition 

likely differs from that of the better studied mammalian enzymes. In vivo 

inhibition experiments are difficult to interpret due to high toxicity. Thus, the 

functions of these enzymes will have to be elucidated with more selective inhibitors 

or genetic knockdown experiments. 



83 

 

Transcriptome data suggest that the staining patterns described here are produced 

by at least four distinct alkaline phosphatases. A phylogenetic analysis of these 

sequences with the full ALP complements of diverse metazoans highlights a large 

amount of lineage-specific duplication during metazoan ALP evolution. S. lamarcki 

sequences display clear homology with other annelid ALPs. 
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6. Identifying genes of interest in 

the opercular transcriptome 

6.1. Introduction 
Transcriptomic studies of regeneration and biomineralisation have become 

commonplace in recent years, covering an increasingly wide variety of taxa. They 

range in scope from exploratory sequencing of less well-studied species (Clark et 

al., 2010; Nyberg et al., 2012) to sophisticated gene expression profiling of 

individual cell types in better known model organisms  (Shibata et al., 2012; Rafiq 

et al., 2014). RNA-seq and de novo transcriptome assembly allow large-scale gene 

discovery and analysis of differential expression between stages or tissues without 

a reference genome, making them important tools in comparative biology. 

Transcriptomes of regeneration and/or biomineralisation have repeatedly yielded 

interesting evolutionary insights. Examples include the wildly different gene sets 

underlying similar nacreous shell architectures in bivalve and gastropod molluscs 

(Jackson et al., 2010), within-species variation in the “stemness gene” repertoires of 

planarians (Resch et al., 2012), and conversely, the conservation of many genes 

upregulated in pluripotent stem cells of mammals and planarians (Labbé et al., 

2012; Resch et al., 2012). 

This chapter is a basic description of three opercular transcriptomes and an initial 

survey of genes of interest in the combined assembly obtained from them. The 

transcriptomes were derived from adult opercular filaments of three stages chosen 

to cover a range of interesting processes in regeneration. Control specimens were 

unoperated, mature opercular filaments (as defined by their morphological 

completeness and strength of pigmentation). The two regenerating samples came 

from 2 dpo opercula (swelling or rim stage; Fig. 3.1B-D) that did not show any 

calcification under a dissecting microscope, and 6 dpo opercula displaying tiled 

calcification (Fig. 3.1H-I, Fig. 4.1C). Thus, they should contain transcripts relevant 

to patterning, cell proliferation and differentiation, morphogenesis and 

calcification, although they are not expected to capture genes involved in wound 

healing and the initiation of regeneration. 

The list of genes of interest is by necessity incomplete, and the lack of replicates 

does not allow a statistically robust estimation of differential expression, although 

read counts are used here to highlight potentially interesting genes. The aim of this 

survey is to establish the presence and diversity of some relevant gene families 

(excluding homeobox genes, which are the subject of ongoing work by Mr Tom 

Barton-Owen) and provide starting points for future research. 

Due to the wide variety of surveyed genes, I have chosen to organise this chapter 

around different categories of genes and provide brief introductions, specific 
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methodological notes and discussions for each family/category within its own 

section. 

6.2. Methods 
The relevant methods for this chapter are described in section 2.6. For general 

procedures used in analysing the transcriptome, see section 2.6.3. The methods 

used to characterise sla-msp130 can be found in section 2.7. 

6.3. General transcriptome characteristics 
Illumina HiSeq 2000 sequencing (performed at the Wellcome Trust Centre for 

Human Genetics, Oxford) of unoperated, early (2 dpo) and and late (6 dpo) 

regenerating total RNA samples yielded > 55 million 100-bp paired-end reads per 

sample (Table 6.1). Approximately 80% of these passed quality control (≥ 90 bp 

scoring Q20 or higher). 3’ end trimming at Q30 only affected a small proportion of 

bases; the mean and median read lengths after trimming are 99 and 99.1 bp for 

each dataset. The three datasets were combined to produce a global assembly of 

360 107 contigs of at least 200 bp, with a mean length of 614 bp (SD = 865). After 

clustering with cd-hit-est at 95% identity, 288 479 contigs remain, but these still 

display a considerable degree of redundancy as demonstrated by the many variants 

detected while searching for specific gene families (see notes in Table A2). In many 

cases, contigs were found that encode identical or near-identical proteins, differing 

only in their non-coding portions. In addition, a number of non-overlapping contigs 

were identified as likely fragments of the same transcript by stringent searches of 

such fragments against Kenny and Shimeld’s (2012) larval transcriptome (see the 

electronic appendix and Table A2 for details). 

Table 6.1. General statistics of the three sets of opercular Illumina reads. Read numbers are 

given in millions. Percentages may not add up to 100 due to rounding. 

 Mature Early Late 

Raw reads 56.1 60.5 55.3 

Low Q 12.2 (21.7%) 11.1 (18.3%) 11.4 (20.6%) 

Adapter 0.0034 (0.01%) 0.0016 (<0.01%) 0.0013 (<0.01%) 

Unpaired HQ 9.3 (16.5%) 8.4 (13.9%) 8.6 (15.5%) 

Total filtered 43.9 (78.2%) 49.7 (81.7%) 43.9 (79.4%) 

 

Conceptual translation of the assembly using BLAST hits against Swissprot, 

FrameDP and ESTScan followed by cd-hit clustering at 95% identity yielded 

211 584 predicted peptides. 59 961 contigs have significant (E < 10-10) BLASTX hits 
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in Swissprot; an additional 10 518 predicted peptides have BLASTP matches at E < 

10-4 in the NCBI nr database. 8769 contigs display identical matches to their best 

Swissprot hits, most often human (6121) model rodent (mouse + rat = 892) or E. 

coli (834) sequences, which serves as a rough indicator of contamination from non-

Spirobranchus sources. Human contamination is a recognised issue with Illumina 

transcriptomes obtained from large sequencing facilities (Werner et al., 2013). In 

addition to contamination from the sequencing facility, material from the various 

organisms associated with wild S. lamarcki opercula can be expected in these data. 

A number of contigs were clearly identified as specific human or bacterial 

sequences during the search for candidate genes; in addition, some other fragments 

that did not precisely match any sequence in the nr database have their best 

BLAST hits in bacteria or non-metazoan eukaryotes and only occur in the 

unoperated sample. A list of specifically identified contaminants, as well as notes 

on probable foreign sequences belonging to target gene families are provided in 

Table A2 and the electronic appendix. 

6.4. Surveyed gene families 
In all summary tables in this section, the following colour scheme is used to 

indicate large increases and decreases in read abundance: 

 

Figure 6.1. Key to the colours used in tables 6.2-6.14. Corrected fold changes were expressed as 

reads per million, to adjust for slight differences in dataset size. 

6.4.1. Major signalling pathways 

A non-exhaustive search was undertaken for transcripts (chiefly of ligands, 

receptors and transcription factors) related to some major developmental signalling 

pathways that control fundamental aspects of development such as polarity, 

patterning, cell proliferation and cell type specification in a variety of contexts. 

Matches were sought for members of the (canonical) Wnt, TGF-β, FGF, Notch, 

hedgehog and retinoic acid pathways. 
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6.4.1.1.  Wnt 

Wnt signalling is one of the most fundamental mechanisms by which animal bodies 

establish polarity. Besides helping to establish the primary body axis throughout 

the Metazoa (Holland, 2000; Hobmayer et al., 2000; Adamska et al., 2007), 

canonical Wnt signalling is known to play important roles in regeneration in 

diverse metazoan systems, including the head organiser of Hydra (Hobmayer et al., 

2000; Rentzsch et al., 2007, Lengfeld et al., 2009), axial regeneration in planarians 

(Gurley et al., 2008; Iglesias et al., 2008; Petersen and Reddien, 2009), and 

vertebrate (Kawakami et al., 2006) and arthropod (Shah et al., 2011) appendage 

regeneration among others. In vertebrates, Wnt signalling also has a variety of 

roles in skeletogenesis, including promoting osteoblast differentiation (Wang et al., 

2014). 

Wnt-related contigs from the opercular transcriptomes are listed in Table 6.2. 

Transcripts of nine distinct Wnt ligands were detected, all of which were 

successfully assigned to known Wnt subfamilies in a preliminary neighbour-joining 

tree using representative bilaterian reference species (Fig. 6.2). Where top BLAST 

hits were annotated to subfamily level, BLAST- and tree-based assignments 

agreed; only comp384469 (Wnt16) and comp384664 (Wnt7) had top BLAST hits 

that were not annotated with a subfamily number. Besides Wnt3, which 

protostomes probably lost altogether (Cho et al., 2010), subfamilies 2, 8 and 9 are 

absent from the transcriptome, and the remaining subfamilies are each 

represented by a single gene. 
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Figure 6.2. Neighbour-joining tree of Wnt family members. Alternating clades are highlighted 

for ease of viewing. Support values are proportion of 500 bootstrap replicates. Species abbreviations: 

hsa, Homo sapiens, cte, Capitella teleta, and tca, Tribolium castaneum. 

In addition to Wnt ligands, several putative frizzled receptors and secreted frizzled-

related proteins (SFRPs) were also found, along with a single homologue of 

Dishevelled and a single Lef/Tcf transcription factor. The number of frizzled 

receptors may be between 6-8, as there are slightly overlapping or non-overlapping 

fragments that may not represent distinct genes. Nonetheless, eight distinct 

frizzleds are not extraordinary for a lophotrochozoan (Riddiford and Olson, 2011). 

Reads from several Wnt ligands are much more abundant in one or both 

regenerating samples. 
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Table 6.2. Wnt signalling pathway members from the opercular transcriptome. 

Identifications in bold are derived from a neighbour-joining tree (Fig. 6.2); the rest are based on best 

BLAST hits against the nr protein database and conserved domain content. For specific BLAST 

results, scores and notes, see Table A2. Conserved domain content is based on hits from the NCBI 

conserved domain database, with accessions in brackets. Uncorrected read counts are shown; see Fig. 

6.1 for explanation of background colours. *These two sequences show a 17-residue overlap at the 

protein level and may belong to the same gene; no linking contig was found in the larval 

transcriptome, however. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp388521_c0_seq4 Wnt10 Wnt (pfam00110) 206 468 499 

comp369870_c1_seq2 Wnt11 Wnt (pfam00110) 0 167 7 

comp384469_c0_seq3 Wnt16 Wnt (pfam00110) 89 2215 2421 

comp381795_c0_seq3 Wnt1 Wnt (pfam00110) 184 60 136 

comp390780_c0_seq2 Wnt5 Wnt (pfam00110) 242 1270 316 

comp386602_c0_seq3 Wnt4 Wnt (pfam00110) 308 1716 667 

comp358825_c0_seq1 Wnt6 Wnt (pfam00110) 5 139 11 

comp384664_c2_seq1 Wnt7 Wnt (pfam00110) 91 280 802 

comp369094_c0_seq1 WntA Wnt (pfam00110) 344 422 860 

comp366777_c0_seq3 Lef/Tcf Sox-Tcf HMG box (cd01388) 63 36 154 

comp344455_c0_seq1* Fzd1/2/7 
CRD_FZ superfamily 

(cl02447) 
4 1 25 

comp370048_c0_seq2* Fzd1/2/7 
CRD_FZ superfamily 

(cl02447) 
9 16 64 

comp375834_c0_seq2 Sfrp 

CRD_FZ superfamily 

(cl02447), NTR-like 

superfamily (cl02512) 

61 104 99 

comp379774_c0_seq1 Fzd5/8 CRD_FZ5-like (cd07456) 160 134 167 

comp382984_c1_seq1 Fzd1/2/7 

CRD_FZ superfamily 

(cl02447), Endostatin-like 

superfamily (cl00181) 

467 343 490 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp383202_c0_seq4 Fzd4/9/10 

CRD_FZ superfamily 

(cl02447), 7TM 2 

superfamily (cl18338) 

120 46 202 

comp386077_c1_seq1 Fzd1/2/7 CRD_FZ1-like (cd07458) 22 67 146 

comp388067_c0_seq2 Fzd4/9/10 

CRD_FZ superfamily 

(cl02447), 

7TM 2 superfamily (cl18338) 

116 808 608 

comp390037_c0_seq1 Sfrp 

CRD_FZ superfamily 

(cl02447), NTR-like 

superfamily (cl02512) 

713 6630 2123 

comp397125_c0_seq1 Fzd 
CRD_FZ superfamily 

(cl02447) 
2 3 11 

comp366806_c0_seq1 Dsh 

DAX (smart00021), PDZ 

(cd00992), DEP_dishevelled 

(cd04438) 

33 10 189 

 

6.4.1.2. TGF-β 

TGF-β superfamily signalling (particularly the dorsoventral morphogen BMP2/4) is 

another fundamental mediator of polarity in Metazoa. While Wnt signalling 

defines polarity along the primary axis (anteroposterior or oral/aboral) across the 

Metazoa, BMP2/4 and its antagonist chordin are the main conserved determinants 

of the bilaterian secondary (dorsoventral) axis (De Robertis and Sasai, 1996). True 

to their names, various BMPs (bone morphogenetic proteins) also promote skeletal 

development in vertebrate embryos and regenerating appendages (Nishimura et 

al., 2012; Yu et al., 2012). The BMP pathway has also been implicated in molluscan 

shell formation. For example, its transcription factor smad1/5/8 is expressed 

throughout the larval shell field in the bivalve Crassostrea gigas (Liu et al., 2014), 

and early embryonic inhibition of BMP signalling by dorsomorphin in the 

gastropod Lymnaea stagnalis results in malformed and uncalcified shells (Shimizu 

et al., 2011). TGF-β superfamily signalling is also involved in many regenerative 

processes. BMP signalling establishes a correct dorsoventral axis in planarian 

regeneration (Reddien et al., 2007; Molina et al., 2007), while the activin antagonist 

follistatin acts as an anterior signal (Roberts-Galbraith and Newmark, 2013); BMP 

signalling appears to be necessary for proliferation in regenerating Xenopus tails 

and limbs (Beck et al., 2006); and immunochemical experiments suggest highly 

active TGF-β signalling in blastemas of regenerating crinoid arms by Patruno et al. 

(2002), to name a few examples. 
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BLAST queries for this pathway included all human TGF-β ligands and receptors 

and SMAD transcription factors, as well as a selection of TGF-β antagonists 

(chordin, noggin, follistatin and gremlin). Members of all of these families were 

detected, and are summarised in Table 6.3. BLAST and conserved domain search 

results indicate that all SMAD subtypes are present. There are two contigs 

encoding SMAD4-type MAD homology domains; however, as one of them contains 

only the N-terminal domain and one only the C-terminal domain, they may 

represent a single SMAD4 homologue. All putative SMADs show a mature < early 

< late trend in read counts, although only SMAD2/3, which is the receptor SMAD 

mediating the activin/inhibin and TGF-β subtypes of the pathway, displays a more 

than fivefold difference between stages. 

Regarding TGF-β ligands, 15 contigs were found altogether, 13 of which include the 

C-terminal signalling domain (the remaining two only contain propeptide regions). 

However, in contrast with the excellent resolution of Wnt subfamilies (Fig. 6.2), the 

same approach using the C-terminal domains of Tgf-β ligands could only assign 3 of 

the 13 to well-supported clades (Fig. 6.3). These clades were BMP2/4 and 

BMP5/6/7/8, with one and two S. lamarcki members, respectively (Table 6.3). The 

putative BMP2/4 orthologue has a high and relatively stable number of reads in all 

three stages, hinting at an important role regardless of regenerative state. In 

contrast, the putative BMP5/6/7/8 contigs have at least an order of magnitude more 

reads in the regenerating datasets. 
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Figure 6.3. Neighbour-joining tree of TGF-β ligand C-terminal domains. Clades with >70% 

bootstrap support that include both S. lamarcki contigs and sequences from another species are 

highlighted. 

Several inhibitors of this signalling pathway family also appear more abundant 

during regeneration; this includes both noggins, which antagonise BMP pathways, 

and follistatin, which acts against activin signalling. A possible explanation is a 

patterning mechanism based on opposing gradients of TGF-β proteins and their 
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antagonists akin to the conserved BMP/chordin axis in bilaterian dorsoventral 

patterning. Given the high expression levels of BMP2/4, the apparent upregulation 

of BMP5/6/7/8 homologues and the success of pharmacological inhibition 

experiments in other lophotrochozoans (Shimizu et al., 2011), BMP signalling in 

the operculum seems to be both a potentially interesting and experimentally 

tractable target for future investigation. 

Table 6.3. TGF-β signalling-related contigs from the opercular transcriptome. Coloured 

backgrounds indicate large changes in read count as explained in Fig. 6.1. Bolded identifications are 

supported by both BLAST and a neighbour-joining tree, although resolution of the tree in general is 

poor (Fig. 6.3). Since the phylogeny of TGF-β ligands is poorly resolved and relationships between 

vertebrate and invertebrate sequences (such as which sequences constitute vertebrate-specific 

paralogue groups) is generally unclear, S. lamarcki examples were designated “X-like” where X is the 

top BLAST hit. The CDD and PFAM group all TGF-β receptor extracellular domains under a single 

“activin receptor” heading; they do not distinguish subtypes. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp363013_c0_seq3 SMAD4 MH2 SMAD4 (cd10498) 100 127 186 

comp383210_c0_seq3 SMAD1/5/8 
MH1 SMAD1/5/9 (cd10490), 

MH2 SMAD1/5/9 (cd10497) 
90 246 412 

comp387739_c0_seq2 SMAD6/7 
MH1 superfamily (cl00055), 

MH2 superfamily (cl00056) 
105 269 500 

comp389548_c0_seq1 SMAD2/3 
MH1 SMAD2/3 (cd10491), 

MH2 SMAD2/3 (cd10985) 
192 1431 1530 

comp395622_c0_seq1 SMAD MH1 SMAD4 (cd10492) 6 9 23 

comp225920_c0_seq1 
inhibin/activin-

like 

TGF-β propeptide 

superfamily (cl02928),  

TGF-β superfamily (cl02510) 

16 37 36 

comp250090_c0_seq1 myostatin-like TGF-β superfamily (cl02510) 9 5 20 

comp316692_c0_seq1 BMP3-like TGF-β superfamily (cl02510) 11 2 30 

comp317995_c0_seq1 myostatin-like TGF-β (smart00204) 12 3 6 

comp363804_c0_seq1 BMP2/4 

TGF-β propeptide 

(pfam00688), 

TGF-β (smart00204) 

1573 2440 1837 

comp363906_c0_seq1 myostatin-like TGF-β superfamily (cl02510) 3 35 85 

comp364596_c0_seq1 
inhibin/activin-

like 
TGF-β superfamily (cl02510) 0 40 59 

comp368852_c0_seq3 BMP3-like 

TGF-β propeptide 

superfamily (cl02928),  

TGF-β superfamily (cl02510) 

17 38 145 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp387106_c1_seq2 BMP5-8 TGF-β superfamily (cl02510) 6 102 170 

comp389029_c0_seq1 BMP5-8-like 
TGF-β propeptide 

(pfam00688) 
16 187 405 

comp389029_c0_seq2 BMP5-8 TGF-β (smart00204) 11 194 301 

comp417165_c0_seq1 
inhibin/activin-

like 
TGF-β superfamily (cl02510) 0 6 4 

comp418808_c0_seq1 myostatin-like 
TGF-β propeptide 

superfamily (cl02928), 
3 1 7 

comp438102_c0_seq1 TGF-β ligand TGF-β superfamily (cl02510) 3 0 3 

comp8393_c0_seq1 GDF2-like TGF-β (smart00204) 0 17 1 

comp108075_c0_seq1 
Type II activin 

receptor 

Activin receptor superfamily 

(cl15639) 
0 3 5 

comp146015_c0_seq1 
Type II activin 

receptor 
-- 6 4 10 

comp312388_c0_seq1 
Type III TGF-β 

receptor 
-- 14 8 9 

comp368620_c0_seq1 
Type I BMP 

receptor 

Activin receptor 

(pfam01064) 

PKc (cd00180) 

96 54 171 

comp373477_c0_seq3 
Type II BMP 

receptor 

Activin receptor 

(pfam01064) 

PKc (cd00180) 

77 16 208 

comp382097_c1_seq4 
Type I activin 

receptor 

Activin receptor 

(pfam01064) 

PKc (cd00180) 

214 282 170 

comp390776_c0_seq1 
Type I TGF-β 

receptor 

Activin receptor 

(pfam01064), 

GS motif (pfam08515) 

PKc (cd00180) 

1559 4285 4247 

comp398357_c0_seq1 
Type II activin 

receptor 
PKc (cd00180) 7 3 18 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp388373_c0_seq1 chordin 

VWC (pfam00093), 

VWC superfamily (cl17735) 

x3; 

Chordin (pfam07452), 

Chordin superfamily 

(cl06473) 

105 244 455 

comp390686_c0_seq4 noggin 
Noggin superfamily 

(cl05400) 
50 785 346 

comp382796_c0_seq3 noggin 
Noggin superfamily 

(cl05400) 
84 511 166 

comp388877_c0_seq5 follistatin Kazal FS (cd00104) x3 862 6268 2977 

comp388267_c0_seq1 gremlin DAN (pfam03045) 135 297 211 

 

Although the orthology of most putative TGF-β superfamily members could not be 

determined with any certainty, it may be worth noting that thus far, no contigs 

appear to be nodal or lefty orthologues. Serpulid opercula appear in a variety of 

positions including bilateral (e.g. Filograna; ten Hove and Kupriyanova, 2009), 

variable (e.g. Hydroides; Schochet, 1973a), and consistently lateralised. S. lamarcki 

is firmly in the last group: all of the individuals observed over the course of this 

project (on the order of thousands) had a single opercular filament on the left side. 

Nodal signalling and the homeodomain transcription factor Pitx are ancient and 

conserved regulators of left-right asymmetry that likely predate bilaterians 

(Watanabe et al., 2014), but whether they regulate opercular positioning in 

serpulids is currently unknown. Perhaps it is not surprising that an existing 

opercular filament (which is not overtly asymmetrical itself) would not need 

asymmetry pathways, but it would be interesting to see whether an S. lamarcki 

nodal homologue is expressed in juveniles during metamorphosis when the 

opercular filament is initially established. 

6.4.1.3. FGF 

Fibroblast growth factors play a huge range of roles in development from 

patterning the central nervous system to regulating cell differentiation in 

vertebrate somitogenesis. Secreted from the apical ectodermal ridge/cap, they 

promote the outgrowth of developing and regenerating vertebrate appendages 

(Martin, 1998; Yokoyama, 2008). In planarians, FGF receptors are expressed in 

neoblasts and blastemas (Ogawa et al., 2002). Vertebrate FGFs form a sizeable 

family that can be divided into several distinct clades, but the relationship between 

these and the small number of highly divergent FGFs present in lophotrochozoans 

is unclear (Oulion et al., 2012). Using both human and lophotrochozoan (from 

Lottia gigantea and Capitella teleta) queries and iterative TBLASTN searches 
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uncovered two putative FGF ligands in S. lamarcki, which do not group clearly 

with any of the vertebrate subfamilies when added to Oulion et al.’s alignment and 

incorporated in an NJ tree (Fig. 6.4). 

 

Figure 6.4. Neighbour-joining tree of chordate and lophotrochozoan FGFs based on Oulion 

et al.’s (2012) alignment. The vertebrate clades recovered by those authors have been collapsed. 

Branches leading to S. lamarcki sequences and their putative L. gigantea orthologues are highlighted 

in grey. CIOIN = Ciona intestinalis, LOTGI = Lottia gigantea, CAPTE = Capitella teleta, sla = S. 

lamarcki. 
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Table 6.4. Candidate FGFs and FGF receptors in the opercular transcriptome. See Fig. 6.1 

for an explanation of background colours. Both identifications of putative FGFs are based on a 

neighbour-joining tree built from a modified version of Oulion et al.’s (2012) chordate + 

lophotrochozoan alignment, but only FGFA is bolded, as “FGFB” groups only weakly with its putative 

orthologue from Lottia gigantea (see Fig. 6.4). 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp388694_c0_seq1 FGFB FGF superfamily (cl00060) 253 1190 984 

comp382724_c0_seq2 FGFA FGF superfamily (cl00060) 106 657 171 

comp395866_c0_seq1 ?FGF receptor 
PKc-like superfamily 

(cl09925) 
0 3 22 

comp373302_c0_seq3 ?FGF receptor 
PKc-like superfamily 

(cl09925) 
38 52 103 

comp385459_c0_seq1 ?FGF receptor 

Ig superfamily (cl11960) x2, 

PKc-like superfamily 

(cl09925)  

762 2225 1742 

 

Four S. lamarcki contigs match FGF receptors as their top hits, although these 

identifications must be held as highly provisional in lieu of phylogenetic analysis, 

as FGFRs are not easy to distinguish from other receptor tyrosine kinases by 

BLAST alone. One contig with an FGFR top hit (comp390693) had a claudin 2-like 

domain (cl17758) instead of the immunoglobulin domains typical of FGFRs, and is 

therefore not shown in Table 6.4. 

6.4.1.4. Notch 

Notch receptors and their various ligands (Delta, Jagged/Serrate) have numerous 

developmental roles including segmentation (e.g. Stollewerk et al., 2003; Pueyo et 

al., 2008, Rivera and Weisblat, 2009), neurogenesis and neural cell type 

specification (Imayoshi and Kageyama, 2011; Udolph, 2012), and arthropod 

appendage patterning (de Celis et al., 1998). Notch signalling promotes the survival 

of mammalian neural stem cells (Androutsellis-Theotokis et al., 2006), and controls 

proliferation and differentiation in arthropod neuroblasts (Ungerer et al., 2012). In 

the mammalian inner ear, Notch signalling appears to be an inhibitor of hair cell 

regeneration (Mizutari et al., 2013). As their characteristic domains are relatively 

short and not especially highly conserved, Notch receptors and ligands are 

somewhat difficult to identify by BLAST, and their possession of numerous EGF 

repeats increases that difficulty. In this survey (summarised in Table 6.5), human 

queries (and S. lamarcki queries in subsequent iterations) were trimmed of non-

specific domains in order to decrease the number of spurious hits. 
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Table 6.5. Notch signalling-related contigs in the opercular transcriptome. See Fig. 6.1 for an 

explanation of background colours. HES/HEY family members are not assigned specific orthologies, 

as this would probably require a phylogenetic tree including annelid sequences. BLAST identified all 

except comp377615 as HES. Comp377615 had several sequences annotated as HEY among its top 10 

BLAST matches, even though it is the only opercular HES/HEY contig that lacks the C-terminal 

[Y/W]RPW motif. *The two peptides from comp371200 have identical N-termini up to the end of the 

HLH domain, and three smaller islands of high similarity, one of which is the C-terminal WRPW 

motif. Between those, they are completely divergent. Although both of them are complete as 

evidenced by the WRPW motif followed by a stop codon, an Orange domain was only detected in seq4. 

Due to the identical N-termini their reads were counted together. A comparison of the two sequences 

is shown in Fig. A4. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp351226_c0_seq1 
Notch 

ligand 

Notch ligand N-terminal 

superfamily (cl06622), 

Delta/Serrate superfamily 

(cl19567) 

18 12 22 

comp379652_c0_seq3 
Notch 

ligand 

Delta/Serrate superfamily 

(cl19567) 
509 131 214 

comp389658_c0_seq1 Delta 

Notch ligand N-terminal 

(pfam07657), 

Delta/Serrate superfamily 

(cl19567), 

Many EGF_CA (cd00054)/EGF_CA 

superfamily (cl09941) 

583 636 823 

comp374655_c0_seq1 Notch 

Many EGF_CA (cd00054)/EGF_CA 

superfamily (cl09941), 

NL repeat (smart00004), 

Notch superfamily (cl02419) x2, 

NOD (pfam06816), 

ANK (cd00204) 

147 301 1170 

comp386261_c0_seq3 ?Notch Notch (pfam00066) 303 2130 2372 

comp367807_c0_seq1 HES-like 
HLH (cd00083),  

Orange (pfam07527) 
159 62 45 

comp371200_c0_seq1* HES-like HLH (cd00083) 

110 281 107 
comp371200_c0_seq4* HES-like 

HLH (cd00083),  

Orange (pfam07527) 

comp375641_c0_seq1 HES-like 
HLH (cd00083),  

Orange (pfam07527) 
547 4219 1010 

comp376296_c0_seq3 HES-like 
HLH (cd00083),  

Orange (smart00511) 
249 1032 562 

comp377615_c0_seq2 HES-like HLH (cd00083) 162 177 161 

comp382771_c1_seq1 HES-like 
HLH (cd00083),  

Orange (smart00511) 
185 624 222 

comp385567_c0_seq1 HES-like 
HLH (cd00083),  

Orange (smart00511) 
15 310 332 
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Hairy/enhancer of split-related (hes) genes encode basic helix-loop-helix 

transcription factors and are targets of Notch signalling, well-known for their roles 

in nervous system patterning, where they may act either downstream or 

independently of Notch signalling (Gazave et al., 2014 and references therein). 

Unlike Notch receptors and ligands, these sequences are easy to identify, and 

altogether eight contigs encoding clear HES-like sequences were confidently 

detected in the opercular assembly. According to Gazave et al. (2014), the model 

annelid Platynereis dumerilii possesses a large complement of hes-related genes 

with distinct (mostly neural) expression domains indicating high levels of 

regulatory subfunctionalisation. pdu-hes10 may be expressed in cells of the 

peripheral nervous system during posterior elongation, and PNS-related roles have 

been described in other animals (Wrischnik and Kenyon, 1997), so an involvement 

of this family in the regeneration of the opercular nerves and any sensory 

structures is plausible. One of the hes-related contigs certainly appears to have 

some role in regeneration, with a roughly twenty-fold increase in read count in 

both regenerating datasets. HES-like sequences are listed in Table 6.5. 

6.4.1.5. Hedgehog 

Hedgehog proteins function as morphogens, patterning a variety of animal body 

parts including segments in both ecdysozoans and lophotrochozoans (Farzana and 

Brown, 2008; Janssen and Budd, 2013; Dray et al., 2010), appendages (Tabata and 

Kornberg, 1994; Endo et al., 1997), the central nervous system (Arendt and Nübler-

Jung, 1999) and morphological novelties such as nymphalid eyespots (Keys et al., 

1999). In osteoblast differentiation (Hu et al., 2005), as well as planarian 

regeneration (Yazawa et al., 2009), hedgehog signalling acts upstream of Wnt 

signalling. Hedgehog signalling is necessary for proliferation and skeletogenesis in 

the regenerating tail in axolotls (Schnapp et al., 2005) and Xenopus (Taniguchi et 

al., 2014). 

Searches of the S. lamarcki assembly identified a clear orthologue of Gli/cubitus 

interruptus, as well as candidate hedgehogs, patcheds and smootheneds (Table 

6.6). One of the “hedgehog” contigs, comp128714 (see Table A2), encodes an 

incomplete signalling domain that is full of stop codons when translated with the 

standard genetic code, but translates stop-free with the ciliate code. Although 

regenerating worms for RNA collection were kept in finely filtered seawater with 

daily changes, this would not have removed any ciliates living on their bodies. 

Tiny, mobile white organisms that may belong to this group are not tightly 

associated with “wild” opercula, and are in fact often seen on healthy worms of any 

stage. Therefore, although this contig is only present in the late regenerating 

sample, a ciliate origin seems likely. If that is the case, then the S. lamarcki 

opercular filament expresses only one hedgehog ligand. 

Patched-related proteins proved problematic to identify by BLAST, so preliminary 

NJ trees were constructed using related sequences from humans, Drosophila, 



100 

 

Platynereis and Capitella and one or more of the S. lamarcki contigs. Due to the 

lack of overlap, most of the 9 candidate contigs had to be considered individually, 

but all of them were clearly identified as either patched (6) or non-patched (3). The 

tree for the most C-terminal fragments is shown in Fig. 6.5; the other trees are 

provided in Fig. A3. 

 

Figure 6.5. Example neighbour-joining tree of patched-related proteins. The patched clade is 

highlighted. DROME = Drosophila melanogaster, cte = Capitella teleta. Trees built with the other S. 

lamarcki patched-like fragments can be found in Fig. A3. 

Alignment of these fragments with full-length patched sequences (see electronic 

appendix) is consistent with the presence of no more than two patched paralogues – 

there are only two short overlaps, one of which (between comp397813 and 

comp175152) is perfect at the amino acid level, while the other (comp369114 and 

comp381647) contains numerous mismatches suggesting two distinct paralogues. 

Consistent with this, read count distributions for 5/6 patched fragments are 

qualitatively similar, being lowest in early regeneration, while comp381647 is 

highest at the same stage. Searches of the larval transcriptome of Kenny and 

Shimeld (2012) yielded no hits for any of these contigs, and therefore the fragments 

could not be joined with certainty. 

Smoothened receptors belong to the same family as frizzled and SFRPs, but they 

are clearly distinguishable by BLAST. The opercular transcriptomes yielded three 

contigs encoding smoothened sequences, two of them likely fragments of the same 

gene. 
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Table 6.6. Hedgehog pathway components in the opercular transcriptome. See Fig. 6.1 for 

explanation of background colours. Bolded assignments are supported by neighbour-joining trees (Fig. 

6.5, Fig. A3). 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp373157_c0_seq2 Hedgehog  

HH signalling superfamily 

(cl03090) , 

Hint (cd00081) 

22 47 196 

comp367658_c0_seq2 Gli/ci  ZF C2H2 (pfam13465) x2  75  17  87 

comp157880_c0_seq1 Patched  
Sterol-sensing superfamily 

(cl18184) 
3 1 9 

comp175152_c0_seq1 Patched 
Sterol transporter 

(TIGR00918) 
10 1 13 

comp198684_c0_seq1 Patched  
Sterol transporter 

(TIGR00918) 
8 0 14 

comp369114_c1_seq5 Patched  
Sterol-sensing superfamily 

(cl18184) 
165 44 105 

comp381647_c0_seq1 Patched  
Sterol transporter 

(TIGR00918) 
749 1013 925 

comp397813_c0_seq1 Patched  
Sterol transporter 

(TIGR00918) 
0 0 9 

comp279535_c0_seq1+2  Smoothened  

CRD_FZ superfamily 

(cl02447), 

Fzd/Smo 7TM region 

(cl19289) 

10 6 31 

comp382516_c0_seq1 Smoothened  
Fzd/Smo 7TM region 

(cl19289)  
92 168 240 

6.4.1.6. Retinoic acid (RA) 

Like the Wnt and FGF pathways, retinoic acid is involved in anteroposterior axial 

patterning, being one of the major regulators of Hox gene expression along the 

chordate anterior-posterior axis (e.g. Schubert et al., 2006). Retinoic acid also 

controls the proximodistal patterning of vertebrate limbs in opposition to FGF 

signalling (Mercader et al., 2000). RA signalling was initially thought to be a 

chordate innovation; however, the key components of the RA signalling machinery 

were later found in non-chordate deuterostomes (Cañestro et al., 2006) and 

protostomes (Albalat and Cañestro, 2009). Unlike the other signalling molecules 

discussed here, RA is a small molecule that is not encoded in the genome. 

Therefore, a transcriptomic survey of the RA pathway must focus on its receptors 

that are also its effector transcription factors, and the enzymes involved in its 

production (retinaldehyde dehydrogenases [RALDH/ALDH1A]) and breakdown 

(cyp26). Putative S. lamarcki members of the RA pathway are listed in Table 6.7. 
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Table 6.7. Retinoic acid pathway components in the opercular transcriptome. See Fig. 6.1 

for explanation of colours. Bolded identifications are based on a combination of tree-building and 

TargetP predictions of protein localisation; only comp130977 was annotated as a RALDH by BLAST. 

For comp130977 + comp344171, the domain search result for the much more complete Kenny and 

Shimeld (2012) contig 43912 is shown; the small opercular contigs are annotated as indeterminate 

aldehyde dehydrogenase superfamily fragments. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp387153_c0_seq2 RALDH ALDH1A/1B/2 (cd07141) 491 800 1179 

comp130977_c0_seq1+ 

comp344171_c1_seq2 

RALDH ALDH1A/1B/2 (cd07141) 34 21 14 

comp383274_c0_seq2 CYP26 P450 superfamily (cl12078) 179 215 253 

comp381387_c0_seq6 CYP26 P450 superfamily (cl12078) 68 423 371 

comp17790_c0_seq1 CYP26 P450 superfamily (cl12078) 12 10 3 

comp388805_c0_seq12 CYP26 P450 superfamily (cl12078) 233 530 536 

comp334943_c1_seq1 CYP26 P450 superfamily (cl12078) 0 14 11 

comp334943_c0_seq1 CYP26 P450 superfamily (cl12078) 11 10 1 

comp163635_c0_seq1 RAR 
NR ligand-binding 

superfamily (cl11397) 
9 2 10 

comp310738_c0_seq1 RAR NR DNA-binding (cd06919) 0 0 14 

 

Cytoplasmic RALDHs are impossible to distinguish from the closely related 

mitochondrial ALDH2 family by BLAST, but are distinct in phylogenetic trees, and 

they lack a mitochondrial localisation signal (Albalat and Cañestro, 2009). 

Therefore, ALDH1A/2 candidate contigs were included in an NJ tree built with the 

sequences listed in the aforementioned study (Fig. 6.6), and also put through 

TargetP to infer subcellular localisation. Two short contigs (comp130977 and 

comp344171) were found to be fragments of the same transcript, a more complete 

sequence of which is present in Kenny and Shimeld’s (2012) transcriptome. This 

contig (PlamarckiiC43912) encodes a complete CDS and a complete aldehyde 

dehydrogenase domain. By both TargetP-inferred localisation and phylogenetic 

position, the Kenny and Shimeld sequence and comp387153 were identified as 

likely RALDHs, while an additional contig (comp376765) was placed in the 

mitochondrial group by both methods. 
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Figure 6.6. Neighbour-joining tree of metazoan aldehyde dehydrogenase 1A/2 family 

members. The ALDH1A (Cytoplasmic retinaldehyde dehydrogenase) clade is highlighted, and 

lophotrochozoan subclades including S. lamarcki sequences are shaded in darker grey. Species 

abbreviations are as follows: cte, Capitella teleta, gga, Gallus gallus, hro, Helobdella robusta, hsa, 

Homo sapiens, lgi, Lottia gigantea, nve, Nematostella vectensis, sla, Spirobranchus lamarcki, tad, 

Trichoplax adhaerens, tca, Tribolium castaneum. 

Six contigs encode cyp26 enzymes, although three of these are non-overlapping 

fragments that may belong to a single transcript. Unfortunately, none of them 

yielded any matches from the larval transcriptome, and therefore the total number 

of cyp26 genes represented in the opercular assembly remains uncertain. However, 

given that Albalat and Cañestro (2009) found four cyp26 genes in the genome of the 

model polychaete Capitella teleta, a similar number would not be surprising in S. 

lamarcki. The various cyp26 contigs match very different numbers of reads, 

although four of the six have more reads in regenerating samples.  

Retinoic acid receptors can be hard to distinguish from other nuclear receptors 

without a phylogeny, but this question was not pursued further at this time. 

BLAST suggests two reasonably good RAR candidates, both of which appear to be 

expressed at very low levels. They may represent a single gene given the lack of 

overlap and their complementary domain contents (Table 6.7). 

6.4.2. Enzymes 

Like all biological processes, the construction of skeletons and the repair and 

regeneration of damaged body parts require the coordinated action of multitudes of 

enzymes. The enzymes discussed in this thesis regulate the ionic environment in 
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biomineralising compartments (carbonic anhydrases and alkaline phosphatases) 

and modify the extracellular matrix during regeneration or skeletogenesis (chitin 

metabolic enzymes, matrix metalloproteinases, and perhaps alkaline 

phosphatases). Alkaline phosphatases are discussed in Chapter 5. 

Enzymes involved in chitin metabolism (chitin synthases and chitinases) may be 

particularly relevant for annelid biomineralisation given the presence of chitin as a 

matrix/template material in both ecdysozoan and lophotrochozoan mineralised 

hard parts (Lowenstam and Weiner, 1989; Ehrlich, 2010), and the known presence 

of chitin in the opercular filament cuticle of S. lamarcki itself (Bubel et al., 1983). 

Jackson et al. (2010) found high expression of a chitin synthase in the nacre-

building mantle epithelial cells of the oyster Pinctada maxima. Chitinases have 

roles in immunity in multiple taxa (Elias et al., 2005; Badariotti et al., 2007), a 

function that may also be relevant during and following wound healing. 

Matrix metalloproteinases (MMPs) have been shown to be essential for 

regeneration in such distantly related animals as newts (Vinarsky et al., 2005) and 

hydras (Leontovich et al., 2000). In general, MMPs and their endogenous inhibitors 

TIMPs (tissue inhibitors of matrix metalloproteinases) are likely to make an 

appearance in any process requiring manipulation of extracellular matrices, 

including bone development and remodelling in vertebrates (Krane and Inada, 

2008), and axon guidance in both vertebrates and fruit flies (Page-McCaw, 2008). 

Carbonic anhydrases (CAs) handle the interconversion carbon dioxide and 

bicarbonate ions, which makes them obvious candidates for a role in calcium 

carbonate biomineralisation. In addition to affecting ion availability, their activity 

also modulates pH, a fundamental property of the mineralisation space that 

calcifying animals strive to control (Venn et al., 2013). 

In molluscs, nacreins form a specialised class of carbonic anhydrase-like proteins, 

with a region of GXN repeats interrupting the canonical α-CA domain (Miyamoto et 

al., 1996). Despite their name, nacreins are present both in the (aragonitic) 

nacreous and (calcitic) prismatic layers of bivalve shells (Miyashita et al., 2002), 

and they appear to regulate crystal growth via a calcium-binding activity of the 

repetitive region (Miyamoto et al., 2005; Norizuki and Samata, 2008). Another odd 

CA with highly divergent CA domain fragments and a long stretch of GXY repeats 

was found in the mantle transcriptome of the gastropod Patella vulgata by Werner 

et al. (2013). It would be interesting to see whether a calcifying annelid also 

employs such modified carbonic anhydrases. 
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Table 6.8. Alpha-carbonic anhydrases in the opercular transcriptome. Out of a total of 38 

contigs, only those with high or substantially varying read counts are shown. Sequences that are 

totally absent from regenerating samples are omitted. All 38 candidate sequences have α-CA domains 

(α-CA superfamily, cl00012, with some specific hits to cd00326 or smart01057). 

Contig 
Mature 

reads 

Early 

reads 

Late 

reads 

comp324624_c0_seq1 5 36 14 

comp373259_c0_seq1 96 1131 1047 

comp377063_c0_seq1 2497 4215 4433 

comp379941_c0_seq1 347 3 1 

comp382910_c0_seq1 4661 2281 2451 

comp387108_c0_seq2 43 411 1179 

 

About a quarter of the putative CA contigs (9/38) found in the opercular 

transcriptome are probably foreign: they tend to be fragmentary, found at low 

levels and only in the mature data, and yield best BLAST matches to non-

metazoan sequences (these contigs are not listed in Table 6.8 but are recorded in 

Table A2 and the electronic appendix). Several others are also exclusive to the 

mature dataset, sometimes with >100 reads, but as their best matches are 

metazoan, it is less clear whether they belong to Spirobranchus or one of its 

menagerie of commensals. Two of the transcripts that are present in all three 

samples have about an order of magnitude more reads in regenerating opercula, 

suggesting a possible role in opercular plate formation. Another CA shows one of 

the greatest decreases in read count among all surveyed genes, dropping to a near-

absence in both regenerating datasets from over 300 reads in the mature sample. 

Carbonic anhydrase contigs that are not mature-specific and either highly 

expressed (≥ 1000 reads) or exhibit large changes in read counts between datasets 

are listed in Table 6.8. Information on the others can be found in Table A2 and the 

electronic appendix. Visual inspection of the predicted peptides derived from these 

contigs does not suggest the presence of nacrein-like repeats. 

Over fifty contigs encode matrix metalloproteinase fragments, and therefore the 

same strategy of only listing highly and/or differentially expressed sequences was 

followed for Table 6.9. The total number of MMPs is highly variable among non-

vertebrate taxa, with only two genes in Drosophila and as many as 26 in sea 

urchins (reviewed in Page-McCaw, 2008). Although many S. lamarcki fragments 

contain only one or two of the three characteristic domains (peptidoglycan-binding, 

zinc metalloproteinase and hemopexin) of a typical MMP, and therefore the total 

number of MMPs is likely lower than the number of MMP contigs, it is still quite 

high by the most conservative estimate. Conserved domain searches predicted 22 

high-confidence MMP-type catalytic domains (32 zinc metalloproteinase domains in 

total); although two of the 22 are incomplete (comps 380663 and 385857), both are 

missing the same end and therefore cannot belong to the same gene. Although time 

did not allow for a thorough search of available annelid sequence data, it would be 

interesting to see whether annelids in general have large numbers of MMP genes. 
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19 highly or differentially expressed MMP contigs (containing 12 catalytic 

domains) are summarised in Table 6.9. Most of these contigs are represented by 

more reads in one or both of the regenerating samples, consistent with the 

importance of this enzyme family for regeneration. From a biomineralisation 

perspective, comp389716 may be the most interesting. This is a long contig 

containing the complete coding sequence and is very highly expressed at 6 dpo, 

which would also make it an ideal target for in situ hybridisation. 

One highly and fairly constantly expressed contig (comp381970) has an unusual 

domain architecture, with a strongly predicted (E ≈ 10-71) MMP-type catalytic 

domain combined with a number of other (weaker) domains not found in “normal” 

MMPs. A CDART (Geer et al., 2002; 

http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi) search for similar 

architectures revealed no other proteins with this organisation. In addition to the 

conserved domains listed in Table 6.9, a SMART (http://smart.embl-heidelberg.de) 

search also indicated an N-terminal coiled-coil region and a C-terminal 

transmembrane region. The domain structure of this protein as inferred by SMART 

is displayed in Fig. 6.7 below: 

 

Figure 6.7. Domain structure of comp381970 as predicted by SMART with PFAM domains 

included. Magenta boxes represent low-complexity sequence, the green box is a coiled-coil region, 

and the blue box indicates a transmembrane domain. The complement control module (CCP) has a 

very high e-value (1.18); other PFAM and SMART domains were detected at E < 10-8. 

The “GCC2/3” motif predicted towards the C-terminus of this sequence is present 

in Eph receptors, which are involved in cell cycle control in various mammalian 

stem cell niches (Genander and Frisén, 2010), but based on its prominent MMP 

catalytic domain and distinct lack of a protein kinase domain, comp381970 does not 

appear to be a receptor tyrosine kinase. 

Table 6.9. Matrix metalloproteinases and tissue inhibitors of metalloproteinases in the 

opercular transcriptome. For MMPs, only highly expressed contigs and those that show 

substantial changes between stages are shown. See Fig. 6.1 for explanation of colours. *The two 

variants of comp364706 have identical N- and C-termini but quite divergent middles (Fig. A5). 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp224473_c0_seq1 MMP 

Zn metalloproteinase superfamily 

(cl00064), 

Hemopexin (pfam00045) 

25 4 35 

comp316675_c0_seq1 MMP 
Zn metalloproteinase superfamily 

(cl00064) 
12 584 40 

comp323572_c0_seq1 MMP  MMP (cd04278) 0 8 51 

comp323572_c1_seq1 MMP  PG-binding 1 (pfam01471) 1 5 24 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp333239_c0_seq1 MMP  Hemopexin superfamily (cl19071) 0 30 4 

comp348456_c0_seq1 MMP 

Zn metalloproteinase superfamily 

(cl00064), 

Hemopexin (pfam00045) 

4 9 1 

comp348456_c1_seq1 MMP 
Zn metalloproteinase superfamily 

(cl00064) 
32 7 5 

comp366305_c0_seq1 MMP Hemopexin superfamily (cl19071) 53 31 5 

comp380663_c0_seq3 MMP 

PG-binding 1 (pfam01471), 

MMP (cd04278), 

Hemopexin superfamily (cl19071)  

3 99 324 

comp381970_c0_seq3 ?MMP 

MMP (cd04278),  

hyalin repeat superfamily (cl03620),  

GCC2/GCC3 (pfam07699) 

5261 4060 7538 

comp384412_c0_seq4 MMP 

PG-binding 1 (pfam01471), 

MMP (cd04278), 

Hemopexin superfamily (cl19071)  

189 8464 3564 

comp385014_c1_seq2 MMP 

PG-binding 1 (pfam01471), 

Zinc metalloproteinase superfamily 

(cl00064)  

28 160 196 

comp385014_c3_seq2 MMP Hemopexin superfamily (cl19071) 18 109 75 

comp388491_c0_seq1 MMP  

PG-binding 1 (pfam01471), 

MMP (cd04278), 

Hemopexin superfamily (cl19071)  

1204 6499 2442 

comp389308_c0_seq1 MMP  

PG-binding 1 (pfam01471), 

MMP (cd04278), 

Hemopexin superfamily (cl19071)  

59 4368 376 

comp389716_c0_seq2 MMP  

PG-binding 1 (pfam01471), 

MMP (cd04278), 

Hemopexin (cd00094)  

575 2778 13400 

comp390288_c0_seq3 MMP 
MMP (cd04278), 

Hemopexin (cd00094) 
32 1122 667 

comp390884_c0_seq1 MMP 

PG-binding 1 (pfam01471), 

MMP (cd04278), 

Hemopexin (cd00094) 

267 865 1408 

comp372823_c0_seq1 MMP Hemopexin superfamily (cl19071) 15 20 100 

comp323467_c0_seq1 TIMP NTR-like superfamily (cl02512) 448 2162 540 

comp364706_c0_seq1* TIMP NTR-like superfamily (cl02512) 
1141 8719 7366 

comp364706_c0_seq4* TIMP NTR-like superfamily (cl02512) 

comp385404_c1_seq1 TIMP NTR-like superfamily (cl02512) 4 45 32 

 

Along with MMPs, several contigs encoding their endogenous regulators, tissue 

inhibitors of metalloproteinases (TIMPs), have been discovered (Table 6.9). Like 

MMPs, TIMPs are also present in bilaterians in hugely variable numbers from a 

single member in Drosophila to as many as ten in sea urchins (Page-McCaw, 2008). 

At least two timp genes are expressed in S. lamarcki, possibly three, although the 

relationship of the two variants of comp364706 is hard to tell without a reference 

genome (Fig. A5). Approximately half of their length is identical at both protein 

and nucleotide levels; the central region, however, is quite divergent while still 
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showing enough similarity that alternative exons seem an unlikely explanation. 

TIMP reads also increase substantially in regenerating samples, consistent with a 

role in modulating MMP activity. 

Putative S. lamarcki enzymes involved in chitin biosynthesis and degradation are 

listed in Table 6.10. Chitin synthases were detected using four Capitella teleta 

queries based on a recent phylogenetic study of the family by Zakrzewski et al. 

(2014), while human members of glycosyl hydrolase family 18, to which most 

metazoan chitinases belong (Funkhouser and Aronson, 2007), were used as the 

chitinase query. Both families are present with multiple contigs; chitinase-like 

sequences in particular are abundant with around 10 members, although several of 

them are represented by only a handful of reads. The three putative chitin 

synthases differ substantially in apparent expression levels and read distributions, 

although all three have at least slightly more reads in regenerating samples. 

Comp372804 peaks during early regeneration, whereas reads of comp385677 are 

common at all stages. Of the numerous candidate chitinases, three have at least 

five times more reads in one or both regenerative stages. 

Table 6.10. Chitin metabolic enzymes in the opercular transcriptome. See Fig. 6.1 for 

explanation of colours. CD-search predicted a number of very weak domains (E > 0.001) for 

comp385677 that are not shown in the table: PAP2-like superfamily (cl00474), PRP38-associated C-

terminal domain (pfam12871) and a bacterial membrane protein (cl09823) that largely overlaps the 

PAP2-like domain. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp372804_c0_seq3 
Chitin 

synthase 
--  17 181 22 

comp385677_c0_seq1 
Chitin 

synthase 
CS C-terminal (cd04190) 1258 1557 4459 

comp428401_c0_seq1 
Chitin 

synthase 

Glycosyltransferase A 

superfamily (cl11394) 
0 3 7 

comp281458_c0_seq1 Chitinase  GH18 superfamily (cl10447) 16 6 7 

comp312474_c0_seq1 Chitinase  GH18 superfamily (cl10447) 54 0 0 

comp368560_c0_seq2 Chitinase  GH18 superfamily (cl10447) 22 5 93 

comp368560_c0_seq4 Chitinase  GH18 superfamily (cl10447) 7 14 85 

comp373459_merge Chitinase  
GH18 superfamily (cl10447), 

Chitin-binding (pfam01607) 
89 123 23 

comp376222_c0_seq4 Chitinase  GH18 superfamily (cl10447) 25 152 181 

comp384224_c0_seq2 Chitinase  GH18 superfamily (cl10447) 29 40 428 

comp412554_c0_seq1 Chitinase  GH18 superfamily (cl10447) 3 1 5 

comp435676_c0_seq1 Chitinase  GH18 superfamily (cl10447) 7 5 0 

comp54046_c0_seq1 Chitinase  GH18 superfamily (cl10447) 0 0 9 

 

6.4.3. Putative matrix proteins 

As a skeletal protein in echinoderms (Mann et al., 2008; 2010), msp130 technically 

belongs under this heading, but as it was studied in more depth than other 
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candidate skeletal matrix proteins, it merits its own section. All extracellular 

matrix components detected in the assembly, including msp130, are summarised in 

Table 6.11. 

6.4.3.1. Collagens 

Collagens are common ingredients of metazoan extracellular matrices, and they 

are the major matrix proteins in vertebrate bone and cartilage. In annelids, they 

are regular components of the cuticle (Bubel et al., 1983; Hausen, 2005), and they 

were thought by previous workers to be present in the ECM-rich “cartilage” filling 

the S. lamarcki operculum, as well as the opercular plate organic matrix (Hanson, 

1949, Bubel et al., 1983). BLAST searches using 44 human collagen queries from 

Swissprot yielded 97 contigs that hit a collagen sequence in the reciprocal BLAST. 

Due to the large number of hits, these 97 sequences were further filtered by the 

presence of interesting domains. Contigs were kept if they 1) contained collagen 

triple helix repeats alone or in addition to other domains, 2) lacked the repeats but 

possessed other conserved domains characteristic of collagen subtypes, such as type 

IV or fibrillar collagen C-terminal domains. Contigs that only had “generic” 

domains such as EGF or von Willebrand factor A without accompanying collagen 

repeats were discarded. These filtering steps left 28 contigs. Of these, 19 were 

isolated collagen repeats; these were not investigated further but are listed in 

Table A2. Domain content and read counts for the remaining nine contigs are 

summarised in Table 6.11). 

Their very high read counts are consistent with an important role of collagen-like 

molecules in the opercular filament. Comp390616 may be of particular interest, 

however, as it is less abundant overall than most other collagens, yet has over 20 

times more reads at 6 dpo than in the mature sample. Perhaps it is simply a minor 

ECM component compared to other collagen-like molecules, but its behaviour is 

also consistent with a role in a spatially limited context such as the opercular plate 

matrix. 

Table 6.11. Candidate ECM/skeletal matrix components in the opercular transcriptome. 

Comp298633 contains a fragment of a protein very similar ( >90% identity) to the full-length msp130 

encoded by comp389772. Its top hit is a bacterial sequence, but during preliminary tree-building 

using all of Ettensohn’s (2014) sequences, it grouped with the other S. lamarcki sequence rather than 

with bona fide bacterial homologues of the family (not shown). The representation of EF-hand 

domains has been reorganised in the CDD between the time of the original SPARC CD-search (on 

version 3.11) and the time of writing (current CDD version 3.12). The accession shown is from the 

previous version and has been replaced by an overall EF-hand superfamily (cl08302). 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp246222_c0_seq1 Collagen 
Type IV C-terminal domain 

(cl02467) 

10 4 17 

comp366907_c0_seq2 Collagen 

vWFA (smart00327), 

Collagen repeats 

(pfam01391)  

2238 945 8339 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp379858_c0_seq1 Collagen 

vWFC (pfam00093), 

Collagen repeats 

(pfam01391), 

Fibrillar collagen C-

terminal domain 

(pfam01410) 

129556 276453 569212 

comp386517_c1_seq3 Collagen 

Thrombospondin 

superfamily (cl18311), 

Collagen repeats 

(pfam01391), Endostatin-

like superfamily (cl00181) 

8956 23709 22966 

comp389686_c0_seq1 Collagen 

Collagen repeats 

(pfam01391), Type IV C-

terminal domain 

(pfam01413, smart00111) 

x2 

35448 114889 83191 

comp389923_c0_seq4 Collagen 

Thrombospondin 

superfamily (cl18311), 

Collagen repeats 

(pfam01391), Fibrillar 

collagen superfamily 

(cl02436) 

17341 52547 108351 

comp390273_c1_seq1 Collagen 

Collagen repeats 

(pfam01391), 

Coagulation factor Xa 

inhibitory site 

(pfam14670),  

vWFA, ECM subfamily 

(cd01450) x2, 

EGF_CA (cd00054) 

3359 16772 17467 

comp390616_c0_seq1 Collagen 

Thrombospondin 

subfamily (cl18311), 

Collagen repeats 

(pfam01391) 

715 3377 14393 

comp390650_c0_seq1 Collagen  

Collagen repeats 

(pfam01391), Type IV C-

terminal domain 

(pfam01413, smart00111) 

x2 

24144 64823 45664 

comp388905_c0_seq1 SPARC 

KAZAL_FS superfamily 

(cl00097), 

EF-hand 8 superfamily 

(cl17302) 

8918 30517 37003 

comp389772_c0_seq4+1 MSP130 -- 42 576 789 

comp298633_c0_seq1 ?MSP130 -- 4 22 39 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp165861_c0_seq1 Dermatopontin 
Dermatopontin 

superfamily (cl20641) 
5 0 1 

comp409884_c0_seq1 Dermatopontin 
Dermatopontin 

superfamily (cl20641) 
10 0 0 

 

6.4.3.2. SPARC 

SPARC is an ancient protein that aids the assembly of collagenous extracellular 

matrices (Bradshaw, 2009; Bertrand et al., 2013). In vertebrates, a SPARC 

paralogue gave rise to a large family of secreted calcium-binding phosphoproteins 

(SCPPs, Kawasaki et al., 2004; Kawasaki and Weiss, 2006), which are present in 

the matrices of a variety of mineralised tissues. The cnidarian-bilaterian ancestor 

likely had two related genes, sparc and sparcb, but repeated losses since then mean 

that most of its living descendants only possess one of the two (Bertrand et al., 

2013). Although its precise function in molluscs has not been investigated, a sparc 

transcript was detected in the mantle transcriptome and found to be localised 

around the larval shell field of Patella vulgata (Werner et al., 2013). 

The opercular transcriptome contains a single homologue of SPARC. Since 

tetrapods lack SPARCB (Bertrand et al., 2013), a zebrafish query was used to look 

for this paralogue (Table A3), but no convincing matches were detected. This is in 

agreement with Bertrand et al.’s finding that protostomes have lost SPARCB. Sla-

sparc is one of the most highly expressed non-collagen genes investigated in this 

work, which is perhaps not surprising considering the abundance of collagenous 

matrices in the opercular filament. Although it does not exhibit large fold-changes, 

its absolute read counts are high in both regenerating datasets, consistent with a 

role in rebuilding the ECM during regeneration. Whether that role includes 

constructing the opercular plate remains to be seen. 

6.4.3.3. Molluscan shell proteins 

Given the close relatedness of annelids and molluscs, it may be worthwhile to 

search an annelid biomineralisation transcriptome for homologues of known 

molluscan shell proteins (Marin et al., 2007; Werner et al., 2013), although the 

composition of shell matrices can vary greatly even within the Mollusca (e.g. 

Jackson et al., 2006; 2010). Extremely acidic shell proteins that may contain up to 

60% aspartic acid (aspein; Tsukamoto et al., 2004) are some of the most interesting 

of these. Very acidic proteins are associated with calcitic shell regions in molluscs 

(Marin et al., 2007), and it would be interesting to test this association in a 

bimineralic annelid hard part. Nevertheless, the low complexity of such sequences 

makes them difficult or impossible to use as BLAST queries. Some other shell 

proteins, such as MSI31 and pearlin, are also highly repetitive. In addition, several 
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classes of molluscan shell protein are derived from more widely conserved protein 

families and co-opted secondarily for shell construction. Based on attempts with 

the same BLAST queries Werner et al. (2013) used, clear orthologues are difficult 

to identify for both types of shell protein: highly repetitive sequences simply yield 

no BLAST hits, while in the case of widespread families such as C-type lectins 

(perlucin) and von Willebrand factors (BMSP), co-option of common domains mean 

that BLAST searches cannot indicate which of the dozens or hundreds of 

Spirobranchus sequences belonging to these families may be involved in 

biomineralisation. Finding all such domains present in the opercular plate and 

identifying transcripts that are upregulated in calcifying opercula is an important 

task for future work. 

Dermatopontins are something of an exception among putative shell proteins in 

that they are neither repetitive nor members of enormous domain families. 

Dermatopontins belong to a small metazoan-wide family (1-3 members) of 

extracellular matrix proteins. They may have been independently co-opted as shell 

proteins by at least two gastropod lineages (Sarashina et al., 2006), and therefore it 

would not be surprising to find them playing biomineralisation-related roles in 

other animals. Two contigs encoding dermatopontin family members were detected 

using a gastropod query, but both are represented by only a handful of reads, 

making a major calcification-related function unlikely. 

6.4.4.  “Bone transcription factors” 

Although animal skeletons almost certainly had multiple independent origins, and 

the history of animal biomineralisation certainly involves a high degree of 

independent gene co-option and innovation (Jackson et al., 2006; 2010, Kawasaki 

and Weiss, 2006; Livingston et al., 2006), it is conceivable that some of the 

regulatory circuits involved in calcification and/or skeletogenesis derive from 

ancient, conserved precursor mechanisms (Knoll, 2003; Marin et al., 2007). For 

instance, some non-mineralised skeletal elements of cephalochordates express 

several transcription factors known to be involved in vertebrate skeletogenesis 

including Runx (Hecht et al., 2008) and Hif1α (Li et al., 2014), and the main 

transcription factor families regulating sea urchin larval skeletogenesis (Ets 

[Kurokawa et al., 1999] and Alx [Ettensohn et al., 2003]) are also involved in the 

formation of vertebrate skeletons (Maroulakou and Bowe, 2000; Beverdam et al., 

2001) despite the fact that these skeletons are made of different minerals and are 

likely non-homologous on the morphological level. Polychaete annelids being a 

relatively conservative protostome group in terms of genome evolution and 

developmental genetics (e.g. Denes et al., 2007; Raible et al., 2005; Takahashi et al., 

2009), if any such regulators have conserved roles in deuterostomes and 

protostomes, polychaetes are a likely taxon to preserve those roles. Therefore, a 

handful of non-homeodomain transcription factors known from bone development 

were included in this transcriptome survey. The results are summarised in Table 

6.12. 
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Table 6.12. Bone-related transcription factors in the opercular transcriptome. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp378639_c0_seq1 Runx Runt (pfam00853) 185 3897 1025 

comp368994_c0_seq1 CBFβ CBFβ (pfam02312) 8 183 81 

comp389296_c0_seq1 Hifα 

HLH (cd00083), 

PAS (cd00130) x2 

2574 8588 6032 

 

Despite their highly conserved sequences, Ets family members were not detected at 

all, except for human contaminants. In contrast, a single Runx contig was 

identified with high confidence and appears to be highly expressed during 

regeneration, with read counts peaking in the early sample. A single contig 

encoding CBF-β, a conserved co-factor of Runx, is also present with a similar 

pattern of read abundance, albeit much lower absolute numbers of reads. Runx 

factors are also important in stem cell biology, being upregulated in planarian 

neoblasts in response to wounding (Wenemoser et al., 2012), for example. Its 

abundance, possible upregulation during regeneration, and multiple relevant roles 

in other organisms make sla-runx one of the most interesting genes identified in 

this study. 

Hypoxia induced factors belong to the bHLH-PAS family of transcription factors 

and have a conserved function in oxygen sensing across the Metazoa (Hampton-

Smith and Peet, 2009). In mammals, Hif1α promotes chondrocyte survival, 

angiogenesis and bone formation through the activation of VEGF signalling, and 

directly regulates the osteoblast transcription factor osterix (Wan et al., 2010). 

Recently, a study of bHLH-PAS family transcription factors found that the single 

amphioxus Hif homologue was expressed in the cartilaginous pharyngeal bars of 

these non-vertebrate chordates (Li et al., 2014). The single Hifα candidate in the S. 

lamarcki data is the most abundant of the transcription factors surveyed, with > 8 

500 reads from early regenerates. As this transcript is also quite abundant in 

unoperated specimens, and as the gene in question is a stress response gene, it is 

difficult to guess what its function might be in the opercular filament. However, 

examining its expression domains by in situ hybridisation should at least indicate 

whether it is likely to be involved in biomineralisation. 

6.4.5. “Stemness factors” 

Multi- or pluripotent stem cells constitute one of the major sources for regenerated 

tissues in animals. In sponges, choanocytes and archaeocytes appear to serve as 

pluripotent stem cells (Funayama, 2013). The model cnidarian Hydra possesses 

three distinct stem cell populations that constantly replenish its differentiated 
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tissues and produce new structures after amputation (Bosch et al., 2010). 

Pluripotent neoblasts are responsible for both regeneration and tissue maintenance 

in model planarians (Wagner et al., 2011). In the solitary ascidian Ciona 

intestinalis, regeneration of distal structures depends on branchial sac stem cells 

(Jeffery, 2014), while circulating stem cells are responsible for regeneration in its 

colonial relatives (Brown et al., 2009). In annelids, most regenerated tissues appear 

to come from the dedifferentiation of mature cells, but the involvement of local or 

distant stem cells has been suggested for multiple taxa and regenerative contexts 

(Sugio et al., 2012; Gazave et al., 2013; Bely, 2014). 

The stem cell markers chosen for this survey are mainly RNA-binding proteins and 

non-homeobox transcription factors that Gazave et al. (2013) showed to be 

activated in two stem cell populations involved in posterior elongation in the model 

polychaete Platynereis dumerilii. The genes chosen for the above study vary from 

general stem cell markers such as piwi (Wolfswinkel, 2014), to genes acting in 

more restricted progenitor populations like gcm/glide (neural stem cells [Hitoshi et 

al., 2011]) and id (haematopoietic stem cells [Kee, 2009]), but most of them are 

indeed expressed in the bands of morphologically distinct, proliferative ectodermal 

and mesodermal cells that presumably contribute to newly formed/regenerated 

segments (Gazave et al., 2013). 

Table 6.13. Potential stem cell markers detected in the opercular transcriptome. Bolded 

identifications have been confirmed by phylogenetic analysis. Multiple contigs belonging to a single 

putative transcript were merged with the help of Kenny and Shimeld’s (2012) transcriptome. The 

merged Piwi contig was created from the sequences of the opercular fragments, which have slight 

overlaps, with a small gap filled in from Kenny and Shimeld’s contig 35048. Read counting and 

domain searching was done with this composite contig. In the case of Bruno comp340700 + 

comp388942, the best matching Kenny and Shimeld contig (26358) was used in the phylogenetic 

analysis. The Pumilio domain hit for comp383131 is in grey because it is weak (E ≈ 0.001). 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp383163_c1_seq3 
Piwi 

PAZ, Piwi-like subfamily 

(cd02845), 

Eukaryotic PIWI (cd04658) 

70 306 1080 

comp416895_c0_seq1 + 

comp262140_c0_seq1 + 

comp262140_c1_seq2 + 

comp154833_c0_seq1 

Piwi 

PAZ, Piwi-like subfamily 

(cd02845), 

Eukaryotic PIWI (cd04658) 

8 21 51 

comp446620_c0_seq1 
Piwi 

PIWI-like superfamily 

(cl00628) 

2 0 5 

comp381609_c0_seq14 Vasa 

Zinc knuckle (pfam00098) x2, 

ZF C2HC (smart00343), 

DEAD box helicase (cd00268), 

Helicase C-terminal domain 

(cd00079) 

144 210 1043 
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Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp367182_c0_seq3 Nanos  ZF/nanos (pfam05741) 0 35 89 

comp339735_c0_seq2 
Pumilio-

like  
--  36 11 63 

comp377650_c0_seq3 
Pumilio-

like  
--  57 38 104 

comp383131_c0_seq3 PufB  Pumilio superfamily (cl18959) 575 967 341 

comp383142_c0_seq2 
Pumilio-

like  
Pumilio (cd07920)  131 97 224 

comp387488_c0_seq2 pufA  
Pumilio superfamily (cl18959),  

CPL superfamily (cl06952)  
113 698 316 

comp379928_c0_seq1 DDX3 

DEAD box helicase (cd00268), 

Helicase C-terminal domain 

(cd00079) 

11929 32528 14802 

comp374665_c0_seq1 smB  SmB (cd01717) 4955  35591 19547 

comp340700_c0_seq2 + 

comp388942_c0_seq1 
Bruno RRM superfamily (cl17169) x3 1461 707 235 

comp359746_c0_seq1 Bruno RRM superfamily (cl17169) 32 18 46 

comp27943_c0_seq1 Musashi  RRM superfamily (cl17169) 5 0 1 

comp385040_c0_seq2 Brat  NHL superfamily (cl18310)  77 225 465 

comp368405_c0_seq2 Myc  

Myc N-terminal superfamily 

(cl03082),  

HLH (cd00083) 

1301 4063 2019 

comp360667_c0_seq1 Max HLH (cd00083) 375 2290 854 

comp370377_c2_seq1 ID HLH (cd00083) 1076 9149 5104 

comp390200_c2_seq1 AP2 TF-AP2 (pfam03299) 80 617 302 

comp382391_merge Gcm/glide  GCM superfamily (cl04181) 103 389 220 

comp406138_c0_seq1 Hunchback  --  0  0  15  

 

Clear homologues were found for the majority of these markers (Table 6.13). In the 

case of the germ line marker tudor, the large number of Tudor domain-containing 

proteins and the lack of clear best hits with BLAST preclude an easy identification 

(various candidates are listed in Table A2). Single candidate orthologues were 

found for vasa, nanos, pufA and pufB, ddx3/pl10, smB, brat, myc, max (which was 

not expressed in the P. dumerilii growth zone but was found as a by-product of the 

myc BLAST searches and included in the results), musashi, id, gcm/glide, 

hunchback and ap2, while there are three contigs representing possible pumilio 

genes. Six contigs encoding bruno-related sequences probably represent three 

distinct genes, two of which appear to be orthologous to human celf1/2 and bruno 

proper and one to its sister clade celf3/4/5/6 (Fig. 6.8). The piwi family, one of the 

most consistent markers of metazoan pluripotent stem cells, is represented by six 

contigs likely belonging to two or three genes (see Table 6.13, Table A2). These 

putative stemness genes do not appear to behave in a consistent manner, more 

consistent with the hypothesis that they fulfil a variety of functions in a multitude 

of cell types than the idea that they are all part of a single stem cell-related genetic 

program. Nonetheless, they could still prove useful in the search for possible stem 
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cells, as cell proliferation studies alone (Chapter 3; Szabó and Ferrier, 2014a) do 

not pinpoint any obvious candidates. 

 

Figure 6.8. Neighbour-joining trees of Bruno-like sequences with A. N-terminal and B. C-

terminal S. lamarcki fragments. C4215 and C26358 (Kenny and Shimeld, 2012) represent 

comp382154+comp377343 and comp388942+comp340700, respectively. The Bruno/CELF1/2 clade is 

highlighted. 
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6.4.6. Proliferation markers 

In addition to putative stem cell markers, markers of cell proliferation were also 

sought in order to complement the immunolabelling results presented in Chapter 

3. Bubel et al. (1985) state, without giving further details, that the number of 

mitotic figures observed in the opercular filament epidermis declines after the 

early stages of regeneration; however, BrdU labelling did not indicate a decline in 

proliferative cell density (at least in the epidermis) until wing formation (Fig. 3.1I; 

Fig. 3.5E-F), and changes in the number of mitotic cells are hard to judge from the 

few detectable PH3+ cells (Chapter 3). Therefore, transcripts of the S-phase 

marker PCNA and the G2/mitotic marker cyclin B were sought to see which 

account is most consistent with their behaviour. 

Along with several exogenous sequences, the opercular transcriptome seems to 

feature two PCNA and two cyclin B homologues (Table 6.14). pcna duplication is 

unusual in animals (see OG5_127352 in the OrthoMCL database 

[http://www.orthomcl.org/orthomcl/]), although multiple copies are common in some 

single-celled eukaryotes (Zhang et al., 2011). One of the putative pcnas is 

represented by six contigs that are very similar over most of the protein sequence 

but have some unalignable regions; whether these are alleles, paralogues or splice 

variants is at present unclear (Fig. A6). The human and Drosophila pcna genes are 

alternatively spliced according to their NCBI (gene 5111) or FlyBase 

(FBgn0005655) records, but this does not affect the coding sequence. Thus, if some 

of the comp371543 variants were splice isoforms, this would be highly unusual. A 

further interesting property of this putative pcna gene (or genes?) is its almost 

complete disappearance from regenerating samples, despite its reasonably high 

expression in mature opercula. The other pcna contig has far more reads from 

regenerating than intact specimens; however, its read count is highest in early 

regenerates, many of which were of a stage before widespread BrdU labelling is 

observed. As BrdU and PCNA are both S-phase markers, and therefore expected to 

be correlated, the causes of this discrepancy (whether technical or biological) are 

certainly worth investigating. Anti-PCNA antibodies with broad taxonomic range 

are commercially available, although distinguishing between paralogues or 

isoforms may be problematic with those. 

Table 6.14. Proliferation markers in the opercular transcriptome. 

Contig 
Putative 

identity 
Conserved domains 

Mature 

reads 

Early 

reads 

Late 

reads 

comp347820_c0_seq1 PCNA PCNA  202 6682 2253 

comp371543_c0 (six variants) PCNA PCNA  537  5  4  

comp381958_c0_seq1 Cyclin B Cyclin (cd00043) x2  1221 1659 1652 

comp387093_merge Cyclin B Cyclin (cd00043) x2  31 115 395 
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The two putative mitotic cyclins also exhibit different behaviours. One of them 

appears to be constitutive, perhaps involved in cell turnover for normal tissue 

homeostasis. The other behaves as expected, with read counts increasing markedly 

in regenerating samples and reaching their maximum in the later stage. While 

these data do not necessarily clarify the question of proliferative activity versus 

regenerative stage, a possible pcna gene duplication and alternative splicing of a 

pcna coding sequence would be extremely interesting in themselves if verified in 

the lab. 

6.4.7. MSP130 

6.4.7.1. Background  

Msp130 (mesenchyme-specific protein, 130 kDa) is a cell-surface glycoprotein 

originally described from the primary mesenchyme cells (PMCs) of sea urchins 

(Carson et al., 1985). During embryonic and larval development in sea urchins, 

msp130 expression is highly specific to the skeletogenic PMC lineage (Harkey et 

al., 1992), where the mature protein coats the cell surface (Anstrom et al., 1987). 

Blocking msp130 with an antibody also blocks spicule formation by cultured PMCs 

(Carson et al., 1985; Anstrom et al., 1987). The protein is also present in adult 

skeletogenic tissues (Drager et al., 1989, Mann et al., 2008). Sea urchin msp130 

belongs to a multigene family, at least two other members of which are also 

expressed in larval skeletogenic cells (Illies et al., 2002; Livingston et al., 2006, 

Ettensohn, 2014). 

Recently, a study by Ettensohn (2014) found sequence similarity between 

bilaterian msp130 proteins and some bacterial sequences annotated as alkaline 

phosphatases. (These “alkaline phosphatases” appear to be poorly characterised 

and are unrelated to the alkaline phosphatases discussed in Chapter 5.) This study 

also surveyed available sequence data across the tree of life to assess the 

distribution of the family, and found it to be patchy within the eukaryotes, 

homologues being limited to a handful of green and brown algae, molluscs, and 

deuterostomes other than urochordates and vertebrates. From this patchy 

distribution, Ettensohn concluded that metazoan msp130s were derived from at 

least two independent horizontal gene transfer events, one in the deuterostome 

stem group and one in the molluscan lineage. His paper calls for more data from 

potentially interesting groups including calcifying annelids. The S. lamarcki 

transcriptomes described here are ideally suited to provide such data. 

6.4.7.2. sla-msp130 

Two long contigs (comp389772_c0_seq4 and seq1) can be confidently identified as 

belonging to the msp130 family. These contigs overlap slightly, and the overlap can 

be extended with manual BLASTn searches, yielding an msp130 transcript 

containing a full-length coding sequence encoding a predicted protein of 604 amino 

acids. The combined read counts for the merged transcript indicate that it is 
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present in both mature and regenerating opercula, but reaches considerably higher 

abundance during regeneration (Table 6.11). 

Four additional fragments likely encode related peptides. Three of these are only 

found in the unoperated sample and may represent bacterial sequences, while one 

has > 90% similarity to the full-length contig and is also present in the 

regenerating transcriptomes, indicating another S. lamarcki msp130 allele or 

paralogue. Only the full-length sequence (hereafter called sla-msp130) was 

investigated further. 

TargetP detected a signal peptide in the sla-msp130 protein with high confidence, 

indicating that it is an extracellular protein like its echinoderm homologues. 

Phylogenetic analyses (Fig. 6.9) place sla-msp130 consistently among the metazoan 

members of the family, but do not resolve its affinities within the Metazoa. As in 

Ettensohn’s (2014) analysis, each deuterostome species appears to have its own 

clade of msp130 proteins with no sign of cross-phylum orthology. Molluscan 

members are divided between two clades, one of which lies outside the 

deuterostome branch, although like most deep nodes, this part of the topology is 

only weakly supported. 

The 3’ end of the sla-msp130 coding sequence, incorporating two putative 

conserved intron locations, was successfully amplified from mixed-stage opercular 

cDNA. Sequencing of eight clones reveals two distinct variants, which show 

approximately 95-99% identity to the reference contig at the protein level (see 

electronic appendix). Clone 8 belongs to the second variant, but also has a 21-bp 

deletion compared to all other contigs; this deletion eliminates a relatively 

conserved region just 5’ of the first predicted splice junction. It is currently 

unknown whether the more divergent clones represent an allele or a paralogue, or 

whether they belong to the same transcript as comp298633, since they do not 

overlap with the latter. 

6.4.7.3. Conservation of exon structure across animals and eukaryotes 

Examination of msp130 family gene models and ESTs (see electronic appendix) 

demonstrates significant conservation of gene structure across the bilaterians. A 

total of seven junctions preserve both the exact location (based on the MAFFT 

alignment [Fig. 6.9]) and phase of the intron in all or most examined genes. One of 

these junctions occurs in a highly conserved motif across all eukaryotic sequences 

examined. The other six conserved intron positions are not shared by algae. Gene 

structures in Chlamydomonas reinhardtii and Volvox carteri are very similar, but 

these species probably diverged relatively recently (around 250 million years ago 

[Herron et al., 2009]) compared to any two of the animals analysed here, whose last 

common ancestors lived over 550 million years ago by conservative estimates 

(Peterson et al., 2004). 
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EST coverage in Branchiostoma was relatively poor, although it did confirm a 

subset of conserved junctions (Fig. 6.9). In contrast, five out of the six putative 

msp130 genes of Lottia had at least one EST match, and two of the genes (protein 

IDs 159825 and 227977) have > 100 matching ESTs collectively covering their 

entire lengths (EST alignments are provided in the electronic appendix). 

Interestingly, none of the Lottia ESTs were derived from shell-specific libraries: the 

rest of the top hundred hits originate from three libraries representing male gonad, 

female gonad, and head, foot, heart and radula. Thus, msp130 proteins in this 

animal may be involved in non-shell mineralisations such as radular teeth or even 

processes unrelated to biomineralisation. In general, it would be important to 

understand any non-biomineralisation functions of msp130 proteins, as this 

knowledge may help explain their odd distribution across the tree of life. 

 

Figure 6.9. Phylogeny and gene structure conservation of eukaryotic msp130 proteins. A. 

Maximum likelihood tree of available msp130 sequences Accessions were taken from the 

supplementary information of Ettensohn (2014). Prokaryotic and echinoid sequences were collapsed 

for clarity. Support values over 50% (out of 500 bootstrap replicates) are indicated in black for the 

likelihood and grey for the corresponding neighbour-joining tree, and nodes with 100% support are 

marked with a circle. The S. lamarcki sequence derived from comp389772 is highlighted with a box. 

bfl, Branchiostoma floridae, cgi, Crassostrea gigantea, cre, Chlamydomonas reinhardtii, esi, 

Ectocarpus siliculosus, lgi, Lottia gigantea, sko, Saccoglossus kowalevskii, vca, Volvox carteri. B. 

Conserved intron locations in eukaryotic msp130 sequences. Intron positions are highlighted in grey, 

and sequence supported by RNA-seq data (Tu et al., 2012) or EST alignments (electronic appendix) is 

bolded. Numbers above each alignment mark position in spu-msp130. Sea urchin msp130r4 (gene 

model SPU_014496) as shown in B differs from the sequence used for tree-building in that the gene 

model includes an extra six amino acids before the first conserved intron; these do not appear in the 

corresponding RNA-seq transcript (WHL22.405743), but this was not known at the time the tree was 

built. The transcript was taken to be a more accurate representation of gene structure. Blank lines in 

the alignments in B are due to lack of intron conservation (algae), incomplete sequence (bfl_84307, 

bfl_83096 and lgi_111904) or the presence of a large insertion that would not have fit in the panel 

(msp130r1). Figure from Szabó and Ferrier (2015). 
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6.5. Conclusion 
As the first biomineralisation transcriptome from an annelid and one of the first 

regeneration transcriptomes, the S. lamarcki opercular transcriptome data 

described here represent a valuable resource. Although highly preliminary, the 

broad survey presented above already highlights many interesting candidate 

genes. Future quantitative RNA-seq studies could both confirm differential 

expression of genes discovered here and uncover new regeneration and 

biomineralisation genes independently of a priori candidates. 
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7. General discussion and 

conclusions 

7.1. Summary of findings and the interest of serpulids 
Previous chapters of this thesis examined aspects of opercular regeneration in 

Spirobranchus lamarcki. An updated description of opercular regeneration was 

provided, uncovering a unique process involving proliferation-driven growth and 

non-proliferative remodelling occurring in distinct compartments. The apparently 

non-proliferative and morphallactic distal compartment seems quite unusual, both 

in terms of what is known about annelid regeneration and in terms of appendage 

regeneration across the Bilateria. The distal tip of the stump forms a proliferative 

blastema in both arthropod and vertebrate paired appendages as well as 

echinoderm arms. The same is true of annelid heads and tails; although extensive 

morphallaxis can characterise axial regeneration in annelids (Berrill, 1978; Takeo 

et al., 2008), the distal part of missing head or tail regions invariably regenerates 

from a blastema, while morphallactic remodelling affects intervening segments. An 

undifferentiated blastema yields distal structures even in planarians, where  the 

main proliferation zone is outside the blastema. This in itself makes the opercular 

filament an intriguing addition to the comparative biology of regeneration. 

S. lamarcki and its relatives could also help address some of the key questions 

about the evolution of regeneration. One of the most important figures in the field 

of annelid regeneration today, Bely has repeatedly emphasised the importance of 

studying closely related taxa with different regenerative abilities (Bely, 2010; Bely 

and Sikes, 2010; Bely and Nyberg, 2010) to understand the evolutionary causes 

and developmental mechanisms of regeneration loss. Bely and co-workers have 

focused on naidid oligochaetes, a group featuring several independent losses of 

anterior segment regeneration (Bely, 2010; Bely and Sikes, 2010), but serpulids 

and their sabellid relatives might be another promising group for this kind of 

investigation.  Although recent reviews of the subject by the above workers (Bely, 

2006; 2010; Bely et al., 2014) consider Serpulidae to be universally capable of 

anterior and posterior regeneration, these assessments are based on a limited 

sample of species. In fact, S. lamarcki appears incapable of anterior regeneration 

(S. Miles and D. Ferrier, unpublished), so the family probably shows more 

variation in this regard than currently recognised. Variation in regenerative ability 

is better documented in Sabellidae, with reports of both highly regenerative 

(Berrill, 1931; 1978; Licciano et al., 2012) and poorly or non-regenerative species 

(Wells, 1952; Licciano et al., 2012; 2015), sometimes within the same genus. A 

phylogenetically representative survey of serpulid and/or sabellid regenerative 

capacity akin to that carried out in Naidinae by Bely and Sikes (2010) could open 

fruitful avenues for evo-devo research. 
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Sabellidae, which includes Serpulidae according to the molecular phylogenies of 

Kupriyanova and Rouse (2008) and Capa et al. (2011), also has the advantage of 

sporting prominent and functionally important appendages, whose capacity to 

regenerate seems at least somewhat decoupled from segment regeneration, as 

evidenced by S. lamarcki itself. An inability to regenerate branchial crowns has 

been noted in some sabellids (Wells, 1952; Dales, 1961) and attributed to the 

importance of the crown for respiration in these species. In serpulids, tentacles and 

opercula have never been reported not to regenerate to my knowledge, but 

appendage regeneration seems to occur in a variety of different contexts (autotomy 

or involuntary loss, normal ontogenetic process or response to damage, etc.) in 

species where it has been described. Do the process and mechanisms of appendage 

regeneration vary by phylogeny or ecological context? Is the peculiar regenerative 

mode of the S. lamarcki operculum characteristic of opercula in general, or is it a 

derived feature of a derived appendage? Opercula and tentacles in this species 

appear to regenerate in different ways (see section 7.2.4 and Fig. 7.1) – is this also 

true of species in which the two types of appendage are much less distinct? Do 

phenomena like the regular opercular moults exhibited by spirorbines cause their 

own regenerative peculiarities? Might, for example, spirorbines have permanent 

stem cell populations to supply new opercula on a regular basis? Is the occurrence 

of structures like the easy break point of S. lamarcki or the autotomy planes found 

in the branchial crowns of some sabellids (Kennedy and Kryvi, 1980) related to life 

history traits, predation pressure, or other ecological factors? Given the existence of 

the easy break point and evidence of opercular loss in the wild, appendage 

regeneration in S. lamarcki is probably maintained by selection, but what are the 

proximate mechanisms enabling this ability to persist while segment regeneration 

is partially lost?  

Opercular regeneration also offers an opportunity to investigate calcification in this 

species. Chapter 4 is a description of the morphogenesis of the calcified plate, 

including the various forms calcification takes throughout regeneration. There are 

several distinct types of calcified entities, the causal relationships of which remain 

to be elucidated. Contrary to previous claims (Bubel et al., 1983; 1985), the 

opercular plate was shown to be bimineralic, perhaps trimineralic, with both 

calcite and aragonite detected throughout its formation. It was also shown that, as 

in molluscs with bimineralic or calcitic adult shells, a substantial shift in mineral 

composition occurs during plate formation, highlighting the importance of studying 

multiple developmental stages. The mechanism of the mineralogical transition and 

the spatial distribution of distinct phases remain unknown. 

Very little is known about opercular mineralogy and calcification in serpulids, but 

it is enough to indicate interesting variation. In S. lamarcki, the tube and the 

opercular plate differ markedly in their composition, with the former being 

predominantly calcitic and the latter predominantly aragonitic in its mature form. 

However, a reasonably closely related species, Galeolaria hystrix, builds both 
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structures out of calcite (Riedi, 2012; Smith et al., 2013). Likewise, as with tubes, 

opercular plates display a variety of ultrastructures both within and between 

species (Vinn and ten Hove, 2011). Such differences suggest that opercular 

biomineralisation in Serpulidae is an evolutionarily dynamic phenomenon. Given 

that taxa with calcified opercula, namely spirorbines, members of the 

Galeolaria/Spirobranchus clade, and Vermiliopsis, are nested among taxa that lack 

this trait (Kupriyanova et al., 2006; 2009), opercular calcification has probably 

evolved multiple times, which opens up the possibility of studying convergent 

evolution of biomineralisation systems in a group with a relatively recent origin. 

Alkaline phosphatases (Chapter 5) were investigated as potential stem cell 

markers and biomineralisation-related enzymes, but a basic histochemical time 

series does not support either of these hypotheses. ALP activity is absent from the 

epidermis, including that underlying the opercular plate. It is also far too 

widespread in other tissues to be a (useful) stem cell marker, although a simple 

histochemical approach cannot distinguish between the multiple ALP paralogues 

suggested to be present by the transcriptome data. While opercular ALP activity is 

sensitive to levamisole, inhibition experiments with live, regenerating animals 

were inconclusive due to its high toxicity. Alkaline phosphatases are rather poorly 

characterised outside mammals. Their previously described expression domains in 

annelids seem to be more or less limited to guts and excretory organs, whereas in 

the operculum they appear highly active in connective tissue and muscle. They also 

exhibit spatially patterned activity and dynamic behaviour during regeneration, 

although the functional significance of these is unclear. 

Finally, RNA-seq data were generated as a starting point for exploring the 

molecular biology of opercular regeneration. This study (Chapter 6) focused on 

specific gene families representing a broad sample of potential regeneration- and 

calcification-related genes. Components of major developmental signalling 

pathways, Runx and its co-factor CBF-β, multiple carbonic anhydrases and a 

rather large number of matrix metalloproteinases were recovered, as well as 

several chitin synthases and chitinase-related sequences, an assortment of 

potential stem cell markers, abundant collagen-like sequences, and some cell 

proliferation markers exhibiting both expected and unexpected behaviour. 

Together with the preliminary expression information from read counts, these 

sequences provide a good source of candidates to choose from for future study. The 

opercular transcriptome contains a wealth of further information still to be 

exploited. Particularly interesting, although probably far in the future, would be to 

compare different calcification toolkits among serpulids. Is the genetics of 

opercular plate calcification largely co-opted from the tube? Do homologous 

opercular plates rely on similar genetic mechanisms? Did independent origins of 

opercular calcification involve different genetic mechanisms? Were changes in 

mineralogy associated with new co-options or entirely novel genes? 
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7.2. Future work 
As the S. lamarcki opercular filament is a relatively new experimental system, 

there is a lot of scope for additional work, including better basic description of the 

anatomy and development of the opercular filament, as well as more detailed 

studies of the cellular and molecular side of opercular regeneration and 

calcification. Some potential avenues for future research are discussed below, in no 

particular order. 

7.2.1. Histology 

Previous histological work on the opercular filament in S. lamarcki and serpulids 

in general is mostly old, insufficiently detailed and poorly illustrated. For example, 

Hanson (1949) describes and diagrams the overall histology of what is clearly a 

distal peduncle with its strongly triangular cross-section and lateral ridges. 

However, there is no separate discussion of the proximal peduncle (as defined by 

the boundary at the easy break point), which has a different shape and probably a 

different tissue distribution from the distal half, and was found to show 

biochemical differences as exemplified by alkaline phosphatase activity (Chapter 

5). Bubel’s TEM work documents the structure of epithelial cells, cuticle and 

opercular plate matrix, but he only provides sketchy diagrams of overall opercular 

histology as it appears under a light microscope. More recent work by McDougall et 

al. (2006) features staining of neural and muscle tissue in juvenile opercula but 

does not cover the adult appendage. In order to interpret future studies of gene 

expression or cell behaviour, knowing the precise distribution of tissues and cell 

types in intact and regenerating opercular filaments is imperative. Thus, one of the 

most important tasks ahead is an updated description of adult opercular filament 

histology, including transverse and longitudinal sections from all regions with 

basic histological stains and, if possible, specific (immuno)histochemistry for tissue 

markers such as myosin and key neurotransmitters. Phalloidin staining, anti-

FMRFamide and anti-serotonin immunohistochemistry were briefly attempted 

during the course of this project, but were abandoned due to time constraints 

before a successful protocol was found. Cholinesterase staining was recently 

demonstrated to label all three opercular nerves in adult opercular filaments (A. 

Dean and D. Ferrier, unpublished), providing another useable neural marker for 

histology. 

7.2.2. Rim cells 

Bubel emphasised the early appearance of morphologically distinct opercular rim 

cells in his descriptions of opercular regeneration (Bubel et al., 1980; 1985). Rim 

cells not only differentiate early, they are also positioned at a possible 

compartment boundary: they separate the (eventually) calcified opercular plate 

from the cup wall, as well as sitting at the border of proliferative and non-

proliferative epidermal regions. Given these properties, it would be worth testing 

whether these cells fulfil some sort of organising role in opercular regeneration 
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and/or calcification. The simplest experiment to do would be to check for the 

expression of potential morphogens such as Wnt, FGF or BMP ligands, but if 

ablation of these cells (by microsurgery or lasers, perhaps?) is possible without 

aborting regeneration, it could prove very interesting to remove them at various 

points after their initial appearance and examine the consequences for gene 

expression and morphogenesis. 

7.2.3. Levels of amputation 

In this work, all opercular amputations were performed at the easy break point. 

Bubel’s amputations were close to the base of the cup. A comparison of the two 

kinds of amputations has also been attempted (S. Miles and D. Ferrier, 

unpublished). Thus, we know that in both of these cases, regeneration proceeds 

from the proximal peduncle and distal tissues are discarded. However, there has 

not been a systematic investigation of the outcome of amputations proximal to the 

easy break point, which would be very interesting to investigate given that more 

distal levels of amputation all seem to produce the same outcome. Are proximal 

amputations less likely to lead to successful regeneration? Does an “incomplete” 

stump re-regionalise itself in order to produce the same structures as a whole 

proximal peduncle? Do cell proliferation patterns differ between “normal” and 

proximal amputations? Does morphogenesis? 

7.2.4. Opercula versus radioles 

Tentacle regeneration is not discussed in this work, but nevertheless it has been 

observed many times after accidental amputation of tentacles during detubing or 

removal of the operculum. Although in evolutionary terms, the S. lamarcki 

opercular filament is supposed to be a modified tentacle, these incidental 

observations suggest that the two kinds of appendages exhibit rather different 

regenerative modes. The opercular filament does not form a blastema and initially 

shows widely and more or less evenly distributed proliferative activity, with the 

exception of its distal-most regions that appear to form by morphallaxis. In the 

opercular filament, the regenerative process encompasses the entire stump, and 

the level of amputation cannot be distinguished once regeneration is initiated. In 

contrast, regenerating tentacles included in BrdU staining of whole heads hint at a 

more conventional epimorphic process, with what appears to be a bud containing a 

large concentration of BrdU-labelled cells distal to the amputation plane (Fig. 7.1). 

Tentacles also exhibit substantial BrdU incorporation in the absence of 

regeneration, although BrdU labelling has not been properly done in non-

regenerating opercula (which are extremely tough), so it is not yet clear whether 

that is another difference between the two structures. It would be interesting to 

explore these differences further, in particular whether they are paralleled by gene 

expression differences. It would be equally intriguing to extend the investigation to 

more serpulid species from diverse clades; particularly those for which a separate 
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origin for the opercular filament has been hypothesised (Brinkmann and 

Wanninger, 2009). 

 

Figure 7.1. BrdU-labelled regenerating tentacles. Time of amputation is uncertain but probably 

simultaneous with opercular amputation; BrdU pulse was administered between 3-5 dpo. 

Anterior/distal towards the top; scale bar is approximately 0.25 mm. 

7.2.5. Development versus regeneration 

S. lamarcki embryos are easy to obtain throughout the year, and they can be 

successfully raised beyond metamorphosis in the lab (McDougall et al., 2006). 

Although it was not explored in this thesis, one of the most fundamental questions 

in regenerative biology is the extent to which (or the circumstances under which) 

regeneration recapitulates normal development, with various model systems 

revealing both similarities and differences (e.g. Gardiner et al., 1995; Han et al., 

2001; Gazave et al., 2013; Jeffery, 2014). The operculum and tentacles of S. 

lamarcki have great potential in this area, since both are readily available and 

amenable to experimentation. Fate mapping and gene expression studies of the 

juvenile operculum could one day determine whether the proximal and distal 

regions that behave so differently during regeneration are already distinct when 

the organ first develops. If opercular regeneration depends on organising centres 

releasing morphogens, as the head organiser in Hydra or the apical ectodermal cap 

in vertebrate appendages, it would be interesting to test whether similar regions 

also feature in juvenile development. 

7.2.6. Fate mapping of the regenerating opercular filament 

A crude fate mapping approach based on pigmentation (Chapter 3; Szabó and 

Ferrier, 2014a) outlines two major potential compartments in the post-amputation 

stump of the peduncle: a distal region sometimes marked by patchy white 

pigmentation that appears to form the rim, plate and spine of the regenerated 

operculum, and a relatively unmarked proximal region that presumably develops 
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into most of the operculum and the entire peduncle. However, it would be beneficial 

to investigate the sources of various regenerated structures in more detail and with 

more rigour. While white pigmentation is assumed to be linked to the underlying 

epidermal cells, we do not know how accurate that assumption is. Even if 

pigmentation is a good proxy for the epidermis, it cannot be used in the proximal 

region, which lacks individually identifiable pigmentation patches, or for non-

epidermal tissues. Since transgenic techniques for this species are not currently 

available, injectable membrane dyes such as DiI would be the easiest way to get a 

better idea of regional tissue fates during regeneration, if such dyes could be 

applied without disrupting regeneration. 

7.2.7. Short-pulse BrdU experiments 

While sophisticated lineage tracing experiments like those that confirmed lineage 

memory in vertebrate appendages are a distant prospect for this system, simpler 

investigations into the cellular sources of regenerated opercula are within the 

range of current possibilities. One potential approach is a BrdU pulse-chase set-up 

with shorter pulse times, to better distinguish proliferative cells from their 

descendants. While short (15-min) pulses were abandoned early on, before the 

experiments described in Chapter 3, the short-pulse pilot experiments were also 

done with whole filaments and used very little ProtK digestion. Both more 

aggressive proteinase treatment and the cutting of specimens before 

immunohistochemistry markedly increase staining rates; hence it might be worth 

attempting short pulses again with these modifications. 

7.2.8. Further analysis of plate mineral 

One of the key questions that remain unanswered by the bulk XRD analyses 

presented in Chapter 4 is the relationship between mineral phases and visible 

structures. Do particular structures correspond to particular phases? Are, for 

example, grains mainly calcitic and tiles aragonitic? Are tiles made of the same 

material everywhere, or do they, like the zooid walls of the bryozoan Pentapora 

foliacea (Taylor et al., 2008), have a growing edge of a different phase? Are calcite 

and aragonite in more mature specimens spatially distinct or mixed together? Is 

there a compositional difference between the ultrastructural layers identified by 

Bubel (1983a) and Bubel et al. (1985)? Such questions could be answered by 

methods such as Raman spectroscopy, which can be used to obtain precise spatial 

information from intact or sectioned specimens. Since spectroscopic methods do not 

require large bulk samples, they could also provide a finer time course and more 

easily address stage- or temperature-specific variability in mineralogy. Another 

question that spectroscopy could settle is whether ACC is present at any point, 

since methods like Raman and Fourier transform infrared spectroscopy are much 

more sensitive than XRD in this respect, and the ability to examine unfixed, 

untreated specimens ensures that potentially unstable amorphous phases are not 

destroyed during sample preparation. 
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In addition to the spectroscopic analysis of mineralogy, light microscopy of thin 

sections and SEM imaging of the various calcified structures could help bridge the 

gap between Bubel’s ultrastructural observations, such as the distinct inner and 

central calcified layers, and the gross morphology of opercular calcifications 

described in Chapter 4. Obtaining specimens for ultrastructural analyses may be 

difficult. Bubel (1983a) notes that even resin-embedded opercular plates are easily 

disrupted by sectioning. SEM imaging of early calcification may be difficult due to 

the disjointed nature of the calcified plate at that point, but good quality SEMs of 

individual calcified structures (grains or tiles) would be valuable in themselves. 

7.2.9. Gene expression and function 

An initial survey of the regenerating opercular transcriptome (Chapter 6) suggests 

some interesting candidate genes for future study, and the natural next step is to 

follow up on these. The lack of replication in the existing transcriptome data 

precludes true quantification of gene expression; thus qPCR or further sequencing 

is needed to confirm suspected up- or downregulation of interesting genes such as 

Runx, pcna, many mmps or piwi. It would also be very interesting to look into the 

nature of the many variants and the possibility of alternative splicing of the pcna 

contigs under comp371543, as alternative splicing of the pcna coding sequence 

appears to be extremely unusual. 

Another obvious strategy is to determine the spatial expression patterns of these 

genes and relate them to other findings, for example comparing the distribution of 

stem cell markers such as piwi and pumilio with that of proliferative cells (or 

indeed the expression of proliferation markers with BrdU- and PH3-positive cells), 

or the expression of putative skeletogenic genes like msp130 with sites of 

calcification. A whole mount in situ hybridisation protocol is currently in 

development for adult opercular filaments. To allow informative co-staining, 

perhaps it is worth looking into fluorescent in situ and immunohistochemistry. 

Without transgenics, functional study of candidate regeneration and calcification 

genes will have to rely on knockdown or pharmacological treatments. Double-

stranded RNAi by soaking (Orii et al., 2003), morpholino injections (Zantke et al., 

2014) and gene expression from injected mRNAs (Zhang and Weisblat, 2005) are 

some possibilities that have worked in other lophotrochozoans. Pharmacological 

inhibitors and/or activators exist for all of the major developmental signalling 

pathways surveyed in this work. Relating to Chapter 5 of this thesis, alkaline 

phosphatase inhibitors other than levamisole may provide a more decisive verdict 

on the potential functions of these enzymes in regeneration and/or 

biomineralisation. There is a large variety of known ALP inhibitors to choose from, 

probably the easiest being L-amino acids, and different ALPs are affected by 

different sets of inhibitors (Eguchi, 1995; Kozlenkov et al., 2004); thus, finding less 

toxic and more specific inhibitors than levamisole may be possible. 
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7.2.10. Bulk analyses of opercular gene expression 

Aside from the most basic global statistics, the transcriptome analysis presented in 

Chapter 6 is entirely focused on individual gene families. While a candidate gene 

approach is relatively easy and often informative, it misses genes that are not 

expected to play interesting roles in the system under investigation. Those are 

potentially some of the most interesting genes; particularly in the case of 

calcification, which is known to rely on highly dynamic gene inventories in other 

groups (Jackson et al., 2006; 2010; McDougall et al., 2013; Kawasaki and Weiss, 

2006). Analysing a transcriptome on a gene by gene basis is also inefficient; there is 

a vast number of potentially interesting genes that will be ignored simply due to 

lack of time. For example, calcium channels are likely to be necessary for any 

calcification process (Zimmermann et al., 1994; Zoccola et al., 1999), and electric 

signals mediated by proton pumps play essential roles in regeneration (Adams et 

al., 2007; Beane et al., 2013), but both types of genes were not analysed here due to 

time limitations. Larger-scale analyses of the existing transcriptome data and, 

resources permitting, generating data suitable for detecting differentially 

expressed genes (i.e. RNA-seq with replicates) would both help uncover additional 

interesting genes. Bearing in mind the limitations of unreplicated read counts and 

the issue of redundancy, global read-mapping may not be very useful at this stage. 

Searching the predicted peptides for general calcium-binding domains (EGF, EF-

hand etc.) or domains commonly found in skeletal matrices (C-type lectins etc.) 

using tools like HMMer (http://hmmer.janelia.org/) would create a large inventory 

of potential calcification-related sequences, which would then have to be checked 

for further evidence connecting them to calcification (differential expression and/or 

localisation to the opercular plate). A different approach is to look for repetitive 

sequences, which has been used to successfully uncover putative homologues of 

molluscan shell proteins that BLAST could not identify (Werner et al., 2013). A 

slightly more specific approach than general repeat searching is a program recently 

developed by McDougall and Woodcroft from the Degnan lab. This program, 

SilkSlider (https://github.com/wwood/SilkSlider), is specialised to detect silk-like 

proteins. Such proteins have been thought to form a key component of the 

molluscan shell matrix for a long time, although their role may be taxonomically 

limited within molluscs (Jackson et al., 2010). 

Previous studies of shell transcriptomes (Jackson et al., 2006; 2010; Werner et al., 

2013) have made good use of predicting secreted (i.e. potential matrix) proteins 

based on sequence properties. Although many of the predicted peptides in the 

current S. lamarcki transcriptome data lack complete N-termini, identifying 

proteins with signal peptides or transmembrane domains might still be useful. 

However, now that large-scale transcriptome data enabling the identification of 

short sequence fragments are available, it may be even more fruitful to perform 

proteomic analyses on isolated opercular plates; this could provide more direct and 

accurate information regarding plate matrix proteins than mRNA-based 
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bioinformatic approaches. Surveys of key domains or repetitive sequences could 

then focus on proteins known to be present in the plate matrix, narrowing the 

range of candidates. 

7.3. Concluding remarks 
Serpulid opercula represent a largely untapped but potentially rich evo-devo 

resource. The operculum is a morphological novelty (or perhaps several novelties) 

of the family, exhibiting an impressive range of phenotypic variation between (and 

sometimes within) species. Differences in morphology, development, lateralisation 

and the presence and extent of mineralised reinforcement present many potential 

avenues for comparative research. As shown in this work and previous studies, 

regenerative opercular filaments are experimentally tractable for a range of 

approaches, although in situ hybridisation protocols for adult S. lamarcki, a key 

technique for molecular genetics, remain to be developed. Serpulids can also be 

easy to rear in the lab, and recently settled S. lamarcki juveniles are not hard to 

obtain from the wild either, allowing for comparisons between regeneration and 

normal development and studies of age-dependence in regeneration that may be 

much more difficult to carry out in other organisms. This thesis only scratches the 

surface of the wealth hidden in the operculum; it is my hope that the results 

provided herein have laid useful groundwork for many fruitful years of further 

study. 
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8. Publications arising from this 

thesis 

The following papers resulting from the work presented in this thesis have been 

published as of May 2015: 

Szabó, R. & Ferrier, D.E.K., 2014a. Cell proliferation dynamics in regeneration of 

the operculum head appendage in the annelid Pomatoceros lamarckii. Journal of 

Experimental Zoology Part B: Molecular and Developmental Evolution, 322(5), 

pp.257-268. 

Szabó, R. & Ferrier, D. E. K., 2014b. The dynamics of alkaline phosphatase activity 

during operculum regeneration in the polychaete Pomatoceros lamarckii. 

International Journal of Developmental Biology, 58(6-8), pp.535–542. 

Szabó, R., & Ferrier, D. E. K., 2015. Another biomineralising protostome with an 

msp130 gene that probably did not evolve via horizontal gene transfer. Evolution 

and Development 17(3), pp.195–197. 

Szabó, R., Calder, A.C. & Ferrier, D.E.K., 2014. Biomineralisation during 

operculum regeneration in the polychaete Spirobranchus lamarcki. Marine 

Biology, 161(11), pp.2621–2629. 
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10. Appendix 1. Additional 

information for Chapters 2-5 

 

Figure A1. Example thorax measurement used to represent animal size. Graph paper in the 

background is to provide scale (1 mm grid); white line is the measurement used. The measurement 

was done on a colour image, but the photograph is otherwise unaltered. This is a male animal as 

indicated by cloudy sperm surrounding the abdomen. 
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Figure A2. Individual variation in the time course of regeneration. Example time courses 

from a slow (worm 4_4) and a fast (worm 6_4) regenerator. Note the variation in the order of 

acquisition of pigmentation features. 
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Table A1. Alkaline phosphatase sequences used for treebuilding. 

 
Sequence Species 

Phylum 

(subphylum) 
Source Accession/ID Incomplete Editing Notes 

DEUTEROSTOMES        

 hsa-alpp Homo sapiens Chordata 

(Vertebrata) 
RefSeq NP_001623.3 -  

 hsa-alppl Homo sapiens Chordata 

(Vertebrata) 
RefSeq NP_112603.2 -  

 hsa-alpi Homo sapiens Chordata 

(Vertebrata) 
RefSeq NP_001622.2 -  

 hsa-tnap Homo sapiens Chordata 

(Vertebrata) 
RefSeq NP_000469.3 -  

 dre-alpi2 Danio rerio Chordata 

(Vertebrata) 
RefSeq NP_001020359.1  -  

 dre-alpi1 Danio rerio Chordata 

(Vertebrata) 
RefSeq NP_001014375.1  -  

 dre-tnap Danio rerio Chordata 

(Vertebrata) 
RefSeq XP_003201725.1  -  

 dre-alpl Danio rerio Chordata 

(Vertebrata) 
Ensembl rel. 71 (Zv9) ENSDARP00000117214 -  

 xtr-alpi1 Xenopus tropicalis Chordata 

(Vertebrata) 
RefSeq XP_002937387.1  -  

 xtr-alpi2 Xenopus tropicalis Chordata 

(Vertebrata) 
RefSeq NP_001116946.1  -  

 xtr-tnap Xenopus tropicalis Chordata 

(Vertebrata) 
RefSeq XP_002943485.1  -  

 gga-alpi1 Gallus gallus Chordata 

(Vertebrata) 
RefSeq XP_422743.3  -  

 gga-alpi2 Gallus gallus Chordata 

(Vertebrata) 
RefSeq XP_003641809.1  -  

 gga-tnap Gallus gallus Chordata 

(Vertebrata) 
RefSeq NP_990691.1  -  

 mmu-

alppl 
Mus musculus Chordata 

(Vertebrata) 
RefSeq NP_031459.3  -  

 mmu-

tnap 
Mus musculus Chordata 

(Vertebrata) 
RefSeq NP_031457.2  -  

 mmu-alpi Mus musculus Chordata RefSeq NP_001074551.1  -  
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Sequence Species 

Phylum 

(subphylum) 
Source Accession/ID Incomplete Editing Notes 

(Vertebrata) 

 mmu-

akp3 
Mus musculus Chordata 

(Vertebrata) 
RefSeq NP_031458.2  -  

 bfl-alp1 Branchiostoma 

floridae 
Chordata 

(Cephalochordata) 
JGI (Brafl1, 2) protein 119115 -  

 bfl-alp2 Branchiostoma 

floridae 
Chordata 

(Cephalochordata) 
JGI (Brafl1, 2) protein 122768* - A likely miscalled exon start corrected from scaffold 

sequence 

 bfl-alp3 Branchiostoma 

floridae 
Chordata 

(Cephalochordata) 
JGI (Brafl1, 2) protein 123329 -  

 bfl-alp4 Branchiostoma 

floridae 
Chordata 

(Cephalochordata) 
JGI (Brafl1, 2) protein 228282 -  

 bfl-alp5 Branchiostoma 

floridae 
Chordata 

(Cephalochordata) 
JGI (Brafl1, 2) protein 247849 -  

 bfl-alp6 Branchiostoma 

floridae 
Chordata 

(Cephalochordata) 
JGI (Brafl1, 2) protein 67331* -  

 spu-alp1 Strongylocentrotus 

purpuratus 
Echinodermata RefSeq XP_783443.2 -  

 spu-alp2 Strongylocentrotus 

purpuratus 
Echinodermata RefSeq XP_785463.1 -  

 spu-alp3 Strongylocentrotus 

purpuratus 
Echinodermata RefSeq XP_789450.2 -  

 spu-alp4 Strongylocentrotus 

purpuratus 
Echinodermata RefSeq, SpBase (v3.1) XP_794848.3 internal Missing a conserved region due to sequencing gap 

 spu-alp5 Strongylocentrotus 

purpuratus 
Echinodermata RefSeq, SpBase (v3.1), 

NCBI ESTs 
XP_794100.3* XP_782434.3* 

CD335049.1 

EC433319.1 

- The two RefSeq predicted proteins probably belong 

to the same gene 

 spu-alp6 Strongylocentrotus 

purpuratus 
Echinodermata RefSeq, SpBase (v3.1) XP_789416.1 N  

LOPHOTROCHOZOANS        

 pla-alp1 Pomatoceros 

lamarckii 
Annelida Kenny and Shimeld 

(2012) 
contig 42380 -  
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Sequence Species 

Phylum 

(subphylum) 
Source Accession/ID Incomplete Editing Notes 

 pla-alp2 Pomatoceros 

lamarckii 
Annelida Own data NA -  

 pla-alp3 Pomatoceros 

lamarckii 
Annelida Own data NA -  

 pla-alp4 Pomatoceros 

lamarckii 
Annelida Own data NA -  

 cte-alp1 Capitella teleta Annelida JGI (Capca1) protein 124483 -  

 cte-alp2 Capitella teleta Annelida JGI (Capca1) protein 172073* -  

 cte-alp3 Capitella teleta Annelida JGI (Capca1) protein 176469 -  

 cte-alp4 Capitella teleta Annelida JGI (Capca1) protein 149113 -  

 cte-alp5 Capitella teleta Annelida JGI (Capca1) protein 29206* NC Extended the C-terminus from scaffold sequence 

 cte-alp6 Capitella teleta Annelida JGI (Capca1) protein 122379* NC Extended the C-terminus from scaffold sequence; 

cropped N-terminus to begin at canonical splice site 

 cte-alp7 Capitella teleta Annelida JGI (Capca1) protein 27603 N  

 lgi-alp1 Lottia gigantea Mollusca JGI (Lotgi1) protein 236474 -  

 lgi-alp2 Lottia gigantea Mollusca JGI (Lotgi1) protein 179711* - predicted a missing exon and corrected C-terminus 

from scaffold sequence 

ECDYSOZOANS        

 dme-alp1 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0073864 -  

 dme-alp2 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0081538 -  

 dme-alp3 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0087603 -  

 dme-

aph4 
Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0085095 -  

 dme-alp5 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0076835 -  

 dme-alp6 Drosophila Arthropoda FlyBase v2013_02 FBpp0076794 -  
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Sequence Species 

Phylum 

(subphylum) 
Source Accession/ID Incomplete Editing Notes 

melanogaster 

 dme-alp7 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0304205 -  

 dme-alp8 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0083450 -  

 dme-alp9 Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0292008 -  

 dme-

alp10 
Drosophila 

melanogaster 
Arthropoda FlyBase v2013_02 FBpp0071696 -  

 tca-alp1 Tribolium castaneum Arthropoda Genbank EFA08950.1 -  

 tca-alp2 Tribolium castaneum Arthropoda RefSeq XP_971482.1 -  

 tca-alp3 Tribolium castaneum Arthropoda RefSeq XP_971418.1 -  

 tca-alp4 Tribolium castaneum Arthropoda RefSeq XP_973094.1 -  

 tca-alp5 Tribolium castaneum Arthropoda RefSeq XP_968925.2 -  

 tca-alp6 Tribolium castaneum Arthropoda RefSeq XP_975050.2 -  

 sma-alp1 Strigamia maritima Arthropoda Ensembl Metazoa rel. 

18 (Smar1) 
SMAR007320-PA* - Corrected the very end because ENSEMBL probably 

miscalled an intron; the correction is outside the 

region used for the metazoan alignment/phylogeny 

 sma-alp2 Strigamia maritima Arthropoda Ensembl Metazoa rel. 

18 (Smar1), 

nematodes.org (v4.0) 

scaffold 431430.1 Sm_LAR_003A09 - Predicted manually from scaffold sequence using 

conservation with vertebrates and EST evidence 

NON-BILATERIANS        

 nve-alp1 Nematostella 

vectensis 
Cnidaria RefSeq XP_001637718.1 -  

 nve-alp2 Nematostella 

vectensis 
Cnidaria RefSeq, NCBI ESTs XP_001631604.1* FC187739.1 

FC226576.1 FC306547.1 

FC306548.1 FC226575.1 

FC210693.1 

N  
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Sequence Species 

Phylum 

(subphylum) 
Source Accession/ID Incomplete Editing Notes 

 nve-alp3 Nematostella 

vectensis 
Cnidaria RefSeq, NCBI ESTs XP_001625601.1* DV085524.1 

FC278617.1 DV091628.1 

FC278618.1 FC273814.1 

FC264066.1 

internal FC278618.1 belongs to the same EST clone as 

FC278617.1 and covers most of the first half of the 

ALP domain. No ESTs connect the two, and the 

genome assembly appears to lack the region in 

question. 

 hma-alp1 Hydra 

magnipapillata 
Cnidaria RefSeq XP_002166181.2 -  

 hma-alp2 Hydra 

magnipapillata 
Cnidaria RefSeq XP_002159471.2 -  

 tad-alp1 Trichoplax 

adhaerens 
Placozoa UniProtKB B3RR75 -  

 tad-alp2 Trichoplax 

adhaerens 
Placozoa UniProtKB B3RR74 -  

 tad-alp3 Trichoplax 

adhaerens 
Placozoa UniProtKB B3RR73 -  
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11. Appendix 2 – Additional 

information for Chapter 6 
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11.1. BLAST results 
 

Table A2. BLAST hits and notes for all investigated S. lamarcki contigs. Hits in italics were the first named hit where the top hit was unnamed. In case 

of a large (greater than five orders of magnitude) E-value difference, information about the unnamed top hit is provided in the notes. Grey sequences are 

probably foreign or not members of the target family. The full version of this table, including best matches in the human proteome, read counts, corrected read 

counts and fold changes, is available in the electronic appendix. 

S. lamarcki contig Best named NCBI hit Accession Organism E-value Notes 

comp388521_c0_seq4 PREDICTED: protein Wnt-10a-like 

isoform X3 

XP_005109781.1 Aplysia californica 4.00E-142 two versions seq2 and seq4 appear to 

encode same protein; different UTRs. Seq4 

is longer. Confirmed as Wnt10 by NJ tree. 

comp369870_c1_seq2 WNT11 ADF31344.1 Perionyx excavatus 2.00E-101 five versions (seq1-5) encode identical 

proteins, only differ in 3' UTR. Identity 

confirmed by NJ tree. 

comp384469_c0_seq3 wnt signaling molecule ADR81924.2 Platynereis dumerilii 5.00E-105 Wnt16 according to NJ tree 

comp381795_c0_seq3 wingless/Wnt1 protein AAZ08056.1 Capitella teleta 1.00E-149 Confirmed Wnt1 by NJ tree 

comp390780_c0_seq2 Wnt5 ADK38673.2 Platynereis dumerilii 2.00E-178 two versions (seq1-2) same protein, 

different 3'. Identity confirmed by NJ tree. 

comp386602_c0_seq3 Wnt4 protein AFU35435.1 Azumapecten farreri 7.00E-144 two versions (seq1, 3) same protein, 

different 3'. Identity confirmed by NJ tree. 

comp358825_c0_seq1 PREDICTED: protein Wnt-6 XP_003199237.2 Danio rerio 3.00E-101 Identity confirmed by NJ tree. 

comp384664_c2_seq1 wnt signaling molecule ADR81923.2 Platynereis dumerilii 1.00E-123 seq4 encodes almost the same protein as 

seq2; the N-terminus and the 5' UTR differ. 

Wnt7 according to NJ tree. 

comp369094_c0_seq1 Wnta protein CAD37169.2 Platynereis dumerilii 5.00E-131 Identity confirmed by NJ tree. 

comp366777_c0_seq3 transcription factor 7-like protein NP_001158464.1 Saccoglossus 

kowalevskii 

2.00E-50 seqs1-3 are likely all fragments of a single 

gene. They can be bridged using contigs 

C32066 and C21056-7 from Kenny and 

Shimeld's transcriptome, and seq1 and 

seq3 have a slight overlap between them. 
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S. lamarcki contig Best named NCBI hit Accession Organism E-value Notes 

Seq1 contains a beta-catenin-binding 

domain, consistent with it being the N-

terminus of a TCF. All three seqs included 

in the read counts. 

comp279535_c0_seq1 Smoothened-like protein ELK13864.1 Pteropus alecto 2.00E-35 this and seq2 look like different but slightly 

overlapping portions of the same protein. 

Seq2 has a few AA at its C-terminus that 

do not match seq1. Read counts are for 

both contigs together. 

comp279535_c0_seq2 Smoothened ADK38671.1 Platynereis dumerilii 1.00E-67 see above 

comp273207_c0_seq1 Secreted frizzled-related protein 4 EKC37416.1 Crassostrea gigas 9.00E-21  

comp278681_c0_seq1 Atrial natriuretic peptide-converting 

enzyme 

EKC19777.1 Crassostrea gigas 5.00E-05  

comp344455_c0_seq1 PREDICTED: frizzled-7-like XP_001605802.1 Nasonia vitripennis 2.00E-23 may belong to same gene as 370048 (17 

AA overlap) 

comp360132_c1_seq2 PREDICTED: Atrial natriuretic peptide-

converting enzyme-like 

XP_005814175.1 Xiphophorus 

maculatus 

7.00E-13  

comp370048_c0_seq2 frizzled 1/2/7 AHB53231.1 Branchiostoma 

belcheri 

7.00E-26 seq1 has a 50-bp overlap with the end of 

seq2, both included in read count. This and 

344455 may belong to the same gene; 

small (17 AA) perfect overlap. 

comp375834_c0_seq2 frizzled-related protein precursor NP_001005438.1 Xenopus tropicalis 3.00E-22  

comp379774_c0_seq1 PREDICTED: frizzled-8 XP_005994866.1 Latimeria chalumnae 0  

comp382516_c0_seq1 smoothened ADK38671.1 Platynereis dumerilii 5.00E-47  

comp382984_c1_seq1 frizzled 7 AAD44331.1 Xenopus laevis 2.00E-39 seq7 is same protein, shorter fragment. 

Seq8 second half is somewhat divergent, 

therefore kept as a separate entry. For read 

counting, all four seqs (aforementioned 3 

and seq5) are considered together, since 

there isn't an obvious way to split them - 

seq5 is about equally similar (93-94%) to 
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all others. 

comp382984_c1_seq8 frizzled-1 EGV93475.1 Cricetulus griseus 1.00E-18  

comp383202_c0_seq4 frizzled-4 EKC19233.1 Crassostrea gigas 1.00E-163 seq1 encodes a shorter fragment of the 

same protein. Seq14 aligns to seq4; seqs 6-

8 do not align to any of these three. Read 

counts include 1, 4 and 14. 

comp386077_c1_seq1 frizzled-7 EKC26147.1 Crassostrea gigas 0.00E+00 there are eight more contigs in this comp, 

none of which align with c1_seq1. 

comp388067_c0_seq2 frizzled-10-A EKC26005.1 Crassostrea gigas 0.00E+00 seq3 encodes the same protein, diverges 

after the stop codon 

comp390037_c0_seq1 secreted frizzled-related protein 5 

precursor 

NP_776886.1 Bos taurus 9.00E-69  

comp397125_c0_seq1 frizzled, putative XP_002433979.1 Ixodes scapularis 4.00E-30  

comp366806_c0_seq1 segment polarity protein dishevelled-

like protein DVL-3 

EKC26253.1 Crassostrea gigas 0.00E+00  

comp376765_c0_seq4 aldehyde dehydrogenase, 

mitochondrial 

EKC30500.1 Crassostrea gigas 0.00E+00 seq2 appears to be entirely non-coding 

but matches 3' non-coding region of seq4. 

Seq4 is by far the top hit for Capitella 

protein 183731, the putative Aldh2 

orthologue according to Canestro and 

Albalat (2008) 

comp387153_c0_seq2 PREDICTED: aldehyde dehydrogenase, 

mitochondrial-like isoform 1 

XP_002730825.1 Saccoglossus 

kowalevskii 

0.00E+00 putative orthology based on TargetP 

localisation prediction and NJ tree. 

comp130977_c0_seq1 PREDICTED: aldehyde dehydrogenase 

family 1 member A3 isoform X2 

XP_005424286.1 Geospiza fortis 1.00E-30 this and 344171 both have 99% nt level 

identity to Kenny & Shimeld contig 

PlamarckiiC43912_; likely fragments of the 

same gene. Read counts were done with 

both contigs. Orthology based on NJ tree 

using the KS12 contig. TargetP didn't find a 

mitochondrial localisation motif even 

though the CDS appears complete. 

comp344171_c1_seq2 PREDICTED: aldehyde dehydrogenase, XP_002730826.1 Saccoglossus 2.00E-61 see above 
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mitochondrial-like isoform 2 kowalevskii 

comp404682_c0_seq1 NADP-dependent aldehyde 

dehydrogenase 

WP_005831880.

1 

Brevibacillus agri 2.00E-21  

comp383274_c0_seq2 PREDICTED: cytochrome P450 26A1-

like 

XP_006630556.1 Lepisosteus oculatus 9.00E-99 seq11 encodes an identical protein 

comp381387_c0_seq6 PREDICTED: cytochrome P450 26A1-

like 

XP_005810523.1 Xiphophorus 

maculatus 

9.00E-94 seq7 is identical over most of its length; 

diverges toward the C-terminus and is 

clearly incomplete on that end 

comp17790_c0_seq1 Cytochrome P450 26A1 EKC33614.1 Crassostrea gigas 1.00E-18  

comp388805_c0_seq1

2 

PREDICTED: cytochrome P450, family 

26, subfamily A, polypeptide 1-like 

XP_002739892.1 Saccoglossus 

kowalevskii 

6.00E-122 seq27 is an identical protein. Seq2 and 

Seq8 are identical but lack a chunk in the 

middle, skipped exon? Seq25 is only a C-

terminus, and its first few residues diverge 

from the rest. Seq15 doesn't align with the 

nt sequences of the rest. 

comp334943_c1_seq1 cyp26a1 protein AAI67271.1 Xenopus tropicalis 3.00E-16 This and c0_seq1 of same comp# are non-

overlapping regions of the protein. Could 

be same or different gene. 

comp334943_c0_seq1 cytochrome P450, family 26, subfamily 

A, polypeptide 1 

NP_001016147.1 Xenopus tropicalis 2.00E-15 See c1 of same. Three hits with the same 

bitscore, one of them is from Aplysia 

(XP_005093129.1) 

comp163635_c0_seq1 Retinoic acid receptor beta EKC30866.1 Crassostrea gigas 4.00E-14 This and 310738 are non-overlapping 

(163635 is the ligand-binding domain and 

310738 is the DNABD). Possibly the same 

gene but considered separately due to lack 

of overlap) 

comp310738_c0_seq1 Retinoic acid receptor beta EKC30866.1 Crassostrea gigas 3.00E-33 See 163635 

comp356143_c1_seq1 peroxisome proliferator-activated 

receptor gamma 

GAA50395.1 Clonorchis sinensis 2.00E-18  

comp365177_c1_seq1 Nuclear hormone receptor E75 ELU17328.1 Crassostrea gigas 2.00E-57  

comp389277_c0_seq7 nuclear receptor 2DBD gamma CDJ13263.1 Hymenolepis 

microstoma 

8.00E-17  
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comp378639_c0_seq1 transcription factor runx AGS55453.1 Platynereis dumerilii 5.00E-106  

comp383163_c1_seq3 PREDICTED: piwi-like protein 1 XP_005987243.1 Latimeria chalumnae 0.00E+00 two more contigs align with this, seq1 and 

seq4, both much shorter 

comp416895_c0_seq1 Hyli AGZ62175.1 Hydra vulgaris 0.00E+00 These contigs seem to belong to the same 

gene. There are slight pairwise overlaps 

between three of them (not the two 

262140 contigs), and they can all be 

connected using contigs 8056 and 35048 

from Kenny and Shimeld.  Read counts and 

NCBI blast hits are for the merged contig, 

which uses the sequences of my contigs 

except for the 7-bp gap between the 

262140 contigs, which was filled in from 

C35048. 

comp262140_c0_seq1 

comp262140_c1_seq2 

comp154833_c0_seq1 

comp446620_c0_seq1 PIWI 2, partial AGO85970.1 Locusta migratoria 3.00E-12 -- 

!comp74907_c0_seq1 TPA: piwi-like homolog 1-like DAA20781.1 Bos taurus 5.00E-05 possible contamination from opercular 

garden? Top 2 blast hits are from 

Selaginella, and only present in the 

unoperated sample… 

comp363013_c0_seq3 Mothers against decapentaplegic-like 

protein 4, partial 

EKC24133.1 Crassostrea gigas 4.00E-125 -- 

comp383210_c0_seq3 TGF beta signaling pathway factor 

SMAD5 

AGI96394.1 Pinctada fucata 0.00E+00 -- 

comp387739_c0_seq2 TGF beta signaling pathway factor 

SMAD6 

AGI96395.1 Pinctada fucata 1.00E-116 -- 

comp389548_c0_seq1 Smad2/3 transcription factor NP_001161658.1 Saccoglossus 

kowalevskii 

0.00E+00  

comp395622_c0_seq1 TGF beta signaling pathway factor AGY49100.1 Pinctada fucata 2.00E-98  

comp225920_c0_seq1 activin-like protein NP_001161496.1 Saccoglossus 

kowalevskii 

8.00E-18  

comp250090_c0_seq1 myostatin EHJ64080.1 Danaus plexippus 1.00E-19  

comp316692_c0_seq1 PREDICTED: bone morphogenetic XP_004073050.1 Oryzias latipes 4.00E-08 c1_seq1 of same does not align with this 
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protein 3-like contig. 

comp317995_c0_seq1 myostatin EDS27466.1 Culex 

quinquefasciatus 

4.00E-33  

comp363804_c0_seq1 bone morphogenetic protein 2/4 AAC97488.1 Branchiostoma 

floridae 

8.00E-105  

comp363906_c0_seq1 PREDICTED: growth/differentiation 

factor 8-like 

XP_006636687.1 Lepisosteus oculatus 2.00E-11  

comp364596_c0_seq1 inhibin/activin BAB17601.1 Oryzias latipes 3.00E-05  

comp368852_c0_seq3 PREDICTED: bone morphogenetic 

protein 3B-like 

XP_003964187.1 Takifugu rubripes 6.00E-13 unnamed gene model from Aplysia 

californica (acc XP_005091013.1) is a much 

better hit with bitscore 141. The Aplysia 

protein BLASTs to BMP3/3B in the human 

proteome. Seq4 contains a shorter 

fragment of the same CDS. Three other 

contigs from same comp do not align with 

seq3-4. 

comp387106_c1_seq2 PREDICTED: bone morphogenetic 

protein 6 

XP_009999280.1 Chaetura pelagica 1.00E-18 three contigs, each only aligns with itself. 

C1_seq2 might be something weird and 

chimaeric: there are two partial TGF-beta 

domains at opposite ends, in different 

frames, with 22 amino acids of identical 

overlap. I created a composite TGF beta 

domain out of the two ends and re-blasted 

this against the NCBI; I also used the 

composite for treebuilding. Read counting 

was with the original contig. 

comp389029_c0_seq1 PREDICTED: bone morphogenetic 

protein 6 

XP_006002932.1 Latimeria chalumnae 1.00E-19 does not overlap with seq2/seq6, but does 

with seq5 and seq7, which have been 

added to its read counting query. 

comp389029_c0_seq2 PREDICTED: bone morphogenetic 

protein 5, partial 

XP_006007996.1 Latimeria chalumnae 3.00E-48 this and seq6 align to the same region of 

BMP5/6/7/8, but the translations diverge 

toward the N-terminus, and the region 
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where seq6 becomes apparently non-

coding is very different. I'm tentatively 

regarding them as belonging to the same 

gene, and using seq2 (which encodes a 

longer ORF) to represent the pair. 

comp417165_c0_seq1 activin-like protein NP_001161496.1 Saccoglossus 

kowalevskii 

1.00E-17  

comp418808_c0_seq1 myostatin ACB98643.1 Gecarcinus lateralis 2.00E-04  

comp438102_c0_seq1 transforming growth factor beta like 

domain containing protein 

XP_001897718.1 Brugia malayi 8.00E-06  

comp8393_c0_seq1 GDF2 precursor CAD67714.1 Crassostrea gigas 6.00E-44  

comp108075_c0_seq1 activin type IIB receptor precursor AAB58749.1 Carassius auratus 4.00E-12  

comp146015_c0_seq1 PREDICTED: similar to activin receptor 

type-2A precursor 

XP_966360.2 Tribolium 

castaneum 

2.00E-22  

comp312388_c0_seq1 PREDICTED: transforming growth 

factor beta receptor type 3 isoform X2 

XP_006001136.1 Latimeria chalumnae 4.00E-12 the top hit (Capitella 208885) has nine 

OoM better e-value, but very clearly 

identifies as a Type III TGFBR by blast 

comp366372_c2_seq4 Cytochrome P450 2B4 EKC35518.1 Crassostrea gigas 7.00E-17  

comp368620_c0_seq1 bone morphogenetic protein type I 

receptor 

AFQ23191.1 Azumapecten farreri 0 seq4 is the same protein; seq7 is a 

fragment of the same protein that diverges 

in its last dozen or so residues. All contigs 

within c0 align (seqs1-7), but an additional 

eleven contigs from c1-4 do not match this 

cluster. The read counts are based on the 

seven contigs from c0. 

comp373477_c0_seq3 bone morphogenetic protein type II 

receptor 

AAA86519.1 Homo sapiens 9.00E-121  

comp382097_c1_seq4 PREDICTED: activin receptor type-1 XP_005153785.1 Melopsittacus 

undulatus 

7.00E-172 seq3 is a fragment of the same protein. 

C2_seq1 does not align. 

comp388917_c0_seq9 U-box domain-containing protein 

kinase family protein 

NP_680448.2 Arabidopsis thaliana 7.00E-22 probably foreign; top 10 hits 9 plants and 1 

protozoan 

comp390776_c0_seq1 TGF-beta receptor type-1 BAN20662.1 Riptortus pedestris 0.00E+00  
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comp398357_c0_seq1 mitogen-activated protein kinase ERK-

A, putative 

XP_002424034.1 Pediculus humanus 

corporis 

3.00E-72 the NCBI annotation for Pediculus is likely 

wrong: blastp output suggests it's an 

incomplete activin receptor. All other hits 

for this contig are annotated as type II 

activin receptors, including the #1 hit from 

Capitella when checked against the nr 

database. 

comp452891_c0_seq1 PREDICTED: phosphoenolpyruvate 

carboxylase kinase 1-like 

XP_004305051.1 Fragaria vesca 

subsp. vesca 

5.00E-13 probably foreign; only plant and protist 

hits in the top 10 

comp388373_c0_seq1 chordin precursor NP_001158390.1 Saccoglossus 

kowalevskii 

4.00E-116 three contigs with this comp#, but the 

other two don't align to seq1 and were not 

used 

comp390686_c0_seq4 bone morphogenetic protein 

antagonist noggin, putative 

XP_002403384.1 Ixodes scapularis 4.00E-44 Capitella 155479 is a better hit by a large 

margin; also a clear noggin. Seq3 of same 

doesn't align with seq4. 

comp382796_c0_seq3 Noggin precursor ACO12418.1 Lepeophtheirus 

salmonis 

3.00E-22 seq1 has a 95-bp overlap with end of seq3, 

added to read count. 

comp388877_c0_seq5 PREDICTED: follistatin isoform X1 XP_005356876.1 Microtus 

ochrogaster 

3.00E-64 Capitella 186602 has a much better e-

value, but it's also follistatin by blastp. 

Seq4 of same overlaps seq5 by 86 bp. 

comp388694_c0_seq1 PREDICTED: fibroblast growth factor 

13-like 

XP_004076298.1 Oryzias latipes 2.00E-08 seq2 of same has the same cds, only differs 

in 3' noncoding 

comp382724_c0_seq2 hypothetical protein 

LOTGIDRAFT_171148 

ESP03723.1 Lottia gigantea 7.00E-04 this is the only hit with E < 0.001. It's the 

same protein this contig groups with in the 

NJ tree based on Steph Bertrand's 

alignment. 

comp395866_c0_seq1 fibroblast growth factor receptor BAI67805.1 Idiosepius 

paradoxus 

7.00E-59  

comp390693_c0_seq1 fibroblast growth factor receptor 2 EKC36126.1 Crassostrea gigas 1.00E-46 Lottia 238308 has an e-value e-85; its top 

hit is the same Crassostrea FGFr 

comp425809_c0_seq1 proto-oncogene receptor tyrosine 

protein kinase ret, putative 

XP_002404815.1 Ixodes scapularis 2.00E-29  

comp360105_c0_seq2 Cadherin 96Ca EEZ99365.1 Tribolium 3.00E-26  
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castaneum 

comp373302_c0_seq3 PREDICTED: fibroblast growth factor 

receptor 3 

XP_004617509.1 Sorex araneus 3.00E-21  

comp328462_c0_seq1 PREDICTED: proto-oncogene tyrosine-

protein kinase receptor Ret-like 

XP_001947461.2 Acyrtosiphon pisum 5.00E-19  

comp370780_c0_seq4 PREDICTED: muscle, skeletal receptor 

tyrosine-protein kinase-like 

XP_005102109.1 Aplysia californica 2.00E-16  

comp456073_c0_seq1 Protogenin EKC35117.1 Crassostrea gigas 8.00E-11  

comp389656_c0_seq2 PREDICTED: kin of IRRE-like protein 2-

like 

XP_005100752.1 Aplysia californica 4.00E-37 there is a massive e-value difference 

between the top hit (Capitella 211986; e-

70) and the top named hit, so I had to 

check the Capitella protein. It doesn't hit 

any named FGFRs. 

comp335107_c0_seq1 PREDICTED: tyrosine-protein kinase 

STYK1 

XP_001372035.2 Monodelphis 

domestica 

3.00E-09  

comp180659_c0_seq1 PREDICTED: tyrosine-protein kinase 

Mer-like 

XP_004077581.1 Oryzias latipes 1.00E-07  

comp385459_c0_seq1 Fibroblast growth factor receptor 3 EKC26184.1 Crassostrea gigas 2.00E-144 Capitella 90852 has a much better e-value; 

is a clear FGFr. 

comp389772_c0_seq1 PREDICTED: mesenchyme-specific cell 

surface glycoprotein-like 

XP_785654.2 Strongylocentrotus 

purpuratus 

2.00E-45 this and seq4 probably belong to the same 

gene. They overlap by about three codons, 

and eight early reads neatly span the 

boundary. See the protein alignment in 

alignments/msp130 assembly. Their top 

hits are the same uncharacterised 

Saccoglossus protein (XP_006818680.1),  

comp389772_c0_seq4 PREDICTED: mesenchyme-specific cell 

surface glycoprotein-like 

XP_002733636.1 Saccoglossus 

kowalevskii 

2.00E-40 see above 

comp299686_c0_seq1 PEP-CTERM putative exosortase 

interaction domain protein 

WP_002742760.

1 

Microcystis 

aeruginosa 

7.00E-40 Probably a bacterial contaminant 

comp298633_c0_seq1 alkaline phosphatase WP_008284748.

1 

gamma 

proteobacterium 

4.00E-17 This one actually groups with 389722 in a 

NJ tree that also includes bacterial 
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HTCC5015 sequences. 

comp401378_c0_seq1 endonuclease/Exonuclease/phosphatas

e family protein 

WP_023064856.

1 

Lyngbya aestuarii 3.00E-12 Probably a bacterial contaminant 

comp408711_c0_seq1 alkaline phosphatase WP_007089381.

1 

Thalassospira 

xiamenensis 

5.00E-13 Probably a bacterial contaminant 

comp321438_c0_seq1 fibropellin-1 EKC31766.1 Crassostrea gigas 5.00E-19 The actual top hit is Capitella 220327, e-25. 

Its best blast hit is the same Crassostrea 

fibropellin, however. 

comp351226_c0_seq1 fibropellin-1 EKC31766.1 Crassostrea gigas 3.00E-18 Actual top hit: Lottia 238609; e-23, its top 

hits are a predicted urchin Notch 

(XP_780602.3) and the Crassostrea 

fibropellin, at a very similar level of 

similarity. Then a long, long list of 

predicted notches. I have no clue what this 

actually is. 

comp379652_c0_seq3 Mediator of RNA polymerase II 

transcription subunit 8-B 

EKC39165.1 Crassostrea gigas 2.00E-13 I'm convinced the top hit is a chimaera. It is 

derived from a genomic scaffold 

(JH816189.1), and it seems to consist of 

two entirely different halves. The N-

terminal half hits mediator subunits, none 

of which match the C-half, which has the 

standard domain structure of a Notch 

ligand (MNNL+DSL+multiple EGFs). The 

match with the contig is the DSL domain, 

i.e. in the Notch ligand-like half. The rest of 

the hit list for this contig is the Crassostrea 

fibropellin and many, many deltas and 

jaggeds. Therefore, I'm still flagging this as 

a possible Notch ligand. There are seven 

contigs in this comp, all of which can be 

linked together by a series of overlaps. 

comp384529_c2_seq3 fibropellin-1 EKC31766.1 Crassostrea gigas 2.00E-20 the hitlist is an utter mess - mostly Notch-

related things, but also a kinesin and a titin 
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in the top 10 

comp389658_c0_seq1 Delta BAF42029.1 Archaearanea 

tepidariorum 

8.00E-45  

comp389133_c0_seq1 fibropellin-1 EKC31766.1 Crassostrea gigas 4.00E-21  

comp341210_c0_seq1 PREDICTED: collagen alpha-5(VI) chain-

like 

XP_004226155.1 Ciona intestinalis 4.00E-14 There are literally no named proteins in the 

top20 (this is #21). A similar situation arises 

with the actual top hit (Capitella 157837), 

but again the top named hits are collagen 

subunits. No indication of Notch- or Delta-

like domains. 

comp374655_c0_seq1 PREDICTED: LOW QUALITY PROTEIN: 

neurogenic locus notch homolog 

protein 2 

XP_005678037.1 Capra hircus 0  

comp386261_c0_seq3 Notch protein CAJ38792.1 Platynereis dumerilii 2.00E-11 The best hit by a HUGE margin (scored E-

43) is Capitella 226756, whose top BLASTP 

hit outside of Capitella is the same 

Platynereis Notch (though only at E-17). It 

looks like it could be a partial Notch; my 

contig only contains a single LNR domain, 

though it also aligns to Capitella well 

outside said domain. The Capitella model 

doesn't have  EGF or ankyrin repeats either, 

but it could well be incomplete, and there's 

about 1.5 LNR followed by a NODP 

domain, which definitely suggests poorly 

predicted Notch. 

comp367807_c0_seq1 hairy-related ADR66835.1 Tinca tinca 1.00E-39  

comp371200_c0_seq1 transcription cofactor HES-6 NP_955918.2 Danio rerio 5.00E-13 seq1-3 in this component obviously 

encode the same protein; seq4, however, 

has large divergent portions and is 

annotated with an Orange domain, which 

isn't present in the others. Perhaps these 
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are splice variants, but either way they 

were considered separately for BLASTing. 

Seq1 is arbitrarily chosen to represent the 

first variant; it has a full CDS. All four seqs 

are combined for read counting due to 

100% identity in large seq1/seq4 overlap. 

They'd be bringing up the same reads 

anyway. 

comp371200_c0_seq4 PREDICTED: transcription factor HES-1-

B-like 

XP_003437841.1 Oreochromis 

niloticus 

2.00E-15 see notes for seq1 

comp375641_c0_seq1 HES2 ACD84803.1 Capitella teleta 3.00E-32  

comp376296_c0_seq3 her6.2 NP_001098284.1 Oryzias latipes 2.00E-32 the other two contigs in this component 

do not align with seq3 

comp377615_c0_seq2 hairy enhancer of split-related AGS55449.1 Platynereis dumerilii 1.00E-33 seq3 is a fragment belonging to the same 

protein. Note: the second and third best 

hits (EKC31110.1 from Crassostrea and 

XP_005089293.1 from Aplysia) are both 

annotated as HEY rather than HES. 

Platynereis sequence is hard to relate to 

the published paper b/c Gazave et al don't 

actually give any accessions, but doesn't 

seem to be the one they annotated as HEY. 

My sequence lacks the YRPW motif as far 

as I can tell. 

comp382771_c1_seq1 PREDICTED: transcription factor HES-4-

B-like 

XP_003444854.1 Oreochromis 

niloticus 

1.00E-41 the top hit (Capitella 223641) is much 

better at E-58, but is also clearly a HES. It 

has both HLH and orange domains, and 

the BLAST hitlist is hairy all the way down. 

There is a c0_seq1 in this comp, but it 

doesn't align with this contig. 

comp385567_c0_seq1 HES2 ACD84803.1 Capitella teleta 2.00E-28 seq3 does not overlap seq1. 

comp389776_c0_seq5 fibropellin-1 EKC31766.1 Crassostrea gigas 4.00E-37 321438 appears to contain a fragment of 
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the same protein. 

comp381279_c2_seq1 fibropellin-1 EKC31766.1 Crassostrea gigas 2.00E-25 actual top hit: Capitella 181870 (e-34). Its 

top hit is Helobdella 109730, whose top hit 

is… the Crassostrea fibropellin (when both 

annelids are excluded) 

comp246319_c0_seq1 Endothelial PAS domain-containing 

protein 1 

EKC20066.1 Crassostrea gigas 6.00E-46 best hit (XP_003729347.1, S. purpuratus) 

has E-52 and blasts as a clear EPAS1. Its 

top hit outside of its own species is the 

Crassostrea EPAS1. 

comp389296_c0_seq1 hypoxia-inducible factor 1 alpha BAG85183.1 Crassostrea gigas 3.00E-119 seq3 encodes the exact same protein. 

comp333975_c0_seq1 PREDICTED: transcription factor SUM-

1-like 

XP_005096911.1 Aplysia californica 9.00E-56 "SUM-1" stands for sea urchin myogenic 

factor, and yes, it's an MRF homologue. 

comp368994_c0_seq1 PREDICTED: protein big brother-like XP_005092145.1 Aplysia californica 3.00E-81 the top two hits (Lottia 163713 and 

Capitella 177478) have much better E (-96 

and -91), but both come up as CBF beta 

domains on the CDD. The top three 

alignments display very similar levels of 

identity; I think the score difference may be 

down to the Aplysia gene model including 

some more divergent 5' sequence that the 

Capitella and Lottia models don't. Both of 

the top 2 proteins hit only themselves in 

their respective organisms. (Note to self: 

yes, Big Brother is the fruit fly name of 

CBF-beta.) There is a seq2, which has a 41 

bp stretch of perfect alignment with seq1, 

and a lot of maybe vaguely aligned 

portions. Not used, as it doesn't seem to 

be the same gene. 

comp388267_c0_seq1 gremlin 1-like protein precursor NP_001161561.1 Saccoglossus 

kowalevskii 

5.00E-39 seq2 encodes an identical protein. 

comp157948_c0_seq1 PREDICTED: carbonic anhydrase 4-like XP_006801673.1 Neolamprologus 3.00E-11  
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brichardi 

comp190845_c0_seq1 PREDICTED: carbonic anhydrase-like XP_005093942.1 Aplysia californica 5.00E-06 the top hit (2e-6) is a bacterial hypothetical 

protein, and the hitlist is a mixture of 

animal Cas and bacterial carbonate 

dehydratases.) Given that it's only present 

in mature, I'm inclined towards 

"contaminant". 

comp207166_c0_seq1 carbonic anhydrase YP_005202036.1 Rahnella aquatilis 6.00E-10 hitlist is a mix of bacterial and oomycete 

hits 

comp215654_c0_seq1 carbonic anhydrase CDO00125.1 Photobacterium 

phosphoreum 

2.00E-09 all-bacterial hitlist 

comp216513_c0_seq1 putative dioscorin BAC99799.1 Oryza sativa 2.00E-08 the hitlist is mostly plants with 1 bacterial 

CA. All matches score very similarly. 

(Dioscorins are in fact alpha-Cas.) 

comp221566_c0_seq1 n/a, see notes    the c-termini of seq1 and seq2 are 

identical, but N-terminally, seq1 is weird 

and stop-riddled. Seq1 was not used as an 

NCBI query or for read counting. 

comp221566_c0_seq2 Coatomer subunit beta' EKC23653.1 Crassostrea gigas 6.00E-42 I don't know whether the Crassostrea gene 

model is a chimaera, but it clearly has a CA 

domain, which the human coatomer 

subunit beta' lacks. My match is entirely in 

the CA domain, and I have other good hits 

that are Cas. I'm pretty confident that this 

contig is a CA. 

comp224593_c0_seq1 PREDICTED: carbonic anhydrase 6 

isoform X1, partial 

XP_003515752.1 Cricetulus griseus 3.00E-06 Hmm, not Pomatoceros or just not 

expressed in regeneration? 

comp312174_c0_seq1 PREDICTED: carbonic anhydrase 15-like XP_007490520.1 Monodelphis 

domestica 

1.00E-55  

comp324624_c0_seq1 PREDICTED: carbonic anhydrase-

related protein 10-like isoform X4 

XP_396828.2 Apis mellifera 3.00E-89 the top hit is Capitella 169831 at E-103. It 

has a very strong alpha-CA domain, and 

hits a load of protostome Cas. 
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comp329727_c0_seq1 TPA: carbonic anhydrase-1 DAA06053.1 Nematostella 

vectensis 

7.00E-06 the top 5 hits are nameless preds from 

Capitella, Lottia, Helobdella and 

Nematostella, all with very similar scores. 

There is a highly repetitive c1_seq1 that 

doesn't align; the repeats are not G-rich in 

any frame, so unfortunately not a nacrein-

like fragment :) 

comp344310_c0_seq1 PREDICTED: carbonic anhydrase XIV-

like 

XP_002716209.1 Oryctolagus 

cuniculus 

1.00E-13  

comp344310_c1_seq1 alpha-carbonic anhydrase EFX88105.1 Daphnia pulex 3.00E-16 this and c0_seq1 may be two halves of the 

same protein, with 4 residues of overlap. 

comp348227_c0_seq2 carbonate dehydratase WP_022982878.

1 

Ideonella sp. B508-1 4.00E-17 all top10 hits are bacterial. Seq1 of same 

doesn't overlap seq2 

comp348443_c1_seq1 carbonic anhydrase NP_001133769.1 Salmo salar 1.00E-18 the other two contigs in this component 

do not align with this one. 

comp357975_c0_seq2 carbonic anhydrase 6 EHB16656.1 Heterocephalus 

glaber 

7.00E-27  

comp366924_c0_seq1 carbonic anhydrase 2 ACO15131.1 Caligus clemensi 2.00E-29 top hit at E-35 is Lottia 239341, a very nice 

clear CA with excellent CDD and BLAST 

matches. Two c1 contigs, neither matches 

this one. 

comp367700_c0_seq4 carbonic anhydrase CCJ09593.1 Patella vulgata 7.00E-69 top hit is again Lottia 239341 at E-77. No 

alignment with seq3 of same. 

comp373259_c0_seq1 carbonic anhydrase CCJ09593.1 Patella vulgata 1.00E-63  

comp373377_c0_seq1 carbonic anhydrase 2 Q8UWA5.3 Tribolodon 

hakonensis 

9.00E-40 (Tribolodon is a cyprinid fish) 

comp373377_c0_seq2 carbonic anhydrase 2 Q8UWA5.3 Tribolodon 

hakonensis 

1.00E-39 seq1 and seq2 differ in ~5 AA 

substitutions; possibly alleles. Considered 

together for read counting. 

comp377063_c0_seq1 carbonic anhydrase AAZ83742.1 Petromyzon marinus 8.00E-85 see seq2 

comp377063_c0_seq2 carbonic anhydrase AAZ83742.1 Petromyzon marinus 1.00E-84 seqs 1, 2, 4 are almost identical at the 

protein level, with divergent N-termini that 
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may or may not actually be part of the 

CDS. All three have the same top3 blast 

hits: Capitella 224291, Lottia 205401, and 

the lamprey CA. There is a c1_seq1 that 

doesn't align with the c0 contigs. All three 

c0 contigs were considered together for 

read counting. 

comp377063_c0_seq4 carbonic anhydrase AAZ83742.1 Petromyzon marinus 2.00E-84 see seq2 

comp379941_c0_seq1 carbonic anhydrase, putative XP_002788787.1 Perkinsus marinus 2.00E-30 seq4 is a much shorter fragment of the 

same protein. Perkinsus happens to be a 

protist, but all other hits on the top10 are 

animals. 

comp382910_c0_seq1 Coatomer subunit beta' EKC23653.1 Crassostrea gigas 1.00E-73 see 221566 for "coatomer" notes. Top hit is 

Lottia 239341 (see 366924) 

comp384693_c0_seq4 Carbonic anhydrase-like NP_001279268.1 Callorhinchus milii 8.00E-16 c0 and c1 are non-overlapping parts of the 

CA domain - may be the same gene. 

C0_seq2 doesn't align with either. 

comp384693_c1_seq1 carbonic anhydrase AAD32675.1 Anthopleura 

elegantissima 

5.00E-15 see above 

comp387108_c0_seq2 carbonic anhydrase, putative XP_002428435.1 Pediculus humanus 

corporis 

1.00E-42  

comp388152_c0_seq1 carbonic anhydrase II NP_954685.1 Danio rerio 4.00E-56 the top hit at e-76 is Capitella 225271, 

which is a clear alpha-CA. 

comp394307_c0_seq1 carbonic anhydrase WP_003137291.

1 

Lactococcus 

raffinolactis 

2.00E-09 a mixture of animal, plant/algal, bacterial 

and protist hits 

comp40061_c0_seq1 PREDICTED: carbonic anhydrase 15-like XP_005990291.1 Latimeria chalumnae 1.00E-04  

comp404503_c0_seq1 carbonic anhydrase WP_022813923.

1 

Poribacteria 

bacterium WGA-3G 

1.00E+15 all top10 hits are bacterial 

comp423504_c0_seq1 carbonic anhydrase XP_005643811.1 Coccomyxa 4.00E-11 Coccomyxa is a green alga; rest of the 
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subellipsoidea hitlist is mixed animals and bacteria. 

comp59498_c0_seq1 PREDICTED: carbonic anhydrase 9-like XP_001605200.1 Nasonia vitripennis 1.00E-08  

comp86312_c0_seq1 Carbonic anhydrase 2 EFN79723.1 Harpegnathos 

saltator 

9.00E-11  

comp142169_c0_seq1 no significant hits     

comp262052_c1_seq1 putative carbonic anhydrase precursor WP_002277134.

1 

Streptococcus 

mutans 

2.00E-06 all top10 hits are bacterial. C0_seq1 doesn't 

align. 

comp413635_c0_seq1 no significant hits     

comp138699_c0_seq1 PREDICTED: matrix metalloproteinase-

16-like 

XP_781575.3 Strongylocentrotus 

purpuratus 

8.00E-16  

comp224473_c0_seq1 PREDICTED: matrix metalloproteinase-

21 

XP_006938331.1 Felis catus 3.00E-45  

comp255108_c0_seq1 membrane-type matrix 

metallopeptidase-1 

YP_009021109.1 Anopheles minimus 

iridovirus 

4.00E-08 top three hits are from Emiliania, 

Aureococcus and Reticulomyxa - probably 

a contaminant. 

comp256801_c0_seq1 PREDICTED: matrix metalloproteinase-

26 

XP_852601.1 Canis lupus 

familiaris 

1.00E-09 top hit is a Reticulomyxa hypothetical 

comp280503_c0_seq1 PREDICTED: matrix metalloproteinase-

14-like 

XP_004526296.1 Ceratitis capitata 1.00E-10  

comp316675_c0_seq1 hatching enzyme CAA46638.1 Paracentrotus lividus 6.00E-22 NOTE: sea urching hatching enzymes are 

definitely MMPs 

comp323572_c0_seq1 collagenase AAX14806.1 Notophthalmus 

viridescens 

5.00E-36 c0 and c1 have a 4-AA overlap with c1 

being N-terminal, and they represent 

different conserved domains. May belong 

to same gene. 

comp323572_c1_seq1 PREDICTED: matrix metalloproteinase-

19-like 

XP_006629382.1 Lepisosteus oculatus 2.00E-06 see above 

comp333239_c0_seq1 MMP19-like protein AEU03845.1 Branchiostoma 

floridae 

7.00E-10  

comp341652_c0_seq1 PREDICTED: matrix metalloproteinase-

19-like 

XP_002738587.1 Saccoglossus 

kowalevskii 

2.00E-74 top hit is Capitella 219025 with e-119; this 

pred is DEFINITELY a MMP, with strong 

PG-binding, MMP and hemopexin domains 
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and a buttload of MMPs for BLAST hits. 

comp348456_c0_seq1 PREDICTED: matrix metalloproteinase-

19-like 

XP_002738587.1 Saccoglossus 

kowalevskii 

2.00E-23 c0 and c1 have a 5-AA overlap; c1 is the N-

terminal one. They each appear to contain 

half of the metalloproteinase domain. May 

be same gene. 

comp348456_c1_seq1 MMP19-like protein AEU03845.1 Branchiostoma 

floridae 

4.00E-28 see above 

comp364843_c0_seq1 PREDICTED: matrix metalloproteinase-

14-like isoform X3 

XP_006561297.1 Apis mellifera 3.00E-69 I have no idea how this ended up hitting 

human vitronectin - VTN is basically a big 

hemopexin domain, and the hemopexin 

domain is the only one of the three MMP-

like domains that this contig DOESN'T 

contain. Based on domain structure and 

NCBI hits it is a clear MMP, although it 

must have got into the NCBI query by a 

lucky accident... The other two seqs in this 

comp do not align with seq1. 

comp365963_c0_seq1 PREDICTED: matrix metalloproteinase-

24-like 

XP_002738586.1 Saccoglossus 

kowalevskii 

2.00E-14 seq2 encodes the same protein fragment. 

Actual top hit is Capitella 219025. 

comp366305_c0_seq1 PREDICTED: matrix metalloproteinase-

24-like 

XP_002738586.1 Saccoglossus 

kowalevskii 

3.00E-10 actual top hit is Capitella 219025 again (E-

29). Seq2 has a 36-bp overlap, which I 

arbitrarily judged as long enough to use 

both seqs for read counting. 

comp372376_c0_seq1 PREDICTED: matrix metalloproteinase-

19-like 

XP_002738587.1 Saccoglossus 

kowalevskii 

7.00E-55 This and 386483 are possibly fragments of 

the same gene; they both hit a set of six 

(identical or near-identical) contigs in the 

KS12 transcriptome. However, the matches 

for 372376 are very short (28 bp), and 

none of the six contigs match any of the 

more confident hits for this fragment, so 

I'm being conservative and keeping them 

separate for read counting. C1_seq2 

doesn't overlap this one or 386483. 
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comp386483_c0_seq1 no named hits    the single significant (E-5) hit is B. floridae 

125272, which has the correct domain 

architecture and a BLAST hitlist composed 

pretty much entirely of vertebrate MMPs. 

None of the other five contigs in this comp 

match seq1. 

comp373538_c0_seq1 PREDICTED: LOW QUALITY PROTEIN: 

matrix metalloproteinase-14-like 

XP_003695057.1 Apis florea 1.00E-40 c1_seq1 of same does not align with this 

contig. 

comp377188_c0_seq1 PREDICTED: 72 kDa Type IV 

collagenase 

XP_002125302.1 Ciona intestinalis 7.00E-23 This and seq2 are two hemopexin domains 

that aren't particularly similar. 

comp377188_c0_seq2 matrix metalloproteinase, putative XP_002435086.1 Ixodes scapularis 4.00E-23 see above. Inclusion in NCBI search must 

have been by accident, but "correct" hits 

anyway… 

comp378656_c1_seq5 matrix metalloproteinase, putative XP_002435086.1 Ixodes scapularis 3.00E-92 c0_seq1 doesn't align 

comp380663_c0_seq3 PREDICTED: matrix metalloproteinase-

16-like 

XP_003739756.1 Metaseiulus 

occidentalis 

7.00E-88 seq5 and seq6 match most of the C- and 

N-terminal half of this contig, respectively. 

comp381970_c0_seq3 PREDICTED: matrix metalloproteinase-

16-like isoform 1 

XP_001949484.2 Acyrtosiphon pisum 2.00E-48 seq4 of same is identical except for a 25-

AA deletion. Splice isoforms? 

comp384412_c0_seq4 matrix metalloproteinase-19 EKC37558.1 Crassostrea gigas 4.00E-53 seq6 is almost identical; seq1 doesn't align 

with either. 

comp385014_c1_seq2 PREDICTED: matrix metalloproteinase-

19-like 

XP_002738587.1 Saccoglossus 

kowalevskii 

5.00E-83 this contig contains the PG-binding and 

MMP domains; doesn't overlap with the c3 

contigs but may be same gene? C1_seq3 is 

a smaller fragment almost identical to part 

of seq2. Top hit is Capitella 219025 (e-109) 

C2_seq1 doesn't align with either c1 or c3. 

comp385014_c3_seq2 PREDICTED: matrix metalloproteinase-

19-like 

XP_005799008.1 Xiphophorus 

maculatus 

4.00E-17 see above; both seq2 and seq4 encode 

identical peptides containing hemopexin 

domains. Actual top hit is Capitella 219025 

@ E-46. 

comp385857_c0_seq3 matrix metalloproteinase-14 EGI60365.1 Acromyrmex 

echinatior 

5.00E-60 seq4 encodes identical protein. I think this 

and seq5 may be close paralogues; while 

they have identical stretches, seq5 has 
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18/128 substitutions and 1 indel compared 

to seq3-4. Due to the long stretches of 

identity that would almost certainly lead to 

a lot of double-hitting, I'm putting all three 

together for the read count. 

comp385857_c0_seq5 PREDICTED: stromelysin-1 XP_005077400.1 Mesocricetus 

auratus 

1.00E-32 see seq3 above 

comp386851_c0_seq3 matrix metalloproteinase 1 isoform 2 

precursor 

NP_001157647.1 Tribolium 

castaneum 

6.00E-54 four overlapping contigs combined for 

read count. 

comp388491_c0_seq1 matrix metalloproteinase, putative XP_002435086.1 Ixodes scapularis 4.00E-89  

comp389308_c0_seq1 matrix metalloproteinase 14 precursor NP_001028823.1 Strongylocentrotus 

purpuratus 

4.00E-56  

comp389716_c0_seq2 PREDICTED: matrix metalloproteinase-

16-like isoform 2 

XP_003248223.1 Acyrtosiphon pisum 3.00E-97  

comp390288_c0_seq3 matrix metalloproteinase 1 isoform 2 

precursor 

NP_001157647.1 Tribolium 

castaneum 

5.00E-109 seq2 is shorter and about 93% identical 

comp390474_c0_seq1 matrix metalloproteinase 1 isoform 2 

precursor 

NP_001157647.1 Tribolium 

castaneum 

4.00E-56  

comp390884_c0_seq1 PREDICTED: matrix metalloproteinase-

14-like isoform X1 

XP_006610523.1 Apis dorsata 1.00E-133 actual top hit is Capitella 164703 with E-

158; this pred lacks the PG-binding domain 

but is otherwise a perfect MMP. Neither of 

the two other seqs in this comp align with 

this one. 

comp391833_c0_seq1 peptidase, partial WP_010502900.

1 

Paenibacillus elgii 5.00E-21 all other hits are vertebrate MMPs, with 

fairly similar scores. 

comp398887_c0_seq1 PREDICTED: matrix metalloproteinase-

26 

XP_004407626.1 Odobenus rosmarus 

divergens 

1.00E-13 top hit is Reticulomyxa, most other hits are 

from animals 

comp407011_c0_seq1 matrix metalloproteinase 14 precursor NP_001028823.1 Strongylocentrotus 

purpuratus 

6.00E-29  

comp448539_c0_seq1 matrix metalloproteinase-19 EKC39795.1 Crassostrea gigas 1.00E-09  

comp460579_c0_seq1 NLP/P60 protein, partial ETO30126.1 Reticulomyxa filosa 2.00E-10 top hit is Reticulomyxa 18882, which has 

shown up for some of the other queries as 
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well. It contains a PG-binding and a 

generic zinc metalloproteinase domain, 

and generally hits MMP/collagenase type 

seqs (although a load of plant and algal 

hypotheticals top the list) 

comp50043_c0_seq1 PREDICTED: matrix metalloproteinase-

20-like 

XP_005998664.1 Latimeria chalumnae 5.00E-17  

comp54736_c0_seq1 interstitial collagenase CAL29436.2 Galleria mellonella 7.00E-42 (Galleria is a moth) 

comp93370_c0_seq1 PREDICTED: matrilysin XP_005149869.1 Melopsittacus 

undulatus 

8.00E-12 the top hit with an identical bitscore and 

very slightly lower E is a PDB entry; I chose 

to annotate this contig with #2 out of 

simple personal preference 

comp372823_c0_seq1 PREDICTED: matrix metalloproteinase-

19-like 

XP_004468347.1 Dasypus 

novemcinctus 

4.00E-05 seq4 has a divergent N-terminus but 

identical C-end; added to read count. Seq2 

seems too divergent to be an allele 

throughout, so not used. 

comp434574_c0_seq1 metalloproteinase 1 EMT08248.1 Aegilops tauschii 6.00E-07 this hit doesn't actually contain the 

catalytic domain, only a PG-binding. The 

actual top hit (Nematostella, 

XP_001633230.1, E-9), is a clear full-blown 

MMP. 

comp373157_c0_seq2 hedgehog ADK38669.1 Platynereis dumerilii 6.00E-146 seq3 of same is a fragment of the same 

protein 

comp128714_c0_seq1 sonic hedgehog protein EKC39089.1 Crassostrea gigas 1.00E-11 is full of stops in the hedgehog frame. 

Wonder if might be from a ciliate… If it's a 

ciliate, though, it has to be either the little 

cup-like things that live on the worms or 

the paramecia that run around their dishes, 

because look at the read distribution. 

comp278842_c0_seq1 sonic hedgehog protein precursor AAM94006.1 Griffithsia japonica 1.00E-32 I don't think red algae have bona fide 

hedgehogs… the hitlist is mostly swamped 

by Chondrus crispus models, this is the 

only named sequence. 
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comp170499_c0_seq1 protein related to epithelial zinc-finger 

ezf protein 

EQL03445.1 Ophiocordyceps 

sinensis 

3.00E-05 the entire hitlist is fungal, mostly unnamed 

models. 

comp367658_c0_seq2 zinc finger protein GLI3 EKC40517.1 Crassostrea gigas 8.00E-140  

comp157880_c0_seq1 protein patched EFN68781.1 Camponotus 

floridanus 

7.00E-23 groups with the PTC clade in NJ tree 

comp175152_c0_seq1 hedgehog receptor, partial CDF52129.1 Euperipatoides 

kanangrensis 

3.00E-54 groups with the PTC clade in NJ tree 

comp198684_c0_seq1 patched-like protein 1 EKC25654.1 Crassostrea gigas 7.00E-32 groups with the PTC clade in NJ tree 

comp332031_c0_seq1 patched domain-containing protein EZA53730.1 Cerapachys biroi 3.00E-22 Hitlist is mostly algae and plants with the 

exception of Cerapachys (which is an ant). 

The top hit here (XP_002185760.1, 

Phaeodactylum tricornutum) is miles 

better, at E-70. Doesn't appear to be a ptc 

- while there is a patched multidomain, no 

named ptc proteins on BLAST hitlist 

AFAICT. It also doesn't group with PTC in 

NJ tree, instead going with 422722 

(strongly) and human PTCHD2 (weakly). 

comp362771_c0_seq1 PREDICTED: protein patched homolog 

2-like isoform X3 

XP_005098950.1 Aplysia californica 5.00E-40 weakly groups with Drosophila Patched-

related and human PTCHDs in NJ tree 

comp369114_c1_seq5 PREDICTED: protein patched homolog 

1 

XP_006822692.1 Saccoglossus 

kowalevskii 

3.00E-129 the top hit is Lottia 71238 (E-156), which 

appears to have two sterol-sensing 

domains and appears to be a fairly clear 

patched homologue based on its blast hits. 

Identification is confirmed by the NJ tree, 

in which it groups with the annelid 

patcheds with 99% support. 

comp381647_c0_seq1 patched NP_001123271.1 Nasonia vitripennis 1.00E-55 groups with the PTC clade in NJ tree 

comp397813_c0_seq1 putative hedgehog receptor patched EFX90375.1 Daphnia pulex 8.00E-20 groups with the PTC clade in NJ tree 

comp422772_c0_seq1 patched family protein XP_743712.1 Plasmodium 

chabaudi chabaudi 

1.00E-09 the top hit is Phaeodactylum tricornutum, 

same sequence as for 332031. E-27 and 

clearly a better match than the 
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Plasmodium sequence. Only one animal in 

the top10; the rest is Phaeodactylum and 

various Plasmodium spp. In tree, groups 

with 332021 and human PTCHD --> 

probably not patched. 

comp381609_c0_seq1

4 

vasa-like protein ACT35657.1 Haliotis asinina 0 There may be several splice isoforms here. 

Seq2/8/9 are identical except a 7-AA 

insertion seq2 shares with seq14; the C-

termini of these three seqs do not align 

with that of seq14, which is also much 

longer on that side. Where they align, the 

seqs are all identical, so they clearly belong 

to the same gene. There are a further three 

sequences (seqs5, 7 and 10) that all match 

seq2 among others on the nucleotide level. 

All variants were considered together for 

read counting. 

comp381609_c0_seq2 putative ATP-dependent RNA helicase 

DDX4 

EKC30448.1 Crassostrea gigas 2.00E-70 see above 

comp367182_c0_seq3 nanos protein, partial DAA06318.1 Capitella teleta 1.00E-30 seq1 is smaller fragment of same protein. 

Seq2 is probably UTR, but with a couple of 

indels compared to seq3. 

comp323467_c0_seq1 PREDICTED: metalloproteinase 

inhibitor 3 

XP_007573131.1 Poecilia formosa 3.00E-18  

comp364706_c0_seq1 TIMP1 AEU03842.1 Branchiostoma 

floridae 

1.00E-15 this and seq4 have identical N- and C-

termini (~1st 95 and last 25 AA), with a 

recognisably similar stretch in between 

that's possibly too divergent for allelic 

differences. Ends are identical even at 

nucleotide level. They were BLASTed as 

separate entities, but they have to be read 

counted together because of the large 

stretches of identity. Seq5 doesn't match 
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either variant. 

comp364706_c0_seq4 PREDICTED: metalloproteinase 

inhibitor 1-like 

XP_005312001.1 Chrysemis picta 

bellii 

5.00E-15 see above 

comp385404_c1_seq1 tissue inhibitor of metalloproteinase AFB81539.1 Tegillarca granosa 1.00E-26 (Tegillarca is a clam) 

comp388905_c0_seq1 osteonectin-like protein ACV72069.1 Phragmatopoma 

lapidosa 

3.00E-56 seq3 is identical except for a deletion - 

possibly splice isoform. (NOTE: osteonectin 

is a synonym for SPARC) 

comp246222_c0_seq1 alpha-2 type IV collagen AAA27989.1 Caenorhabditis 

elegans 

1.00E-49 top hit is Capitella 200264 @ E-58; this is 

fairly clearly a collagen with a lot of repeats 

and two strong type 4 C-terminal domains; 

its hitlist is populated by type IV collagens. 

comp256562_c1_seq1 n/a, see notes    isolated collagen repeat 

comp307195_c0_seq1 n/a, see notes    isolated collagen repeat 

comp331054_c0_seq3 n/a, see notes    isolated collagen repeat 

comp341971_c0_seq2 n/a, see notes    isolated collagen repeat 

comp347127_c0_seq3 n/a, see notes    isolated collagen repeat 

comp366907_c0_seq2 phage tail fiber protein CDL90663.1 Clostridium 

tyrobutyricum 

1.00E-42 all hits are bacterial, but also all hits are to 

the repeats??? 

comp371607_c2_seq1 n/a, see notes    isolated collagen repeat 

comp372246_c0_seq2 n/a, see notes    isolated collagen repeat 

comp374393_c2_seq3 n/a, see notes    isolated collagen repeat 

comp374393_c2_seq4 n/a, see notes    isolated collagen repeat 

comp377145_c0_seq1 n/a, see notes    isolated collagen repeat 

comp378083_c0_seq1 n/a, see notes    isolated collagen repeat 

comp379858_c0_seq1 PREDICTED: collagen alpha-1(II) chain-

like, isoform X2 

XP_004547783.1 Maylandia zebra 2.00E-135  

comp384764_c0_seq1

0 

n/a, see notes    isolated collagen repeat 

comp386197_c0_seq8 n/a, see notes    isolated collagen repeat 
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comp386517_c1_seq3 PREDICTED: collagen alpha-1(XVIII) 

chain-like, isoform A8 

XP_006625065.1 Apis dorsata 5.00E-79  

comp388934_c0_seq9 n/a, see notes    isolated collagen repeat 

comp389686_c0_seq1 PREDICTED: collagen alpha-1(IV) chain-

like 

XP_001947747.2 Acyrtosiphon pisum 0  

comp389923_c0_seq4 collagen alpha-2(XI) chain EGI65419.1 Acromyrmex 

echinatior 

0  

comp389967_c0_seq1

1 

n/a, see notes    isolated collagen repeat 

comp390273_c1_seq1 triple helix repeat-containing collagen YP_001309700.1 Clostridium 

beijerincki 

6.00E-165 the top hit is miles better than all the 

others (e=0, score 927); it's 

XP_005650281.1 from Coccomyxa 

subellipsoidea, a green alga. The model is 

too big to be BLASTed on the NCBI 

server(!), and besides a lot of collagen 

repeats it only seems to possess unrelated 

domains; nonetheless, the presence of 

multiple COG2931 hits, which is some kind 

of calcium-binding domain, make it sound 

kind of interesting. 

comp390616_c0_seq1 PREDICTED: collagen alpha-1(XXII) 

chain-like 

XP_005752815.1 Pundamilia nyererei 4.00E-89  

comp390650_c0_seq1 collagen alpha-1(IV) chain EJD75998.1 Loa loa 0  

comp411428_c0_seq1 n/a, see notes    isolated collagen repeat 

comp421730_c0_seq1 n/a, see notes    isolated collagen repeat 

comp436277_c0_seq1 n/a, see notes    isolated collagen repeat 

comp450578_c0_seq1 n/a, see notes    isolated collagen repeat 

comp68032_c0_seq1 n/a, see notes    isolated collagen repeat 

comp192046_c0_seq1 pumilio protein XP_003375054.1 Trichinella spiralis 9.00E-13 the top hit with E-24 is Reticulomyxa 

21709; the rest is a mixed bag of animal 

and algal seqs. RFI_21709 appears to be a 
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pumilio based on a clear Pumilio domain 

and most named BLAST hits being pumilio. 

comp293020_c0_seq1 RNA-binding protein puf3 (predicted) NP_593141.2 Schizosaccharomyce

s pombe 

4.00E-17 the rest of the hitlist is also fungal 

comp296931_c0_seq1 puf3 XP_002171956.1 Schizosaccharomyce

s japonicus 

1.00E-14 fungal, algal and animal hits with very 

close scores 

comp296931_c1_seq1 pumilio 2 CDS33424.1 Hymenolepis 

microstoma 

1.00E-08 taxonomically mixed hitlist 

comp298754_c0_seq1 RNA-binding protein ETO29994.1 Reticulomyxa filosa 2.00E-36 hitlist is mostly plants 

comp336660_c1_seq1 RNA-binding protein, partial ETO29030.1 Reticulomyxa filosa 7.00E-35 top hit is RFI_22816 at E-43, which is some 

sort of pumilio domain protein but hard to 

identify beyond that. Top seven hits are 

Reticulomyxa models. 

comp339735_c0_seq2 RNA-binding protein pumilio CCK33032.1 Platynereis dumerilii 3.00E-52 of the 3 seqs in this comp, only seqs2-3 

align. 

comp377650_c0_seq3 pumilio-like protein 2 EKC42220.1 Crassostrea gigas 1.00E-15 seq1 and seq2 match this contig on the nt 

level; five additional contigs from c1 don't. 

comp383131_c0_seq3 RNA-binding protein pufB, partial CCK33031.1 Platynereis dumerilii 2.00E-98  

comp383142_c0_seq2 pumilio-like protein 2 EKC42220.1 Crassostrea gigas 0.00E+00  

comp391423_c0_seq1 RNA-binding protein, partial ETO29030.1 Reticulomyxa filosa 1.00E-12 top hit is once again RFI_22816 

comp387488_c0_seq2 PREDICTED: pumilio domain-

containing protein KIAA0020 

XP_005112217.1 Aplysia californica 3.00E-169 this is my only candidate for pufA. It's the 

only protein that pdu-pufA hits in my 

transcriptome. Its top hit in the nr is 

Capitella 163846 (score: 659, E=0), which in 

turn is the top hit for pdu-pufA. I can't 

really reciprocal BLAST with Platynereis, 

but between human and Capitella, 163846 

and KIA0020 (AAH16173.2) are reciprocal 

best hits. (Wish they'd sort out the 

nomenclature, though...) 

comp335192_c0_seq1 ATP-dependent RNA helicase ded-1, 

putative 

XP_002768997.1 Perkinsus marinus 5.00E-15 protists and plants on the hit list. This and 

c2_seq1 represent non-overlapping 
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regions. 

comp335192_c2_seq1 ATP-dependent RNA helicase XP_005539203.1 Cyanidioschizon 

merolae 

2.00E-34 top hit is RFI_14635 at E-41. Blasts as clear 

DDX3, interestingly with loads of 

vertebrate top hits. C2_seq2 overlaps with 

this. 

comp411561_c0_seq1 Tudor domain-containing protein 12 EKC42887.1 Crassostrea gigas 7.00E-15  

comp271748_c1_seq1 DEAD/DEAH box helicase, partial ETO23400.1 Reticulomyxa filosa 3.00E-51 top hit is RFI_14635. 

comp379928_c0_seq1 PREDICTED: putative ATP-dependent 

RNA helicase an3-like, isoform X2 

XP_005813151.1 Xiphophorus 

maculatus 

0 (an3 appears to be the old Xenopus name 

for the ddx3 gene. See P24346 on 

Swissprot.) 

comp241993_c0_seq1 PREDICTED: LOW QUALITY PROTEIN: 

small nuclear ribonucleoprotein 

associated protein B-like 

XP_008239308.1 Prunus mume 7.00E-42 the entire hitlist is plants. 

comp374665_c0_seq1 PREDICTED: small nuclear 

ribonucleoprotein-associated protein 

B'-like 

XP_005100794.1 Aplysia californica 1.00E-62 seq3 of same is a smaller fragment of the 

same protein. C1_seq1 doesn't align with 

either. 

comp340700_c0_seq2 PREDICTED: CUGBP Elav-like family 

member 2 isoform X10 

XP_007638144.1 Cricetulus griseus 1.00E-59 seq1 is identical until stop cuts it off early. 

Top hit is Capitella 144233, E-78, whose 

BLAST hits are pretty consistently CELF2s, 

though its top hit is the same Lottia model 

that's #2 here. This and 388942 are 

fragments of the same gene, see alignment 

with KS12 contigs. C26358, The KS12 

contig that best represents my fragments 

groups as a CELF1/2 (bruno proper) in the 

NJ tree. 

comp388942_c0_seq1 CUG-BP- and ETR-3-like factor 2 EKC28647.1 Crassostrea gigas 6.00E-44 seqs 2, 3 and 12 encode the same protein. 

Combined with 340700 for read counting 

(they are from the same gene, see above) 

comp359746_c0_seq1 RRM domain protein Bruno, partial CCK33023.1 Platynereis dumerilii 7.00E-60 Orthology supported by NJ tree. 

comp377343_c1_seq3 CUG-BP- and ETR-3-like factor 4 EFN75398.1 Harpegnathos 

saltator 

3.00E-53 seq4 is shorter but identical except for first 

9 AA. This and 382154 both match a single 
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KS12 contig 

(PlamarckiiC4215_CL3853Contig1), which 

groups with the CELF3/4/5/6 clade in the 

NJ tree. The two comps were combined for 

read counting. 

comp382154_c1_seq9 CUG-BP- and ETR-3-like factor 4 EKC33105.1 Crassostrea gigas 2.00E-69 seq10 is identical in part, has long 

divergent N-terminus, so both included in 

query. Seq2 has only a short divergent 

stretch, omitted. Seq9 is the variant 

represented by the KS12 contig (see notes 

for 377343) 

comp382154_c1_seq1

0 

CUG-BP- and ETR-3-like factor 4 EKC33105.1 Crassostrea gigas 9.00E-22 see above 

comp396805_c0_seq1 polyadenylate-binding protein, 

cytoplasmic and nuclear 

EMT09148.1 Aegilops tauschii 3.00E-07 … the hitlist has fungi, plants AND animals. 

Npl3 is definitely not Bruno, though. 

comp220638_c0_seq1 PREDICTED: polyadenylate-binding 

protein RBP45-like 

XP_004244127.1 Solanum 

lycopersicum 

3.00E-07  

comp164560_c0_seq1 Tudor domain protein 3, partial CCK33037.1 Platynereis dumerilii 3.00E-32 *Due to large number and unclear 

relationships of human Tudor domain 

proteins, only hits to TDRD1 were 

considered; this is the top BLAST hit for all 

three published Platynereis Tudor-like 

proteins by a large score margin, and it's 

also the only one with more than 2 Tudor 

domains (dme-tudor has 9). The first 

BLAST against the Pomatoceros assembly 

used the Platynereis sequences as the 

query. 

comp253606_c0_seq1 Tudor domain-containing protein 1 EKC34332.1 Crassostrea gigas 9.00E-13  

comp323803_c1_seq1 Tudor domain-containing protein 1, 

partial 

KFM61406.1 Stegodyphus 

mimosarum 

2.00E-33 This is #10 on the hitlist; all others are 

unannotated. Top hit is XP_002737010.2 

from Saccoglossus. This protein neither 

hits nor is hit by human TDRD1; however, it 
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IS the top hit for pdu-tdrd3 by quite a lot. 

comp377489_c0_merg

e 

PREDICTED: LOW QUALITY PROTEIN: 

tudor domain-containing protein 1 

XP_005508258.1 Columba livia 2.00E-15 composed of seq4-5, which have a 30 AA 

identical overlap. Seq3 is either a different 

protein or a different region of the same 

one, and hits TDRD15 in human. Top NCBI 

hit is Capitella 223291, which has an RRM, 

a zinc finger and five Tudor domains. Hits 

about half a dozen hypotheticals, then like 

a million vertebrate TDRD1s. 

comp380721_c0_seq1 Tudor domain protein 1, partial CCK33035.1 Platynereis dumerilii 1.00E-55 top hit is XP_002737010.2 from 

Saccoglossus. 

comp383150_c0_seq5 PREDICTED: LOW QUALITY PROTEIN: 

tudor domain-containing protein 1 

XP_008632666.1 Corvus 

brachyrhynchos 

6.00E-14  

comp383150_c0_seq1

0 

PREDICTED: LOW QUALITY PROTEIN: 

tudor domain-containing protein 1 

XP_005520941.1 Pseudopodoces 

humilis 

4.00E-18  

comp411292_c0_seq1 PREDICTED: RING finger protein 17-

like 

XP_797685.3 Strongylocentrotus 

purpuratus 

9.00E-28  

comp27943_c0_seq1 RRM domain protein Musashi CCK33029.1 Platynereis dumerilii 2.00E-23  

comp250357_c0_seq1 Tripartite motif-containing protein 2 EKC19228.1 Crassostrea gigas 9.00E-12 Top hit is Capitella 227568; this has the 

right domain structure, but its top 9 hits 

are unannotated BRAFLDRAFTs. In a dme-

cte reciprocal BLAST, the brat orthologue 

appears to be 22788, which is a very good 

reciprocal bestie with brat. 227568 isn't a 

reciprocal best hit with anything, and the 

top of its hitlist is _thin_. 

comp365376_c0_seq1 PREDICTED: E3 ubiquitin-protein ligase 

TRIM71-like 

XP_002155572.2 Hydra vulgaris 1.00E-08  

comp379833_c0_seq6 Tripartite motif-containing protein 45 EKC42949.1 Crassostrea gigas 3.00E-41 The top hit at E=0 is Capitella 224213, and 

the top 7 hits are hypothetical. 224214 

does hit brat in Drosophila, albeit all hits 

are surprisingly weak considering this is a 
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full-length sequence containing all relevant 

domains. It's a much better match to a 

load the same Helobdella hypothetical that 

occupies #2 on the pla-NCBI hitlist, but 

that's not much help... 

comp385040_c1_seq1 B-box type zinc finger protein ncl-1, 

putative 

ELU16635.1 Pediculus humanus 

corporis 

5.00E-146 The top hit is Capitella 22788, which is 

likely the Capitella brat orthologue (see 

notes for 250357). I'm not quite sure how 

"ncl-1" is supposed to be related to brat. 

comp385040_c0_seq2 brain tumor protein EGI58901.1 Acromyrmex 

echinatior 

2.00E-45 The top hit has a very similar score, but it's 

a pdb structure, and I don't like listing 

them as annotation. Seq3 encodes an 

identical protein. C1_seq1 doesn't align. 

comp387429_c0_seq1 PREDICTED: tripartite motif-containing 

protein 3-like, partial 

XP_005140352.1 Melopsittacus 

undulatus 

2.00E-32 The top hit is Capitella 227568 at E-76. 

comp368405_c0_seq2 transcription factor myc AGS55451.1 Platynereis dumerilii 5.00E-20  

comp360667_c0_seq1 PREDICTED: protein max isoform X3 XP_975370.1 Tribolium 

castaneum 

2.00E-45  

comp370377_c2_seq1 DNA-binding protein inhibitor ID-2 EKC35853.1 Crassostrea gigas 3.00E-16  

comp390200_c2_seq1 transcription factor AP2 AGS55450.1 Platynereis dumerilii 0  

comp382391_merge transcription factor Glial cell missing, 

partial 

CCK33024.1 Platynereis dumerilii 1.00E-76 the contig was merged from c0_seq1 and 

seq3, which have 25 bp of perfect overlap 

partway through the GCM domain. 

comp406138_c0_seq1 hunchback-like AAY43811.1 Capitella capitata 3.00E-35 *query was pdu-hb; back-blast was against 

Drosophila Uniprot due to unclear 

homology in humans. 

comp237350_c0_seq1 no significant hits    *Based on Zakrzewski et al. 2014, Capitella 

models 51996, 22434, 104090 and 126651 

were used as queries, and the Capitella 

Uniprot database (which includes the JGI 

gene models) was used as the back-blast 

database. 237350 contains no conserved 
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domains, and it was a very short (though 

nearly identical) match to Capitella 51996. 

comp372804_c0_seq3 chitin synthase AHX26708.1 Platynereis dumerilii 7.00E-85  

comp385677_c0_seq1 chitin synthase, partial AHX26717.1 Sabellaria alveolata 0  

comp428401_c0_seq1 chitin synthase, partial AHX26717.1 Sabellaria alveolata 2.00E-16  

comp281458_c0_seq1 PREDICTED: acidic mammalian 

chitinase-like 

XP_005090581.1 Aplysia californica 3.00E-29  

comp312474_c0_seq1 chitinase XP_004991208.1 Salpingoeca rosetta 1.00E-93 the top half of the hitlist is 

choanoflagellates and amoebae; animals 

are at the bottom. 

comp368560_c0_seq2 chitinase domain-containing protein, 

partial 

KFM63666.1 Stegodyphus 

mimosarum 

3.00E-63 seq2 and seq6 encode the same protein 

except for 16-AA N-terminal divergence. 

Seq2 was kept for being longer. Seq4 

seems distinct. Top hit for this one is 

Capitella 174783 (E-80), which contains a 

weird subtype of chitinase-like catalytic 

domains (may or may not be catalytic), 

BLASTs to XP_005094215 (predicted 

"CHID1") from Aplysia followed by a load 

of vertebrate CHID1s. 

comp368560_c0_seq4 PREDICTED: chitinase domain-

containing protein 1-like 

XP_005094215.1 Aplysia californica 4.00E-56 see above. Top BLAST hit is again Capitella 

174783 @ E-74. 

comp373459_merge chitotriosidase-1 precursor NP_001005792.1 Xenopus tropicalis 6.00E-127 seq1 and seq2 have 4-AA overlap, merged 

because both almost exactly match contigs 

C36130 and C5271_CL4913_Contig1 from 

the Kenny and Shimeld transcriptome. 

Seq3 aligns in the 3' UTR; added to read 

counting query. 

comp376222_c0_seq4 Di-N-acetylchitobiase EKC21732.1 Crassostrea gigas 4.00E-112 seq3 encodes same protein; longer seq4 

kept. 

comp384224_c0_seq2 PREDICTED: acidic mammalian 

chitinase-like 

XP_007169479.1 Balaenoptera 

acutorostrata 

8.00E-119 three more contigs in this comp, none of 

which align with seq2. 
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scammoni 

comp412554_c0_seq1 PREDICTED: chitotriosidase-1 isoform 

X1 

XP_005608061.1 Equus caballus 2.00E-15  

comp435676_c0_seq1 PREDICTED: oviduct-specific 

glycoprotein 

XP_004620091.1 Sorex araneus 2.00E-15 (NOTE: OVGP is a chitinase family 

member.) 

comp54046_c0_seq1 Chitotriosidase-1 EKC38802.1 Crassostrea gigas 1.00E-43 top hit is Capitella 205081 at E-51. It has a 

chitolectin/chitotriosidase like GH18 

domain, and  

comp347820_c0_seq1 proliferating cell nuclear antigen CCV20094.1 Platynereis dumerilii 1.00E-161 the top hit is Helobdella 185039 (E-168), 

which is a clear PCNA (top hit the same 

Platynereis seq as this one) 

comp371543_c0_seq6 PCNA proliferating cell nuclear antigen XP_001703230.1 Chlamydomonas 

reinhardtii 

2.00E-85 This is a very interesting comp: while seq4 

and seq5 encode identical proteins (seq4 

kept), there are stretches of non-alignment 

between any other pair of contigs. 

Alternative splicing? (Probably algal, 

though). Top hit for seq6 is RFI_05259, E-

108, a clear PCNA. All six contigs in comp 

were combined for read counts. 

comp371543_c0_seq2 PREDICTED: proliferating cell nuclear 

antigen 

XP_006035208.1 Alligator sinensis 1.00E-25 see seq6 

comp371543_c0_seq4 proliferating cell nuclear antigen AAL08562.1 Ovis aries 2.00E-23 see seq6 

comp371543_c0_seq1 proliferating cell nuclear antigen XP_001850584.1 Culex 

quinquefasciatus 

1.00E-21 see seq6 

comp371543_c0_seq3 PREDICTED: proliferating cell nuclear 

antigen-like 

XP_008543651.1 Microplitis 

demolitor 

3.00E-22 see seq6 (Microplitis is a parasitoid wasp) 

comp170538_c0_seq1 Proliferating cell nuclear antigen, PCNA 

domain-containing protein 

EPZ32490.1 Rozella allomycis 4.00E-23 (Rozella is a chytrid fungus) 

comp267380_c0_seq1 proliferating cell nuclear antigen, 

putative 

XP_004031027.1 Ichthyophthirius 

multifiliis 

2.00E-30 this and c1_seq1 are probably non-

overlapping regions of a ciliate PCNA. 

Translated with the standard code, they 

have a number of stops within the 
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conserved protein, but the ciliate genetic 

code has a G instead of one of the stops, 

which would make more sense than a 

stop-riddled metazoan PCNA transcript. 

Reads counted separately because of lack 

of overlap. 

comp267380_c1_seq1 proliferating cell nuclear antigen XP_008611933.1 Saprolegnia diclina 3.00E-09 see above 

comp217242_c0_seq1 B-type mitotic cyclin XP_002953524.1 Volvox carteri 1.00E-14 all the top 10 hits are plants or green 

algae. 

comp284058_c1_seq1 PREDICTED: cyclin D5-3-like XP_006590630.1 Glycine max 1.00E-11 all the top 10 hits are plants or green 

algae. There is a c0_seq1 but doesn't align 

with this one. 

comp343451_c0_seq1 Cyclin B2 NP_001233786.1 Solanum 

lycopersicum 

1.00E-52 top hit is RFI_08734, E-66, which is 

definitely a cyclin and blasts reasonably 

clearly as cyclin B. Other hits are planty. 

comp381958_c0_seq1 G2/mitotic-specific cyclin B EKC39097.1 Crassostrea gigas 2.00E-146  

comp387093_merge cyclin B3 AEK69413.1 Crassostrea gigas 8.00E-114 Constructed from 3 distinct contigs 

(c0_seq2, c1_seq6 and c1_seq1), which all 

hit the same three contigs in the KS12 

transcriptome. BLAST results are from a 

search with the combined contigs with the 

missing 9 residues filled in from 

PlamarckiiC39950_. In addition to the 

three, c1_seq2 encodes an identical 

peptide to c1_seq1. The top hit is Capitella 

160449 (E-124), which is very clearly a 

cyclin B, with the same Crassostrea protein 

as its top hit. 

comp428250_c0_seq1 cyclin B, putative XP_002523233.1 Ricinus communis 4.00E-19 entire hitlist is plants 

comp165861_c0_seq1 PREDICTED: 

Hemagglutinin/amoebocyte 

aggregation factor-like 

XP_005099814.1 Aplysia californica 3.00E-07 human dermatopontin/TRAMP gave no 

significant hits, so Biomphalaria glabrata 

DPTs were used. No single-species back-
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blast was done. A lot of lophotrochozoan 

proteins with dermatopontin domains are 

called some variation on haemagglutinin, 

but this seems to be a purely 

nomenclatural issue, as they clearly have 

the right domain. 

comp409884_c0_seq1 dermatopontin CAC38786.1 Suberites 

domuncula 

1.00E-15  

 

 

Table A3. Non-human BLAST queries used for transcriptome mining. 

Family Species Accession Notes 

FGF Capitella teleta 185710  

FGF Lottia gigantea 171148  

FGF Lottia gigantea 158297  

MSP130 Strongylocentrotus purpuratus NP_001116986.1  

SPARCB Danio rerio XP_003200394.2  

pufA Platynereis dumerilii CCK33030.1  

pufB Platynereis dumerilii CCK33031.1  

Brat Drosophila melanogaster NP_001188842.2  

Brat Platynereis dumerilii CCK33022.1  

hunchback Platynereis dumerilii CAJ78430.1  

chitin synthase Capitella teleta 22434  

chitin synthase Capitella teleta 51996  

chitin synthase Capitella teleta 104090  

chitin synthase Capitella teleta 126651  
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dermatopontin Biomphalaria glabrata P83553.1  

dermatopontin Biomphalaria glabrata AAZ80788.1  

dermatopontin Biomphalaria glabrata AAZ80786.1  

AP7 Haliotis rufescens AAK00635.1 no hits 

AP24 Haliotis rufescens AAK00634.1 no hits 

aspein Pinctada fucata BAD00044.1 no hits 

BMSP Mytilus galloprovincialis BAK86420.1 many vWFA domain hits 

pearlin Pinctada fucata BAA75626.1 no hits 

perlucin Haliotis laevigata P82596.3 many C-lectin hits 

perlustrin Haliotis laevigata P82595.2 no hits 

nacrein Turbo marmoratus BAB91157.1 hits previously detected carbonic anhydrases 

nacrein Pinctada fucata BAA11940.1 hits previously detected carbonic anhydrases 

lustrin-A Haliotis rufescens AAB95154.1 no hits 

MSP1 Mizuhopecten yessoensis BAB70697.1 no hits 

mucoperlin Pinna nobilis AAK18045.1 no hits 

N16 Pinctada fucata BAA83732.1 no hits 

MSI31 Pinctada fucata BAL52321.1 no hits 

MSI60 Pinctada fucata BAL45935.1 no hits 

MSI7/GRMP Pinctada fucata AAQ08227.1 no hits 

Pif-177 Pinctada fucata BAH97338.1 hits collagen-like sequences 

 

11.2. Sequences used for tree-building. 

 

FGF sequences were taken from Oulion et al.’s (2012) alignment. 
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Table A4. Wnt sequences used for tree-building. 

Species Database Accession Name in tree 

Homo sapiens Swissprot Q9GZT5 hsa-wnt10a 

Homo sapiens Swissprot O00744 hsa-wnt10b 

Homo sapiens Swissprot O96014 hsa-wnt11 

Homo sapiens Swissprot Q9UBV4 hsa-wnt16 

Homo sapiens Swissprot P04628 hsa-wnt1 

Homo sapiens Swissprot Q93097 hsa-wnt2b 

Homo sapiens Swissprot P09544 hsa-wnt2 

Homo sapiens Swissprot P56704 hsa-wnt3a 

Homo sapiens Swissprot P56703 hsa-wnt3 

Homo sapiens Swissprot P56705 hsa-wnt4 

Homo sapiens Swissprot P41221 hsa-wnt5a 

Homo sapiens Swissprot Q9H1J7 hsa-wnt5b 

Homo sapiens Swissprot Q9Y6F9 hsa-wnt6 

Homo sapiens Swissprot O00755 hsa-wnt7a 

Homo sapiens Swissprot P56706 hsa-wnt7b 

Homo sapiens Swissprot Q9H1J5 hsa-wnt8a 

Homo sapiens Swissprot Q93098 hsa-wnt8b 

Homo sapiens Swissprot O14904 hsa-wnt9a 

Homo sapiens Swissprot O14905 hsa-wnt9b 

Tribolium castaneum RefSeq NP_001107822.1 tca-wnt1 

Tribolium castaneum RefSeq XP_974684.1 tca-wnt5 

Tribolium castaneum RefSeq NP_001164137.1 tca-wnt6 

Tribolium castaneum RefSeq XP_008196351.1 tca-wnt7 

Tribolium castaneum RefSeq XP_971439.1 tca-wnt8 
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Species Database Accession Name in tree 

Tribolium castaneum RefSeq XP_008193178.1 tca-wnt9 

Tribolium castaneum RefSeq XP_008193179.1 tca-wnt10 

Tribolium castaneum RefSeq XP_008193644.1 + XP_969261.1 tca-wnt11 

Tribolium castaneum RefSeq XP_008195370.1 tca-wntA 

Capitella teleta JGI 110406 cte-wnt1 

Capitella teleta JGI 96953 cte-wnt2 

Capitella teleta JGI 181867 cte-wnt4 

Capitella teleta JGI 156046 cte-wnt5 

Capitella teleta JGI 182518 cte-wnt6 

Capitella teleta JGI 112156 cte-wnt7 

Capitella teleta JGI 90169 cte-wnt8 

Capitella teleta JGI 222661 cte-wnt9 

Capitella teleta JGI 110385 cte-wnt10 

Capitella teleta JGI 20087 cte-wnt11 

Capitella teleta JGI 149951 cte-wnt16 

Capitella teleta JGI 216606 cte-wntA 

Spirobranchus lamarcki own comp388521_c0_seq4  

Spirobranchus lamarcki own comp369870_c1_seq2  

Spirobranchus lamarcki own comp384469_c0_seq3  

Spirobranchus lamarcki own comp381795_c0_seq3  

Spirobranchus lamarcki own comp390780_c0_seq2  

Spirobranchus lamarcki own comp386602_c0_seq3  

Spirobranchus lamarcki own comp358825_c0_seq1  

Spirobranchus lamarcki own comp384664_c2_seq1  

Spirobranchus lamarcki own comp369094_c0_seq1  
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Table A5. TGF-β sequences used for tree-building. 

Species Database Accession Name in tree 

Homo sapiens Swissprot P01137 hsa-tgfb1 

Homo sapiens Swissprot P61812 hsa-tgfb2 

Homo sapiens Swissprot P10600 hsa-tgfb3 

Homo sapiens Swissprot P08476 hsa-inhibinBA 

Homo sapiens Swissprot P09529 hsa-inhibinBB 

Homo sapiens Swissprot P58166 hsa-inhibinBE 

Homo sapiens Swissprot O00292 hsa-lefty2 

Homo sapiens Swissprot Q99988 hsa-gdf15 

Homo sapiens Swissprot O60383 hsa-gdf9 

Homo sapiens Swissprot P43026 hsa-gdf5 

Homo sapiens Swissprot O95972 hsa-bmp15 

Homo sapiens Swissprot P55103 hsa-inhibinBC 

Homo sapiens Swissprot P39905 hsa-gdnf 

Homo sapiens Swissprot O14793 hsa-gdf8 

Homo sapiens Swissprot P18075 hsa-bmp7 

Homo sapiens Swissprot P12645 hsa-bmp3 

Homo sapiens Swissprot Q9UK05 hsa-gdf2 

Homo sapiens Swissprot O95393 hsa-bmp10 

Homo sapiens Swissprot P27539 hsa-gdf1 

Homo sapiens Swissprot Q6KF10 hsa-gdf6 

Homo sapiens Swissprot P22004 hsa-bmp6 

Homo sapiens Swissprot P05111 hsa-inhibinA 

Homo sapiens Swissprot Q96S42 hsa-nodal 
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Species Database Accession Name in tree 

Homo sapiens Swissprot P12643 hsa-bmp2 

Homo sapiens Swissprot P22003 hsa-bmp5 

Homo sapiens Swissprot O75610 hsa-lefty1 

Homo sapiens Swissprot Q5T4W7 hsa-artemin 

Homo sapiens Swissprot P55107 hsa-bmp3b 

Homo sapiens Swissprot P12644 hsa-bmp4 

Homo sapiens Swissprot Q7Z5Y6 hsa-bmp8a 

Homo sapiens Swissprot P34820 hsa-bmp8a 

Homo sapiens Swissprot O95390 hsa-gdf11 

Homo sapiens Swissprot Q9NR23 hsa-gdf3 

Homo sapiens Swissprot Q7Z4P5 hsa-gdf7 

Homo sapiens Swissprot P03971 hsa-amh 

Homo sapiens Swissprot Q99748 hsa-neurturin 

Homo sapiens Swissprot O60542 hsa-persephin 

Tribolium castaneum RefSeq NP_001034540.1 tca-dpp 

Tribolium castaneum RefSeq NP_001107813.1 tca-gbb1 

Tribolium castaneum RefSeq XP_008193052.1 tca-gbb2 

Tribolium castaneum RefSeq XP_973577.1 tca-bmp10 

Tribolium castaneum RefSeq XP_970355.1 tca-inhibinB 

Tribolium castaneum RefSeq XP_008191586.1 tca-gdf3 

Tribolium castaneum RefSeq XP_966819.1 tca-gdf8 

Tribolium castaneum RefSeq XP_008194984.1 tca-inhibinB2 

Tribolium castaneum RefSeq XP_001811434.1 tca-mav 

Capitella teleta Genbank/JGI ELU12862.1 cte-173895 

Capitella teleta Genbank/JGI ELU11942.1 cte-172350 

Capitella teleta Genbank/JGI ELU02050.1 cte-184506 

Capitella teleta Genbank/JGI ELU11381.1 cte-35187 
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Species Database Accession Name in tree 

Capitella teleta Genbank/JGI ELU18783.1 cte-184704 

Capitella teleta Genbank/JGI ELT90528.1 cte-110325 

Capitella teleta Genbank/JGI ELU05105.1 cte-38881 

Capitella teleta Genbank/JGI ELU12146.1 cte-39276 

Capitella teleta Genbank/JGI ELU17610.1 cte-29529 

Capitella teleta Genbank/JGI ELU11984.1 cte-165201 

Capitella teleta Genbank/JGI ELU12147.1 cte-123463 

Capitella teleta Genbank/JGI ELU13077.1 cte-223591 

Spirobranchus lamarcki own comp225920_c0_seq1  

Spirobranchus lamarcki own comp250090_c0_seq1  

Spirobranchus lamarcki own comp316692_c0_seq1  

Spirobranchus lamarcki own comp317995_c0_seq1  

Spirobranchus lamarcki own comp363804_c0_seq1  

Spirobranchus lamarcki own comp363906_c0_seq1  

Spirobranchus lamarcki own comp364596_c0_seq1  

Spirobranchus lamarcki own comp368852_c0_seq3  

Spirobranchus lamarcki own comp387106_c1_seq2  

Spirobranchus lamarcki own comp389029_c0_seq2  

Spirobranchus lamarcki own comp417165_c0_seq1  

Spirobranchus lamarcki own comp438102_c0_seq1  

Spirobranchus lamarcki own comp8393_c0_seq1  

 

Table A6. Patched-related sequences used for tree-building. 

Organism Database Accession Name in tree 

Homo sapiens Swissprot O15118 NPC1_HUMAN   
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Organism Database Accession Name in tree 

Homo sapiens Swissprot Q9UHC9 NPCL1_HUMAN  

Homo sapiens Swissprot Q13635 PTC1_HUMAN   

Homo sapiens Swissprot Q9Y6C5 PTC2_HUMAN   

Homo sapiens Swissprot Q96NR3 PTHD1_HUMAN  

Homo sapiens Swissprot Q9P2K9 PTHD2_HUMAN  

Homo sapiens Swissprot Q3KNS1 PTHD3_HUMAN  

Homo sapiens Swissprot Q6ZW05 PTHD4_HUMAN  

Drosophila melanogaster Uniprot P18502 PTC_DROME    

Drosophila melanogaster Uniprot Q9VL24 NPC1A_DROME 

Drosophila melanogaster Uniprot Q86P36 PTR_DROME 

Drosophila melanogaster Uniprot Q9VRC9 NPC1B_DROME 

Platynereis dumerilii Genbank ADK38670.1 pdu-ptc 

Capitella teleta Genbank/JGI ELT95505.1 cte-ptc 

Spirobranchus lamarcki own comp157880_c0_seq1  

Spirobranchus lamarcki own comp175152_c0_seq1  

Spirobranchus lamarcki own comp198684_c0_seq1  

Spirobranchus lamarcki own comp332031_c0_seq1  

Spirobranchus lamarcki own comp362771_c0_seq1  

Spirobranchus lamarcki own comp369114_c1_seq5  

Spirobranchus lamarcki own comp381647_c0_seq1  

Spirobranchus lamarcki own comp397813_c0_seq1  

Spirobranchus lamarcki own comp422772_c0_seq1  
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Table A7. ALDH1A/2 sequences used for tree-building. 

Organism Database Accession Name in tree Notes 

Homo sapiens RefSeq NP_000681.2 hsa-aldh2 mitochonrdial ALDH 

Homo sapiens RefSeq NP_000680.2 hsa-aldh1a1 aka RALDH1 

Homo sapiens RefSeq NP_003879.2 hsa-aldh1a2 aka RALDH2 

Homo sapiens RefSeq NP_000684.2 hsa-aldh1a3  

Gallus gallus RefSeq XP_415171.3 gga-aldh2  

Gallus gallus RefSeq NP_989908.1 gga-aldh1a1  

Gallus gallus RefSeq NP_990326.1 gga-aldh1a2  

Gallus gallus RefSeq NP_990000.1 gga-aldh1a3  

Capitella teleta JGI 151890 cte-aldh1a123a  

Capitella teleta JGI 145966* cte-aldh1a123b The N-terminus is incomplete, probably missing exon 1. I was unable to find the short conserved 
region of ex1 via BLAST, and because of the potentially huge intron size, decided not to search by 
eye. No ESTs on either JGI or NCBI match this protein. I cut off the few residues N-ward of the 
conserved ex1-2 splice site (at least conserved according to Albalat and Canestro 2009; I want to 
know whether they found the rest of the gene...) 

Capitella teleta JGI 159056 cte-aldh1a123c  

Capitella teleta JGI 183731 cte-aldh2  

Helobdella robusta JGI 186284 hro-aldh1a123  

Helobdella robusta JGI 194011 hro-aldh2  

Lottia gigantea JGI 207312 lgi-aldh1a123a  

Lottia gigantea JGI 164897 lgi-aldh1a123b  

Lottia gigantea JGI 157947 lgi-aldh2  

Drosophila 
melanogaster 

RefSeq NP_733183.1 dme-aldh1a123  

Drosophila RefSeq NP_609285.1 dme-aldh2  
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Organism Database Accession Name in tree Notes 

melanogaster 

Tribolium castaneum RefSeq XP_970835.1 tca-aldh1a123  

Tribolium castaneum RefSeq XP_967960.2 tca-aldh2  

Nematostella vectensis JGI 245626* nve-aldh1a-2a Automated prediction failed to find ex12. I think I know where it is - in a short run of Ns. The 
(reasonably conserved) beginning of Ex13 is also missing in action, but I'm not even sure where 
to look for it. No EST data available for the region from NCBI. 

Nematostella vectensis JGI 181421 nve-aldh1a-2b  

Nematostella vectensis JGI 179476 nve-aldh1a-2c  

Trichoplax adhaerens JGI 37388 tad-aldh1a-2a  

Trichoplax adhaerens JGI 35686* tad-aldh1a-2b The prediction missed the first exon and therefore (1) called ex2 as non-coding due to the lack of 
a start M, (2) thought the start was in the middle of ex3. I added the missing protein sequence 
from the scaffold. 

Trichoplax adhaerens JGI 63774* tad-aldh1a-2c Missing exon 2 added from scaffold sequence 

Spirobranchus lamarcki own comp376765_c0_seq4 pla-376765  

Spirobranchus lamarcki own comp387153_c0_seq2 pla-387153  

Spirobranchus lamarcki own comp130977_c0_seq1 pla-130977  

Spirobranchus lamarcki own comp344171_c1_seq2 pla-344171  

 

Table A8. Bruno-like sequences used for tree-building. 

Organism Database Accession Name in tree Notes 

Homo sapiens Swissprot Q92879 CELF1_HUMAN  

Homo sapiens Swissprot O95319 CELF2_HUMAN  

Homo sapiens Swissprot Q9BZC1 CELF4_HUMAN  

Homo sapiens Swissprot Q5SZQ8 CELF3_HUMAN  
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Organism Database Accession Name in tree Notes 

Homo sapiens Swissprot Q8N6W0 CELF5_HUMAN  

Homo sapiens Swissprot Q96J87 CELF6_HUMAN  

Drosophila 
melanogaster 

Uniprot Q9VU91 BRU3_DROME  

Drosophila 
melanogaster 

Uniprot Q0E8R3 BRU2_DROME  

Drosophila 
melanogaster 

Uniprot O02374 BRUNO_DROME  

Capitella teleta Genbank/JGI ELU11974.1 --  

Capitella teleta Genbank/JGI ELT93212.1 --  

Platynereis 
dumerilii 

Genbank CCK33023.1 pdu-bruno  

Spirobranchus 
lamarcki 

Kenny and 
Shimeld (2012) 

PlamarckiiC26358__6 sla-C26358 a more complete version of comp388942+comp340700 

Spirobranchus 
lamarcki 

Kenny and 
Shimeld (2012) 

PlamarckiiC4215_CL3853Contig1_3 sla-C4215 a more complete version of comp382154+comp377343 

Spirobranchus 
lamarcki 

own comp359746_c0_seq1_2 --  
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11.3. Additional trees for patched 
The patched clade is highlighted, as in Fig. 6.5. pdu-ptc is a partial patched sequence from Platynereis dumerilii that lacks a C-

terminus and does not overlap the S. lamarcki sequences shown in Fig. 6.5. 

Figure A3. Neighbour-joining trees with S. lamarcki patched fragments. The patched clade is always highlighted. 

 

  



212 

 

Figure A3. (ctd) 
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Figure A3. (ctd) 
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11.4. Sequence variants 
Figure A4. Two variants of comp371200 (HES-related). Sequences are shaded by identity. 

 

 

Figure A5. Two variants of comp364706 (TIMP). 
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Figure A6. Six variants of comp371543 (PCNA). Only regions covered by more than one variant are shown. Seq4 and seq5 are identical in their coding 

regions. 

 

 


